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FUTURE MEETINGS 

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

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

Planned symposia for the Detroit Meeting include the following Divisions, Group, Subcommittee, and subjects: 
Battery: Economic Trade Off Consideration on Batteries for Electric Vehicles, Advanced Batteries for Mobile Applica- 
tions, Batteries for Electric Vehicles: Near Term, Thin Film, and Novel Structural Batteries, General Session; Battery1 
Energy TechnoIogylNew Technology Subcommittee-Reliability and Failure Analysis of Battery Storage Arrays; Corro- 
sion-Automotive Corrosion, Crevice Corrosion, General Session; CormsionIEnergy Technology-Corrosion i n  Fossil 
Fuel Systems; Dielectrics and lnsulationlElectronics-Automotive Microelectronics and Reliability; Electrodeposition 
-Electrodeposition i n  Automotive Applications, General Session; ElectronicsIDielectrics and Insulation-First Inter- 
national Symposium on Very Large Scsle lntegrztion Science and Technology, Joint General Session, Joint Recent 
News Papers Session; Electrothermics and Metallurgy-The Metallurgy and Chemistrv of Silica Reduction, Thermal 
Management of Batteries and Electronic Devices; Electrothermics and MetallurgylCorrosion-Materials Aspects of 
Turbine Technologies; Energy Technology-General Session; Energy TechnologylBattery-Porous Electrodes: Theory and 
Practice, Progress i n  Advanced Electric Vehicle Technology; Ensgy TechnologylBattery/CorrosionlPhysical Electm- 
chemistry-Advanced Electrolytes for Energy Systems; Energy TechnologylBatterylPhysical Electrochemistry-Ion In- 
sertion Electrodes; lndustrial Electrolytic-Optimization of lndustrial Electrochemical Processes, General Session; 
Physical Electrochemistry-General Session; and Physical ElectrochemistrylBatteryICorrosion-Reactions i n  High 
Temperature Batter~es and Fuel Cells. 

SAN FRANCISCO. CALIFORNIA-MAY 8-13,1983-HEADQUARTERS AT THE ST. WANCIS HOTEL 
The detailed Call for Papers published i n  the July-November 1982 issues of This Journal. Final program published 

i n  the March 1983 issue of This Journal. 
Planned symposia for the San Francisco Meeting include the following Divisions, Group, Subcommittee, and subjects: 

Battery--Cell Design and Optimization, Cell Testing and Reliability; Corrosion-General Session; Dielectrics and Insu- 
IationIElectronics-Dielectric Isolation, Plasm3 Processing, Silicon Nitride Thin Films i n  the Electronics Industry; Di- 
electrics and InsulationIElectronicslCorrosionIElectrothermics and MetalIurgylEnergy Technology-Materials and Pro- 
cessing for Photovoltaics; Dielectrics and InsulationlElectrothermics and Metallurgy-High Temperature Adhesives; 
Electronics-Automated IC Manufacture, Defects in Semiconductors, Growth and Processing of I l l -V Compound Semi. 
conductors; Electronics/Dielectrics and Insulation-Joint General Session, Joint Recent News Papers Session; Elec. 
trothermics and Metallurgy-Materials Processing i n  Space, The Science and Technology of Nucleation and Growth of 
Particles from the Gas Phase; Electrothermics and MetsllurgylCorrosion/Dielectrics and Insulation-Protective Coat- 
ings; Electrothermics and MetallurgyIPhysical ElectrochemistrylBatterylEnergy Technology-New Solid Electrolytes 
for Energy Conversion; Energy Technology-Extraction of Minerals from the Ocean, Novel Photoelectrochemical Syn- 
thetic Routes, General Session; Energy TechnologyIBatterylDielectrics and Insulation-Conducting Organic Polymers 
in Energy Conversion and Storage; lndustrial Electrolytic-Anode and Cathode Mstarials, Science and Engineering of 
Membranes and Separation; Organic and Biological Electrochemistry-Mechanism and Modeling of Electro~hemical 
Membrane Processes, Structure and Reactivity i n  Organic Chemistry and Electrochemistry, General Session; Physical 
Electrochemistry-Electrode Process IV, Fourth International Symposium on Molten Salts, General Session; and Physi- 
cal ElectrochemistrylCorrosion-In Situ Nonelectrochemical Techniques for the Study of Electrode Reactions. 

WASHINGTON, DC--OCTOBER 9-14, 1 9 s  
HEADQUARTERS AT THE SHERATON-WASHINGTON HOTEL 

The detailed Call for Papers published i n  the December 1982-May 1983 issues of This Journal. Final program pub- 
lished i n  the August 1983 issue of This Journal. 

Planned symposia for the Washington Meeting include the following Divisions, Group, Subcommittee, and subjects: 
Battery-Advances in Battery Materials and Processes, New Solid Electrolytes for Energy Conversion, Nonaqueous Sys- 
tems for Energy Conversion, Reactive Metal-Air Batteries, Redox Batteries, General Session; ConosionlPhysical 
Electrochemistry-Hydrodynamic Aspects of Corrosion, General Session; Corrosion/Electrodeposition-New Ma- 
terials for Electrical Contacts and Convectors; Corrosion/European Federation of Corrosion-Fundamental As- 
pects of Corrosion Protection; Dielectrics and lnsulationlCorrosion/Electronics-Device Packaging and Corrosion; Di- 
electrics and InsulationIElectroniccResist and Patterning Technology, Thin Film Interfaces and Interactions; Electro- 
deposition-Nonaqueous Processes, General Session; Electronics-Business Aspects of Semiconductors, Low Tempera- 
ture and Transient Processing; Electronics/Dielectrics and Insulation-Interconnects and Contacts, Joint General Ses- 
sion, Joint Recent News Papers Session; Electrothermics and Metallurgy-Electrodeposition of Refractory Metals, New 
Advances in Aluminum Refining; Electrothermics and MetaIlurgylCorrosion-High Temporature Erosion and Corrosion; 
Electrothermics and MetallurgyIDielectrics and lnsulationlElectronics-Ninth International Conference on Chemical 
Vapor Deposition; Energy Technology-Current Chzractertsticc of Diodes Including Solar Cells, Requirements 
for New Applications for Emerging Energy StorsgB Systems .and Co~lr~ersion, General Session; Energy TechnologylBat- 
tery-Energy Storage for Photovoltaic Systens; Enelizy Tzchnology/Battery/lndustrial ElectrolyticIPhysicaI Electro- 
chemistry-Oxygen Cathodes i n  Aqueous Systems; Energy TechnologyIDielectrics and Insulation-Surface Charge 
Measurement, Control, and Modification 3f lndu~t l ia l  Processes; lr~dustrial Electrolytic-Fuel Salts in Industrial Pro- 
cesses, General Session; Physical Electrochamistrj--The Us? ~f Co~np~~ t? rs  i n  Experimental Electrochemistry, General 
Session; New Technology Subcommi?t?e--Rcindl;strializatior.~ of.Arnerica, Crisis i n  Graduate Education; and New Tech- 
nology Subcommittee/Battery/Cor;osion-F:eliabii of Implantable Devices. 
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Self-Discharge in Acid-Starved Lead-Acid Batteries 

Kathryn R. Bullock* and Edwin C. Laird* 

Johnson Controls, Incorporated, Corporate Applied Research Group, Milwaukee, Wisconsin 53201 

ABSTRACT 

A lead-acid battery stored in an acid-starved condition, rather than in a totally flooded state, shows a well-behaved 
and predictable decline in open-circuit voltage with time. The voltage-time curves of such batteries can be used to 
determine the rates of the predominant self-discharge reactions and to study the reaction mechanisms. An abrupt 
change in the slope of the curve indicates a change in the dominant self-discharge process. Acid-starved automotive 
(SLI) batteries with antimonial-lead grids show a slope change at 1.85 Vlcell. This apparently corresponds to a change 
in the grid corrosion mechanism. Measurements of gas evolution from these SLI batteries show that the rate of 
hydrogen evolution is dependent on the acid concentration whereas the rate of evolution of carbon dioxide is ihde- 
pendent of acid concentration. Oxygen reacts rapidly at the negative plate. 

The self-discharge of lead-acid battery plates was 
first reported in 1882 by Gladstone and Tribe ( I ) ,  who 
asked, "Why should a lead plate covered with peroxide 
and immersed in dilute sulfuric acid, run down so 
slowly that it requires many hours or even days be- 
fore its energy is so seriously reduced as to impair its 
value for practical purposes?" Since then the reactions 
which limit the shelf life in lead-acid batteries have 
been well defined (2-4). 

At the positive electrode, they are 

Oxygen evolution: 

Hydrogen recombination: 

Oxidation of organic contaminants: 

PbOz + organics + HzS04 => PbS04 + Ha0 + COz 

+ oxidized organic products [31 

Grid corrosion: 

PbOz + Pb + 2HzS04 => 2PbSO4 + 2HzO [41 

[A variety of other corrosion reactions can occur as 
we11 (5).] 

Oxidation of grid alloying metals, such as anti- 
mony: 

5Pb02 + 2Sb + 6HzS04 

=> ( S b 0 2 ) ~  SO4 + 5PbS04 + 6HzO [51 

(Similar reactions can be written for other metals.) 

Sulfation of "apparent PbO": 

PbO + HzS04e PbSO4 + Hz0 [6] 

At the negative electrode, two more reactions can occur 

Hydrogen evolution: 

Pb + H2S04 => PbS04 + Hz 171 

Electrochemical Society Active Member. 
Key words: batteries, voltage-time curves, 

Oxygen recombination: 

Which of these many reactions will dominate the 
self-discharge process is a complex question. The an- 
swer will depend on the design of the battery and the 
materials used. Studies have been published on the 
effects of grid alloys (6-lo), impurities (111, forma- 
tion conditions (12), expander composition, and phos- 
phoric acid concentration (13). Various experimental 
methods have been devised to measure self-discharge 
rates both for the battery as a whole and for the in- 
dividual reactions (2, 3, 13-15). 

Self-discharge in batteries stored in a damp, rather 
than a wet, condition is of particular interest for sev- 
eral reasons. First, the ratio of acid to active material 
is smaller than in a wet battery, so that a smaller 
percentage of the active material reacts during stor- 
age. Secondly, the acid concentration is diluted during 
storage, since all the self-discharge reactions use acid 
and generate water. Dilution reduces the rates of self- 
discharge of the active material (reactions [I] and 
[7]), a result which is particularly beneficial to the 
negative plate. It also alters the products which are 
formed by grid corrosion (reaction [4]). Finally, the 
damp storage increases the rates of oxygen and hydro- 
gen recombination (reactions [2] and [8]) by permit- 
ting gas transport between plates through the vapor 
phase (13). In wet batteries, the rates of these reac- 
tions are severely reduced because of the low solubility 
of oxygen and hydrogen in battery acid. 

Since the acid is diluted by self-discharge and since 
the open-circuit voltage is a function of the acid con- 
centration, measuring the change in battery voltage 
with time is a simple method of determining the rate 
of self-discharge in acid-starved lead-acid batteries. 
Voltage measurements are nondestructive and thus al- 
low continuous monitoring of the battery's condition 
without sacrificing information on its performance 
after storage. This technique has been used previously 
to study self-discharge in sealed, acid-starved lead- 
acid cells (13). 

In the present work, voltage measurements were 
used to study the self-discharge process in automotive 
(SLI) lead-acid batteries stored in an acid-starved 
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condition. Additional information about the self-dis- 
charge process in these batteries was obtained by ( i )  
using gas chromatography to analyze the gases evolved 
during storage and (ia) using microprobe laser Raman 
spectroscopy to analyze the corrosion products formed 
on the positive grid. 

Experimental Method 
Voltage measurements were made to 21 mV using 

a Keithley Model 178 voltmeter with 10 mil input 
impedance. A Hewlett Packard 4328A milliohmmeter 
was used to measure internal cell impedance by a 
four-probe a-c method. The acid activities were cal- 
culated from open-circuit voltages using on-line 
BASIC programs written for a Honeywell 66/40 com- 
puter. 

Gas analysis was done with a dual column Varian 
3760 gas chromatograph equipped with dual thermal 
conductivity detectors and a Valco CV-6-HPa six-port 
valve. Samples were injected with a Precision Sam- 
pling A-2, 100 pl syringe with built-in valve for seal- 
ing in gas samples. 

Chromatograms were integrated land recorded with 
a Varian CDS l l l C  data system and A-25 recorder. 

Gas volume measurements were made with a 500 
ml burette and leveling bulb. A three-way stopcock 
directed flow either from the battery head space to the 
burette or from the burette to exhaust. 

Gas analysis samples were taken by syringe through 
latex tubing. Fifty ml were injected at room tempera- 
ture and pressure into the chromosorb 104 column of 
the GC. After the Hz peak eluted, the valve was manu- 
ally switched and the COz, Oz, and Nz eluted. The 
valve changed the relative position of the two columns 
without changing flow direction. Column reversal was 
necessary to prevent irreversible adsorption of the 
COz on the sieve 5A column. A sample chromatogram 
is shown in Fig. 1. 

Matheson Gas Incorporated certified standard gas 
mixtures were used for calibration of the gas analyses. 
Linear regression of the peak areas was used for COz, 

Column I 

Del.ct01 

lnb& 

Column 2 

Column 1 

13.1 D.t.C(o, 6 Column 2 

MI". 

Fig. 1. Gas analysis with column sequence reversal. Column 1 :  
4 ft. X 1/8 in. SS 80/100 mesh chromosorb 104. Column 2: 6 ft. X 
1/8 in. SS 60/80 mesh molecular sieve 5A Column temperoture: 
30°C. Flow rate: 20 ml/min He. Range: 0.05 mV. Detector: thermal 
conductivity, 155 mA, 120°C. Sample: 5 0  ml. 

V/O Attenuation 
- 

1. Hydrogen 50.0 X 4 
2. Valve change - X 4 
3. Carbon dioxide 1 .O X 4 
4. Oxygen 0.3 X 4 
5. Nitrogen 10.0 X 8  

Helium Balance 

02, and N2. Because the peak area of Hz was not linear 
with concentration, these results were taken from a 
graph. 

Laser Raman microprobe observations were con- 
ducted using an Instruments SA, Incorporated MOLE1 
at  Walter C. McCrone Associates, Incorporated. For 
general observations a 1 pm diam beam of radiation 
(514.5 nm) from an argon ion laser operated at 100 
mW power output was employed. A magnification of 
100 x was used during these examinations. 

Although observations of a-PbOz Raman spectra 
from pasted plate sections were made using the gen- 
eral observation conditions, confirmatory Raman spec- 
tra from an authenticated sample of a-PbOz required 
the use of minimum laser power (-5 mW) and a 10 
pm radiation beam diameter. The pasted plate con- 
figuration apparently provides sufficient heat dissipa- 
tion to prevent decomposition at  the observation point. 

Results and Discussions 
The open-circuit voltage of a lead-acid cell is re- 

lated to the activity of the electrolyte by the Nernst 
equation for the double sulfate reaction 

where a, is the activity of HzS04 and aw is the activity 
of HzO. 

If complete dissociation of the bisulfate ion is as- 
sumed, then a, = 4 7'3m3 where 7' is the mean ionic 
activity coefficient of sulfuric acid and m is the molal- 
ity of the electrolyte. The values of a, and aw used 
in these calculations were calculated from the data 
of Harned and Hamer (16-18) at 25", 45", and 55°C. 
Thermodynamic equilibrium was assumed because of 
the slowness of the self-discharge process. 

In all the self-discharge reactions listed above, the 
reactants are sulfuric acid, gases such as Hz and 01, 
and solids such as P b 4 ,  Pb, and Sb. The only excep- 
tion is the soluble organic material in reaction [3]. 
Since the activities of all solids and of gases at atmo- 
spheric pressure #are 1, the rate of self-discharge 
should be pseudo-first-order with respect to sulfuric 
acid, if we assume that reaction [3], the oxidation of 
organic contaminants, is insignificant. 

The kinetic equation for such a first-order reaction 
may be written as 

where t is the time, k is the rate constant, a, is the 
acid activity at time t ,  and (a,), is the initial acid 
activity. Activities are used in this calculation instead 
of concentrations because of the high initial acid con- 
centration and the wide concentration range covered 
during the shelf life of the battery. According to this 
equation a plot of In a, as a function of time should be 
linear with a slope of - k. 

Typical plots of In a, as a function of time are shown 
in Fig. 2 for commercial acid-starved automotive 
(SLI) batteries. The curve is approximately linear 
between In a, values of 0 and -7. Deviations from 
linearity can occur early in the shelf life (In a, >,O) 
for several reasons. First, the battery is equilibrating 
from the formation charge with respect to both tem- 
perature and acid concentration. Second, residual 
atmospheric oxygen, which entered the battery during 
manufacture, may be discharging the negative plate. 
Finally, a newly formed cell contains "apparent PbO" 
and a-PbOz in the positive plate (12, 19), both of 
which self-discharge at  a higher rate than 8-PbOz 

'Molecular Optics Laser ExaminenB, Instruments, SA, Incorpo- 
rated. 
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Fig. 2. Typical self-discharge curves for commercial acid-stowed 
lead-acid SLI batteries stored a t  room temperature. 

(20, 21). These initial reactions typically last several 
weeks. 

Once the slope in the linear region is established, 
the rate constant of the self-discharge reactions can 
be determined. At higher temperatures, the linearity is 
excellent, with a least-squares fit of the data giving 
correlation coefficients of 0.999 or better. At room 
temperature the plot shows a slight curvature, but the 
linearity is sufficient to allow calculation of the self- 
discharge rate. 

The precision of the measurement is also encourag- 
ing. In Fig. 2, the curves shown for three batteries 
with the highest, lowest, and mean self-discharge 
rates represent the total spread in the data for the 
19 batteries tested. All the batteries were of the same 
type and from the same production lot. Since the In 
a, is calculated from the battery voltage divided by 
6, each curve represents an average of the six cells 
in the battery. The individual cell voltages also show 
a small distribution. 

The slope of the curves increases suddenly at a In 
a, of -7, which corresponds to a battery voltage of 
11.1 (1.85 V/cell). An abrupt slope change of this 
type indicates a change in the predominant self-dis- 
charge mechanism. This change appears to be common 
in acid-starved SLI batteries. We have observed simi- 
lar slope changes at about the same voltage in each 
of the several types and brands of commercial SLI 
batteries we have tested. 

One possible explanation for this sudden slope 
change is that a new corrosion reaction is occurring. 
Thermodynamic and kinetic studies of lead corrosion 
in sulfuric acid have established that lead corrosion 

mechanisms change with changing voltage and acid 
concentration (5, 22, 23). According to Harned and 
Hamer (18), 1.85V corresponds to a positive plate 
potential of approximately 900 mV (vs. Hg/HgzSO4/ 
HzS04). Constant potential corrosion studies by Pav- 
lov et al. (24) have shown that a-PbOz is the principal 
corrosion product from 900 to 1200 mV in 1N HB04. 
Below 900 mV, tetragonal PbO and PbS04 are the 
principal products, along with minor amounts of 
PbO . PbS04, 3Pb0 . PbS04 - HzO, orthorhombic PbO, 
and or-PbOz. Formation of tetragonal PbO is also 
favored by reduced hydrogen and sulfate ion activities 
(22, 25). 

This hypothesis is supported by our observations of 
the corrosion layers formed on the positive plates of 
acid-starved SLI batteries during storage. Figures 3a 
and b show cross sections of lead grids removed from 
batteries stored at 45°C for 50 days and 9 months, 
respectively, after the critical 11.1V level was reached. 
The grid in Fig. 3b has a thick corrosion layer at the 
lead interface which has only just begun to form in 
the sample in Fig. 3a. Under cross-polarized light, 
this layer looks red, suggesting that it is tetragonal 
PbO. The dense corrosion layer in the center of each 
picture is black under cross-polarized light, which 
suggests that it is C-PbOz. Analyses of the two samples 
by laser Raman spectroscopy confirmed these con- 
clusions. Tetragonal PbO was identified at the Pb 
interface in Fig. 3a and in the inner corrosion layer 
in Fig. 3b. In the center of the adjacent black corro- 
sion layers in both samples, weak signals were ob- 
served which matched the signal from a prepared 
sample of or-PbOz. (3-Pb02 may also be present. How- 
ever, it appears to be Raman inactive and is there- 
fore not observed (26). 

An increase in the internal cell impedance accom- 
panies the growth of the tetragonal PbO film. This 
increased impedance is evident on high-rate dis- 
charge. We tested many batteries by discharging 
them at 75% of the cold cranking rate and monitoring 
the half-cell potentials during discharge. Batteries 
stored below the 11.1V level show a substantially 
larger IR drop in the positive electrode potential under 
load. 

All of the SLI batteries we tested had antimonial- 
lead grids. Batteries containing other lead alloys or 
pure lead may show somewhat different behavior. Ln 
acid activity-time curves for sealed, acid-starved lead- 
acid cells made with pure lead grids (13) show a 
sudden slope change at In a, = -12 rather than -7. 
Furthermore, thick tetragonal PbO layers do not form 
at low voltages. Figure 4 show a photomicrograph of 
a positive grid taken from a sealed, acid-starved lead- 

a 
H 

20 Jl's 

Fig. 3. Photomicrographs of positive grids taken from an SLI battery 
(b) 9 months after the critical voltage was reached. 

b 

stored a t  45°C. (a) 50 days after the critical voltage was reached; 
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Fig. 4. Photomicrograph of positive grid taken from a sealed, 
acid-starved cell stored a t  45°C to 1.158V. 

acid cell stored at  45°C to 1.158V. The black PbOz 
layer is present, but only thin regions of tetragonal 
PbO are found at the interface. Whether this difference 
is due to the use of pure lead grids or to the oxygen 
deficient environment in a sealed cell or to some other 
factor is an interesting question. 

Near the point where the slope change occurs in 
the SLI batteries (see Fig. 2), the distribution of 
battery voltages gets broader because the individual 
cells reach the critical voltage at different times. 
Open-circuit voltages below this point often become 
unstable and difficult to measure, presumably because 
the reaction rate becomes too fast to maintain cell 
equilibrium. Thus the fundamental assumption that 
the open-circuit voltage is related to the acid con- 
centration by the Nernst equation breaks down and 
reaction rates cannot be accurately measured below 
11.1v. 

The effect of storage temperature on self-discharge 
is shown in Fig. 5. As would be expected from kinetic 
theory and previous studies of self-discharge in lead- 
acid batteries (9-13), the rate of self-discharge in- 
creases as the temperature increases. The Arrhenius 
equation may be applied to these results to obtain the 
activation energy of the dominating self-discharge 
reaction 

Fig. 5. Effect of temperature on self-discharge curves of com- 
mercial, acid-stoned lead-acid SLI batteries. 
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where k is the rate constant, A is the Arrhenius con- 
stant, E, is the activation energy, and T is the storage 
temperature in degrees Kelvin. 

According to this theory, a plot of In k vs. 1/T 
should be linear with a slope of -E,/R. Such a plot 
is shown in Fig. 6. Although the plot is linear up to 
45"C, the point at 55°C is higher than expected, prob- 
ably because the same mechanisms that lead to higher 
initial self-discharge rates at room temperature are 
operating throughout the short shelf life at  55°C. An 
activation energy of about 11 kcal/mol is calculated 
from a least-squares fit of the data taken at 25L45'C. 
The slope change shown in Fig. 2 for room temperature 
also occurs at 40" and 45°C at the same acid activity. 
However, at 55"C, the initial slope is so steep that the 
slope change is not well defined. 

In addition to storage temperature, many other fac- 
tors affect the slope of the self-discharge curve. Some 
of these factors are common to all lead-acid batteries. 
For example, organic impurities in the cell can in- 
crease the self-discharge rate by oxidizing at the posi- 
tive plate (reaction [31). Formation conditions can 
affect the amounts of a-PbOz and residual PbO in the 
positive plate. Both these compounds self-discharge at 
faster rates than 8-PbOz (reaction [I]) .  Since a well- 
formed battery has less residual PbO, it will have a 
better shelf life than a poorly formed battery. The 
grid alloy is also an important variable, since metallic 
impurities can oxidize at the positive electrode (reac- 
tion [ 5 ]  ), plate out at the negative electrode, and in- 
crease the rate of hydrogen evolution (reaction [?']). 
Thus the self-discharge rates of batteries with an- 
timonial lead grids are controlled primarily by hydro- 
gen evolution at the negative plate, whereas the self- 
discharge rates of batteries with non-antimonial lead 
grids are controlled primarily by oxygen evolution at 
the positive plate (13). Metallic impurities in the 
paste, separator, and electrolyte can also increase the 
rate of hydrogen evolution (11). 

Fig. 6. Arrhenius plot for self-discharge rates in acid-starved 
lead-acid batteries. Rate constants were calculated from the slopes 
of the curves in Fig. 5. 
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In acid-starved lead-acid batteries, several addi- crease. By multiplying the percentages of each of 
tional varisables influence the slope of the self-discharge these gases by the total volume of gas evolved over a 
curve. One important variable is the acid volume rela- 9 hr period, the volume of each gas evolved in this 
tive to the amount of active material in the cell. A time period was obtained. The number of mols of 
large volume of acid will be diluted more slowly by each gas was calculated using the general gas law 
the self-discharge reactions than a small volume. This 
will in turn decrease the rate constant and increase PV 

n=- 
the shelf life. The beneficial effect of a large acid RT 
volume must, however, be balanced against two ad- 
verse consequences. First, more of the active material 
will self-discharge so that more capacity will be lost 
and more sulfation will occur over the shelf life. 
Second, since the potential and acid concentration will 
remain high longer, the initial rate of self-discharge 
will be greater. This will produce more rapid sulfa- 
tion, a condition that appears to be especially harm- 
ful to the negative plate. 

The second variable that specifically influences self- 
discharge in acid-starved lead-acid batteries is the 
amount of oxygen available to the negative plate. 
Some self-discharge occurs when oxygen evolved from 
the positive plate discharges the negative plate (re- 
action [8] ). However, rapid self-discharge will occur 
if atmospheric oxygen is available. We confirmed this 
by removing the vent caps from a freshly made acid- 
starved SLI battery. The voltage plunged from over 
12 to below 10V in 7 days. Further testing and analysis 
confirmed that the negative plate was severely sul- 
fated. 

Additional evidence that oxygen can react at  the 
negative plate was obtained by measuring the volume 
of the gases evolved from an acid-starved SLI battery 
with antimonial-lead grids during storage at 45°C and 
analyzing samples of this gas for Oz, Nz, Hz, and COz. 
The total gas volume and the percentage of each of 
the four component gases is shown in Fig. 7. The total 
gas volume decreases rapidly with time until, when 
the battery reaches an open-circuit voltage of 11.8, 
gas evolution stops. The percentage of nitrogen in the 
gas samples also decreases rapidly as the air present in 
the battery after manufacture is used up. The limiting 
value for Nz is an indication of the amount of leakage 
in our gas collection line. The amount of oxygen found 
is less than 1% throughout the test, with the ratio of 
N z  to Oz varying from 94/1 at  the beginning of storage 
to about 15/1 at the point where gassing stops. Since 
the ratio of Nz to 0 2  in air is 4/1, and since Oz is 
evolved at the positive plate during storage (reaction 
[I]) ,  these results indicate that oxygen is reacting at  
the negative plate (reaction [a]). 

As the amount of air evolved from the battery de- 
creases, the percentages of CO2 and Hz, which are 
produced by reactions [31 and [61, respectively, in- 

0 

Storage Time - 
Fig. 7. Gases evolved from an acid-starved SLI battery stored a t  

45°C. A-a ml displaced/9 hr day; 0-0, % HZ; .-w, ?b 
Nz; 0--0, % COz; 0--0, % 02. 

where P is the measured atmospheric pressure, V is 
the gas volume, R is the gas constant, 82.054 cm3 atm/ 
deg mol, and T is the absolute temperature. 

Since the battery voltage was also monitored during 
the experiment, the self-discharge rate could be cal- 
culated and compared to the rates of gas evolution. 
Figure 8 shows the results. The number of mols of 
hydrogen evolved decays exponentially with time, in- 
dicating a first-order reaction. A plot of the In of the 
number of mols of Hz us, time is a straight line with 
the same slope as the linear region of the In acid 
activity-time curve. The amount of CO2 evolved, on 
the other hand, is relatively constant and is independ- 
ent of the acid concentration, at least early in the shelf 
life. The volume of gases evolved eventually becomes 
so small that the uncertainty in the volume measure- 
ments increases. This leads to the widely scattered 
points shown on the graph. 

At room temperature, the amount of gas evolved is 
so low that the volume measurement is difficult and 
uncertain even early in the shelf life. However, the 
percentages of each gas can be determined accurately. 
As shown in Fig. 9, the results lare quite similar to 

Fig. 8. Rates of hydrogen and carbon dioxide evolution compared 
to the rate of change of acid concentration. w, Hz; X, Con; 0 ,  
HzS04. 

Fig. 9. Gases evolved from an acid-stoned SLI battery stored a t  
25°C. .-., % Hz; 0-0, % Nz; .---a, % COz; .---., % 
02. 
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those obtained a t  45"C, except that the percentage of 
C@ is only about 3-6%, compared to 10-20% a t  45°C. 
Leakage problems are also more significant. Gas evolu- 
tion stops at  about 12.3V. These results are consistent 
with similar measurements of gas evolution from 
sealed, acid-starved lead-acid cells (26). 

Conclusions 
1. The self-discharge reaction in an acid-starved 

lead-acid battery is first order with respect to the 
sulfuric acid concentration. The rate of reaction can 
be determined by calculating the change in the acid 
activity as a function of time from open-circuit volt- 
age measurements. 

2. An abrupt ch'ange in the slope of the In acid 
activity vs. time curve indicates a change in the pre- 
dominant self-discharge reaction. Such a slope change 
is consistently observed in commercial, acid-starved 
lead-lacid automotive batteries and may be due to the 
formation of tetragonal PbO on the positive grid. 

3. Oxygen can react rapidly at  the negative plate. 
Hydrogen evolves early in the shelf life at  a rate that 
decreases with decreasing acid concentration. Carbon 
dioxide evolves a t  a rate independent of acid concen- 
tration. 
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Corrosion Rates and Electrochemical Studies of a Depleted Uranium 

Alloy Tungsten Fiber Metal Matrix Composite 

Patricia P. Trzaskoma* 

Naval Research Laboratory, Code 6314, Washington, DC 20375 

ABSTRACT 

The corrosion rates of a tungsten reinforced depleted uranium alloy metal matrix composite have been measured, 
by immersion tests, in three environments (laboratory air, distilled water, and 3.5% NaC1) and compared to the rates of 
the matrix alloy (DU-0.75 Ti) alone. The corrosion Yates of both specimens are negligible in laboratory air, increase in 
distilled water, and are greatest in NaCl for a 30 day period. In all environments the matrix alloy is preferentially 
attacked. In distilled water the corrosion rate of the matrix alloy is 3 times greater than the composite whereas in NaCl 
the corrosion rate of the composite is 1.3 times greater than the matrix. In electrochemical tests the composite was 
simulated by coupling separate samples of the fiber and matrix and the short-circuit (galvanic) currents were mea- 
sured. A comparison of the corrosion rates calculated from the galvanic currents and from immersion tests shows the 
principal reaction of the composite in NaCl is galvanic coupling of the matrix and fiber. 

'l'he requirements for materials with improved me- the fabrication and mechanical testing of metal matrix 
chanical properties, i.e., strength, hardness, fracture composites, more attention is now directed toward 
toughness, for various engineering applications, have the measurement and evaluation of their corrosion 
motivated the development of fiber reinforced metal behavior. 
matrix com~osites. While much work has focused on The corrosion rate of a metal system consisting of 

two dissimilar phases could reasonably be expected 
Eieetrochemicai Society Active Member. 

Key words: corrosion, metal matrix composite, depleted ura- 
to be different from that of either phase alone. Local 

nIUm0.75Ti, galvanic corrosion. inhomogeneities in composition, structure, and stress 
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could result in increased environmental attack of 
either phase and bring about the deterioration of the 
composite bond. In addition, when the reinforcement 
phase is a conducting material, galvanic coupling with 
the matrix would result in a greater dissolution rate 
of the more active phase. Since galvanic corrosion is 
generally observed at metal-metal contact points 
( I ) ,  this phenomena would also affect the composite 
bond. Naturally, these problems would produce a 
serious degradation of the desired mechanical proper- 
ties. 

Depleted uranium (DU) is a surplus product ob- 
tained during the enrichment of natural uranium for 
nuclear applications. Because of the high strength and 
density of DU and its alloys, several non-nuclear ap- 
plications have evolved in recent years. 

While the corrosion rates of depleted uranium (DU) 
alloys in various environments have been measured 
(2-5), the corrosion rates of DU composites have not 
been extensively studied. The purpose of this paper 
is to report recent results on the corrosion behavior of 
a composite consisting of tungsten fibers in a matrix 
of a depleted uranium alloy. The effect of the tung- 
sten fibers on the corrosion behavior of the composite 
was determined from immersion studies and electro- 
chemical measurement. In the case of immersion 
studies, weight losses were measured for the composite 
material and for the host uranium alloy (without 
the tungsten fiber) in three environments: air, distilled 
water, and 3.5% NaCl. Galvanic currents were mea- 
sured in NaCl for simulated composites consisting of 
tungsten metal coupled to depleted uranium for vari- 
ous surface area ratios of the tungsten. By a com- 
parison of corrosion rates from environmental tests 
and from electrochemical studies, it was possible to 
determine the principal mode of corrosion attack for 
this system. 

Experimental Procedures 
Sample Preparation 

The composite specimens were cylindrical samples 
of depleted uranium-0.75 weight percent (w/o) tita- 
nium (DU-0.75 Ti) containing about 50 volume per- 
cent (v/o) tungsten fiber. The diameter of the tung- 
sten fiber was 508 rm (0.020 in.). The composite was 
prepared by liquid metal infiltration of the fiber and 
is designated DU/50W. The DU alloy specimens, also 
cylindrical, were the same composition as the alloy 
used in the composite. The nominal composition of 
this alloy is 0.75% Ti, 60 ppm C, 14 ppm N, 14 ppm H, 
30 ppm 0 ,  and the remainder depleted uranium. The 
thickness of the samples was about 0.65 cm, and the 
diameter was about 2.3 cm and 2.1 cm for the com- 
posite and alloy, respectively. For the immersion 
studies a hole with a diameter of 0.48 cm was drilled 
in each specimen so that it could hang freely in solu- 
tion. The exposed surface area was approximately 13.1 
cmz and 11.1 cmz for the composite and alloy, respec- 
tively. Both specimens were obtained from Battelle 
Laboratories in Columbus, Ohio. 

For immersion studies the samples were degreased 
in acetone for 2 hr, rinsed with distilled water, and 
cleaned in 1: 1 HNO3 for 15 min in order to remove 
the oxide coating. Finally they were again rinsed in 
distilled water, then acetone, allowed to dry 5 min, 
weighed, and hung in air or solution. 

For the electrochemical measurements the alloy and 
composite specimens were mounted in epoxy, polished 
through 3/0 Sic  paper, rinsed in water, then 95% 
ethanol, and placed in an electrochemical cell. Tung- 
sten wire, 760 rm (0.030 in.) in diameter, was encased 
in shrinkable polytetrafluoroethylene (PTFE) tubing 
except for a portion to be exposed to solution. The 
exposed wire was abraded with 300 grade Sic  paper, 
and rinsed in distilled water prior to immersion in the 
cell. The tungsten wire, type NS-55, was obtained 

from GTE Sylvania. The sodium chloride solution was 
prepared from Fisher certified reagent dissolved in 
distilled water from a Barnstead still. The pH of the 
solution was about 6. 

Immersion Tests and Electrochemical Measurements 
Immersion tests.-The cleaned samples were weighed 

and hung from PTFE thread into beakers containing 
the test environment (air, distilled water, or 3.5% 
NaC1). At all times the beakers were open to the 
atmosphere at  temperatures of 22"-25°C. For each sam- 
ple 175 ml of solution were used. 

The weight loss with respect to time was found by 
taking samples from solution at various times, remov- 
ing the loose products by gentle rubbing with a rub- 
ber scraper, rinsing with distilled water, acetone, dry- 
ing, and weighing. The samples were then reimmersed 
in their respective solutions and the procedure was 
repeated. The weight loss was the difference between 
the weight at a given time and the original weight of 
the sample. 

At the end of 30 days the samples were weighed and 
then cleaned in 1:l HN03 to remove adherent corro- 
sion products, rinsed, dried, and reweighed to obtain 
the total weight loss. The total weight loss was cor- 
rected for the weight change attributable to the dis- 
solution of the samples by the nitric acid solution for 
the period of cleaning. (The weight loss due to the 
dissolution of the base material in 1:l HN03 was 
found by measuring the weight loss of clean samples 
after immersion in this solution for 10 min. The re- 
sults, 0.0194 mg/cmZ/min for the alloy and 0.5082 
mg/cmz/min for the composite, are an average of 
triplicate tests.) Thus weight losses, in the various 
environments, up to and including 30 days, are due 
to loose corrosion products while the total weight 
losses are due to both loose and adherent products for 
a 30 day period of immersion. In most cases the tests 
were run in triplicate. 

Electrochemical measurements.-Open-circuit poten- 
tials were measured with respect to a saturated calo- 
mel electrode, in 3.5% NaCl solution. The potentials 
were continuously monitored, up to 3 days, using a 
strip chart recorder. 

For the galvanic current measurements an epoxy 
mounted depleted uranium .alloy sample and tungsten 
wire (760 pm diam) was immersed in solution in the 
corrosion cell and coupled through the potentiostat. 
The exposed surface area of the depleted uranium 
alloy was 3.26 cm2. Using the potentiostat as a zero 
resistance ammeter the short-circuit current between 
the alloy and tungsten wire was recorded. The current 
output was monitored continuously until a constant 
value was maintained for 1 hr. This steady current 
was interpreted as the galvanic short-circuit current. 
This technique for measuring short-circuit currents 
has been described in the literature (6). The experi- 
ment was repeated using various lengths of tungsten 
wire in order to simulate composite samples of various 
surface area ratios of fiber. About 500 ml of solution 
were used for each test. 

Results and Discussion 
Immersion Tests 

In laboratory air the alloy initially developed a 
copper-colored coating, which turned black in a few 
days. This coating was also observed on the composite 
at  the exposed matrix metal areas. For both speci- 
mens the weight change was less than a milligram in 
30 days. 

In water and 3.5% NaCl, a black adherent film, a 
fine loose black product, and a powdery voluminous 
yellow product formed on both specimens. These prod- 
ucts are believed to be UOz and various other hydrated 
unanium oxides. The attack was localized beginning 
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with a few scattered pits, which enlarged with time 
and covered the entire surface of the alloy in the 
NaCl solution. Within 12-13 days the attack in NaCl 
was sufficient to separate some fibers in the composite 
specimens. At the conclusion of the tests fibers along 
the edge had actually fallen free. 

Figure 1 is a plot of the observed weight loss with 
respect to time of specimens in distilled water and 
NaCl solution. These points represent the weight 
losses due to loose product. The weight loss of the 
composite is greater than the alloy in both solutions 
(3 times greater in water and 1.5 times greater in 
NaCl in 30 days). For both materials the weight loss 
is significantly greater in NaCl solution. 

Table I shows the total weight losses of samples in 
30 days (adherent and loose products) and the ratio of 
adherent to total products in both solutions. The total 
weight loss of the composite in water is less than that 
of the depleted uranium alloy, whereas in NaCl the 
total weight loss of the composite is significantly 
greater than that of the alloy. Examination of the 
patio of adherent products to total corrosion products 
shows that significantly more adherent product is 
formed on the alloy than on the composite in water. 
This could be due to the fact that the composite has a 
lower surface area of uranium, but also suggests a 
different corrosion mechanism. In NaCl the product 
ratios are comprable for the alloy and composite. 
Thus while the overall corrosion rate of the depleted 
uranium alloy is greater in water, the loss of material 
(loose products) is less than that of the composite. In 
NaCl solution the product ratio of the alloy decreases 
significantly and the corrosion rate increases sharply. 
This suggests that the adherent product provides some 
protection to the metal in solution. The corrosion rate 
of the composite (total weight loss) is 1.3 times that 
of the alloy in NaCl solution. 

FIectrochemjcal Tests 
Open-circuit potential-time measurements.-The 

open-circuit potentials of the depleted uranium alloy, 
tungsten fiber, and composite were measured in 3.5% 
NaCl for times up to 90 hr. Figure 2 is a plot of this 
data. The potential of the alloy changes slightly from 
the initial value of -0.805 to -0.800V and remains 
constant after 4 hr immersion. A black product formed 
on the samples; some fell into solution while the rest 
adhered to the surface. This product was discontinuous 
and fluctuations in the potential after 5 hr were as- 
sociated with loose product falling into solution. Some 
gas evolution was observed on the metal. The initial 

40 i A COMPOS'TE ALLOY 

//L:oY~', DlST:;ED 1 
COMPOSITE W A T E R 7  

7 9  13 1 9 2 2  2 6  30 
TIM E-DAYS 

Fig. 1. Weight loss of DU-0.75Ti and DU/SOW due to loose cor- 
rosion produck in distilled water and 3.5% NaCl solution. 
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Table I. Weight losses of specimens immersed in distilled water 
and 3.5% NaCl for 30 days 

Adher- 
A l l  ent Loose 

prod. prod- prod- Ratio 
ucts ucts ucts (adher 

Environ- (mg l  (mg l  (mg l  ent: 
Sample ment em') cm') em-) total) 

DU4.75Tl Distilled HrO 6.16 5.53 0.63 0.90 
DUI5uW 2.38 0.42 1.96 0.18 
DU4.75Ti 3.5% NaC1 34.14 11.14 23.00 0.33 
DUI5OW 43.56 8 59 34.97 0.20 

potential of the tungsten fiber is -0.380V and reaches 
a steady value of -0.250V in about 15 min. The points 
on the tungsten curve in Fig. 2 are the results of 
triplicate runs. No visual changes were observed on 
the tungsten surface in these tests. The potential of 
the composite stabilizes in about 2 hr at a value of 
-0.775V. Patches of a black product appeared on the 
surface and the fluctuations in potential after 10 hr 
were once again associated with the product falling 
into solution. 

The close agreement between the open-circuit po- 
tentials of the alloy and composite (-0.800 and 
-0.775V, respectively) indicates the anodic reaction on 
the composite in NaCl is the dissolution of uranium. 
This is borne out by observations from immersion 
studies. However, the slightly more anodic open-cir- 
cuit potential of the composite suggests the combina- 
tion of metals affects the kinetics of the anodic reac- 
tion. This effect could be due to an increase of reaction 
sites on the alloy surface in the composite or a shift of 
the cathodic reaction to the tungsten surface. The 
large open-circuit potential differences between the 
alloy and fiber indicate that significant galvanic effects 
should take place on the composite. 

Galvanic current measurements.-Galvanic currents 
were observed upon coupling the alloy and tungsten 
wire in NaCl solution. In Fig. 3 the short-circuit gal- 
vanic current between the alloy and fiber is plotted 
for various surface area ratios of fiber. In every c,ase 
the current decreases with time and stabilizes in from 
1 to 3 hr. The stabilized current is taken to be the 
galvanic current of the couple. As the surface area 
ratio of the fiber increases, the galvanic current in- 
creases. The potential of the couple, also measured 
during the tests, is shown in Fig. 3. These potentials 
are comparable to that of the composite in NaCl 
solution. Therefore, it is concluded that the experi- 
mental arrangement simulates the situation of a com- 
posite sample in solution. The potential of the couple 

TIME (HOURS) 
Fig. 2 Open-circuit potentials of DU-0.75Ti, tungsten fiber, and 

DU/50W in 3.5% NaCl solution. 
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Fig. 3. Galvanic current between DU-0.75Ti and tungsten fiber 
in 3.5% NaCI for various surface area ratios of fiber. 

becomes slightly more anodic as the surface area ratio 
of fiber increases. 

Figure 4 shows a plot of galvanic current us. the 
surface area ratio of fiber. The galvanic current is ob- 
served to increase linearly with increasing surface 
area ratio of fiber. A current of 0.100 mA is associated 
with the actual surface area ratio of tungsten in the 
composite (0.38). (The actual surface area ratio of 
fiber in the composite was determined by counting 
the fibers and multiplying by the surface area of each 
then dividing by the total surface area.) Assuming 
that alloying with small amounts of titanium does not 
influence the thermodynamics of the uranium equi- 
librium in aqueous solution, reference to the Pourbaix 
diagram (7) shows that uranium dissolves in the +4 
state at the potential and pH of these experiments. 
Using this information and Faraday's law, the weight 
loss of uranium due to galvanic currents for the com- 
posite was calculated to be 5.33 mg/day. Dividing by 
the total surface area of the simulated composite, the 
weight loss is 1.01 mg/cmz-day. The actual weight loss 
of the composite in NaCl solution, from the immersion 
tests, was 1.72 mg/cmz in two days (see Fig. 1) or 0.86 
mg/cmz-day. This value, it should be recalled, repre- 
sents the weight loss due to loose products. If it is 
assumed that the ratio of adherent/loose products is 
constant, the total weight loss of the composite in NaCl 
solution can be cal'culated per day; this value is 1.08 
mg/cmZ-day. These data are summarized in Table 11. 
Since the corrosion rates from immersion studies and 
galvanic current measurements are in such close agree- 
ment, it can be concluded that the composite cor- 
rodes by the dissolution of the matrix through gal- 
vanic coupling with the fiber. The cathodic reaction 
takes place predominantly on the fiber surface. 

0 0.040 0.080 0.120 0.160 

CURRENT (MILLIAMPS) 

Fig. 4. Galvanic current of DU-0.75Ti. tungsten couples in 3.5% 
NaCl as a function of the ratio of surface area of tungsten to 
total surface area. 

Table II. Corrasion rate of DU/50W in 3.5% NaCI 

Total weight Total weight loss 
loss from from galvanic cur. 

lmmers~on tests rent measurements 

Summary 
The corrosion rates of the composite (DU/BOW) 

have been measured and compared to the rates of the 
matrix alloy alone in air, distilled water, and 3.5% 
NaCl solution. In air the rat- of the alloy and com- 
posite are negligible in a 30 day period. In distilled 
water the corrosion rate of the matrix alloy (total 
weight loss) is 3 times greater than the composite; 
however, in NaCl solution the corrosion rate of the 
composite is 1.3 times greater than the matrix alloy. 
In all cases the depleted uranium is preferentially 
attacked by the environment. 

The reaction of uranium with water is probably the 
principal reaction in the distilled water environment; 
thus the corrosion rate of the composite is less than the 
metal matrix alone due to a lower exposed surface 
area of uranium. There is evidence that the presence 
of the fiber influences this reaction somewhat for 
there is not a direct correlation between surface area 
of metal matrix and corrosion rate (i.e., surface area 
of uranium to fiber is 1.9: 1 in the composite while the 
corrosion rate of the alloy to the composite is 3: 1). 

Comparison of the corrosion rate from immersion 
and electrochemical measurements has shown the 
principal reaction of the composite material in 3.5% 
NaCl is the galvanic coupling of the matrix and fiber. 
In this system it is therefore possible to lower the 
corrosion rate by decreasing the quantity of fiber in 
the composite. 

Finally, this investigation has shown it is possible 
to measure the galvanic current between the metal 
matrix and fiber in a composite system through ap- 
propriate electrochemical modeling. This information, 
in conjunction with environmental tests, can be used 
to determine the extent to which galvanic effects direct 
the corrosion behavior in metal matrix/metal fiber 
composite systems. 
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Corrosion Resistance of Microcrystalline Stainless Steels 

T. Tsuru and R. M. Latanision* 

Corrosion Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

The corrosion behavior of microcrystalline stainless steels, rapidly solidified and then hot extruded to form rods 
having 2-5 pm grains, was studied in aqueous solutions with and without chloride additions. In a chloride-free solu- 
tion, the microcrystalline alloys showed electrochemical behavior virtually identical to that of conventionally pro- 
cessed alloys of the same composition. Resistance to pitting corrosion of the microcrystalline alloys in 0.5N NaCl at 
60°C was found to be greater than that of the conventional counterparts. It is concluded that the high degree of 
homogeneity characteristic of the microcrystalline alloys, which resulted from rapid solidification, is the principal 
reason for their resistance to pitting corrosion. 

In recent years considerable interest has developed 
in the corrosion resistance of metallic alloys produced 
by rapid solidification processing. For the most part, 
this interest has focused on metallic glasses that are 
typically produced by rapid quenching of some rather 
specific alloy composition from the liquid at rates of 
the order of 106"C/sec. Many of the metallic glasses 
are found to be remarkably resistant to general and 
localized corrosion (1-5). 

On the other hand, because of the required quench- 
ing rates, such glassy alloys are necessarily produced 
in the form of filaments, wires, or thin sheet. More- 
over, if such materials are heated after solidification, 
they may crystallize and in consequence lose their 
corrosion resistance (6, 7) as well as other useful 
properties. 

There is, however, a second family of alloys pro- 
duced by rapid solidification processing. In this cate- 
gory are alloys of virtually any composition that are, 
for example, quenched into the form of thin strips, 
subsequently compacted together, and finally hot ex- 
truded into the form of sections of rather larger sizes. 
The alloys processed in this way are not amorphous, 
but have grain size on the order of a micron. Likewise, 
because of the rapid solidification, they are chemi- 
cally more homogeneous than conventionally wrought 
alloys of the same composition. Such materials may 
be produced in large sections and are often remark- 
ably stable with regard to grain growth (8). To this 
point, however, little attention has been directed 
toward the corrosion behavior of microcrystalline al- 
loys. 

In this paper we report the results of studies of the 
uniform and localized corrosion behavior of micro- 
crystalline stainless steels and their wrought counter- 
parts. In a subsequent publication (9) the stress cor- 
rosion cracking resistance of these alloys will be 
described. 

Experimental 
Materials.-The composition of the iron-based alloys 

produced in microcrystalline form are shown in Table 
I. Alloy A is fully austenitic and alloys B and C are 
duplex, ferrite-austenite microstructures. Convention- 
ally processed and microcrystalline specimens of each 
alloy were examined. 

The conventional or wrought specimens of alloys 
A and B were annealed for 2 hr in air at  100O0C, then 

water quenched. The average grain sizes were ap- 
proximately 70-100 pm. Samples, 3 X 1 x 0.5 cm, 
were cut from the plate. In the case of alloy C, samples 
were cut from the alloy in the as-cast condition. For 
comparison, commercial stainless steels, AISI 304 and 
316, and an amorphous alloy (METGLAS' 2826A, 
Fe32Ni36Cr14P1&3~) were examined also. 

The microcrystalline alloys were produced by Pro- 
fessor N. J. Grant, of the Department of Materials 
Science and Engineering at MIT, in the following 
manner: Rapidly solidified foils, 0.05-0.07 mm thick, 
were produced by a two roller quench method in 
which the alloy, melted by induction heating to 1600°C, 
is dropped from a ceramic crucible into the gap be- 
tween two rollers spinning at 1800 rpm. The operation 
was carried out in a positive pressure of helium gas. 
To form a rod, cut and mixed foils were cold com- 
pacted at 200 Torr to approximately 85% of the den- 
sity of the final alloy. The compacted foils were heated 
to 593°C in vacuum for 48-72 hr, then extruded through 
a circular die of 1.4 cm diam at 1065°C. This process 
produces a uniform microcrystalline (2-5 pm) struc- 
ture. Samples approximately 5 mm thick were cut 
from the extruded rod. Figure 1 shows typical micro- 
structures of the conventional alloy A and micro- 
crystalline alloys. It is readily seen that the latter have 
very fine grains. 

All specimens were mounted in an epoxy resin and 
wet polished to 600 grit on silicon carbide paper. The 
polished samples were cleaned with methanol in an 
ultrasonic washer. 

The edge of the samples, used in a chloride-free 
solution, were coated several times with an acid re- 
sistant copolvmer, and prior to each experiment the 
exposed surface was abraded with 500 grit paper. 

'METGLAS is the trademark of Allied Corporation 

Table I. Chemical composition of alloys (bolonce iron) 

-. 
Element (wlo)  

-. 
C Si Mn Ni Cr MO CU 

-- - 

Alloy A 0.10 0.46 0.48 18.02 19.91 6.11 
(Avesta* 254 SMO) 

Alloy B 0.W 1.54 1.52 5.0 18.6 2.83 
(Avesta* 3RE6O) 

Alloy C 0.035 0.62 0.53 5.02 23.42 1.49 1.03 
(NAS*. 45M) 

Electrochemical Society Active Member. 
Key words: solidification, polarization, pitting potentlals, disso- * Avesta is the trademark of Avesta Jernverks Aktiebolag. 

lution potentials. * *  NAS is the trademark of Nippon Yakin Kogyo. 
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Fig. 1. Microstructure of con- 
ventionally processed alloy A (a), 
rapidly solidified alloys A (b), 
(c), and C (d). 

The samples used in the measurement of pitting po- 
tential were passivated in 20% HNOI for more than 
1 hr and masked by tape to provide a window of 6.2 
mm diam. To remove a passive film, the exposed area 
was abraded with 400 grit emery paper before an 
experiment. This preparation avoids crevice corro- 
sion under the coating materials. 

Electrolyte and cell.-A mixture of 0.5N Naps04 and 
of various concentrations was used as a chlo- 

ride-free solution. For experiments in acid chloride 
solutions, 5N NaCl solutions with sulfuric acid were 
used. These solutions were deaerated by high purity 
nitrogen gas for more than 24 hr and, throughout the 
experiments, the solution in the cell was bubbled with 
gas. 

For pitting studies, an aerated solution of 0.5N NaCl 
at 60" -e 1°C was used. 

The electrolytic cell was a 300 ml multi-neck flask 
in which the specimen, a counterelectrode, and the 
Luggin-Haber probe for the calomel reference elec- 
trode were suspended in the electrolyte from ports in 
the flask. All the potentials were referred to a satu- 
rated calomel electrode. 

Polarization measurements.-In a chloride-free so- 
lution, specimens were immersed in the solution for 
10-20 min, then polarized in the active direction to 
the potential at which the cathodic current exceeded 
1 mA/cmz. After holding this potential for 5 min, the 

potential was scanned in the noble direction up to 
1.OV or 1 mA/cmz of anodic current. 

In acid chloride solutions, the specimens, which were 
activated just before the polarization by an immersion 
in 20% HzSO4 for 5 sec at 60°C, were then polarized 
in the noble direction from a potential 30 mV less 
noble than the immersion potential. 

The potential scanning rate was 1 mV/sec in these 
experiments. 

Measurement of pitting potential.-The specimen, 
first chemically passivated and then abraded, was po- 
larized to -0.1V for 5 min, then anodically polarized 
at a scan rate of 0.4 mV/sec until the total current 
exceeded 1 mA whereupon the scanning direction was 
reversed. After the experiment, inspection was made 
under the tape for crevice corrosion and the data were 
omitted if crevice attack was observed. 

Results and Discussion 
Polarization curves in chloride-free solutions.-The 

polarization curves for conventional 316 stainless steel 
in a solution of 0.5N NazSOl with various concentra- 
tions of HpS04 and that of the microcrystalline alloy 
A are shown for comparison in Fig. 2 and 3, respec- 
tively. Figure 4 shows the polarization curves of the 
microcrystalline and the conventional alloys of three 
stainless steels. 

All the polarization curves measured were similar 
to these figures. Each curve exhibits four distinct po- 
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Potential, E / V  vs SCE 

Fig. 2 Polarization curves of 316 stainless steel in 0.5N NapSOd 
+ HzS04. Numbers in the figure indizate the concentration of 
HzSO4 expressed in terms of normality. 

0.5N-No2S04 +%N-H2S04 
sweep rote I mV/sec 

YE I00 
0 
a 
3 
,. = 10 
0 0 - 
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d I 
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- 0.5 0 0 5 1.0 

Potential , E/V vs SCE 

Fig. 3. Polarization curves of the microcrystalline alloy A in 0.5N 
Na2S04 + HzS04. Numbers in the figure indicate normal con- 
centrations of HnS04. 

sweep rote I mV/sec 

the acidity of the solution shifted the cathodic polari- 
zation curves in the active direction. The pH depend- 
ence of the potential at which the cathodic current 
reached 100 pA/cm2 was approximately 60 mV/pH, 
regardless of the specimen. On this basis, the hydrogen 
evolution reaction on the alloys is not affected sig- 
nificantly by the alloy composition or the crystalline 
grain size. 

In the region of the anodic dissolution and the 
active-passive transition, the anodic curve shifted in 
the active direction with increasing pH of the solution. 
This means that the anodic dissolution rate of the 
alloy decreases with increasing pH. This kind of re- 
sponse is well known and has been reported by many 
investigators in relation to the study of anodic dis- 
solution kinetics on iron and iron-base alloys (10). 

As the pH of the solution increases, the anodic peak 
at the active-passive transition decreases and converts 
into two small peaks or a flat plateau. 

In the passive region, the minimum current did not 
depend on the pH of the solution or the alloy and was 
typically 5-15 pA/cm2 for all the experiments. 

It might be expected that the anodic dissolution 
rate of the microcrystalline alloy should be larger than 
that of the conventional materials, because the former 
includes a much higher grain boundary area per unit 
volume and, hence, more dissolution sites. On the 
other hand, from studies of the oxidation behavior of 
microcrystalline stainless steel at elevated tempera- 
ture (11) it was concluded that the oxide film on this 
alloy is thinner and more adherent than that on the 
conventionally processed alloy. Likewise, similar be- 
havior and correspondingly lower passive current 
densities might be expected for the microcrystalline 
alloys. 

The effect of the grain size (25-150 pm) and cold- 
work on anodic dissolution kinetics was reported by 
Zamin and Ives (12). They found no differences on 
the anodic dissolution kinetics and the peak current 
for pure nickel in a chloride-containing acid solu- 
tion. Similarly, the polarization curves measured in 
the present work did not exhibit any significant dif- 
ferences between conventional crystalline and micro- 
crystalline structures in chloride-free environments. 

These facts suggest that the grain size may not be 
a significant factor in determining the anodic dissolu- 
tion kinetics of polycrystalline alloys. With regard to 
passivity, more detailed investigations are required to 
establish the role of grain size. 

Corrosion potential and corrosion current.-The pH 
dependence of the corrosion potential, ECor, is shown 
in Fig. 5. The dependency is approximately -60 mV/ 
pH for a pH lower than 4 and slightly higher at more 
alkaline pH. 

The corrosion current density, i,,,, estimated by 
Tafel extrapolation from the cathodic part to the cor- 
rosion potential, decreased with increasing pH as 

l l  

shown in Fig. 6. 
That the pH dependence of the corrosion current is 

-0.2 to -0.3 dec/pH and the corrosion potential 
-60 mV/pH can be understood by the fact that both 
the anodic and cathodic polarization curves shifted in 

- 0.9 -05 0 5 
the less noble direction with increasing pH of the 

D ~ ~ . ~ # ~ ~ I  F / \ I  ,,= CPC solution. On the basis of typical mechanisms proposed . ",lll,l"l,L~ . 
for the anodic dissolution of iron, one expects these 

Fig. 4. Comparison of polarization curves between microcr~stal- to be in the range of -0.3 to -0.6 dec/ 
line (m, dashed curve) and conventionally prepared (c, solid curve) v~ and -50 to -90 m ~ / v ~ ,  (10). 
alloys in 0.5N NazSO4. - The corrosion current of the am&houi alloy, 2826A. 

is shown for comparison and is one order of magni- 
tential regions; namely, cathodic hydrogen evolution, tude smaller than that of the crystalline alloys which 
anodic dissolution, passivity and transpassive dissolu- were all of nearly the same order of magnitude, Fig. 
tion, and/or oxygen evolution. 6. 

In the cathodic region, a Tafel relation is observed The estimation of the corrosion current by the Tafel 
in a11 the cases and the slope is in the range of 90- method was checked by the polarization resistance, 
140 mV/dec, most often 100-120 mV/dec. Decreasing RCor, which was calculated from the slope of the po- 
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Fig. 5. pH dependence of the corrosion potential in chloride-free 
sulfate rolutions. 

Fig. 6. pH dependence of the corrosion current density in 
chloride-free sulfate solutions. 

larization curve within f 5 mV of the corrosion po- 
tential. Figure 7 shows the plot of i,,, against R,,,. 
There is a good relationship, b,, = K/R,,,, between 
these two values with a few exceptional points. This 
means that the polarization resistance measurements 
and the Tafel extrapolation were compatible. 

Summarizing our finds in the chloride-free solutions, 
the corrosion behavior and electrochemical properties 
of the microcrystalline and the conventional alloys 
were very similar. 

Pitting potentials.-Initially the pitting potential of 
the alloys was measured by the potential scanning 
method at 0.4 mV/sec in a 0.5N NaCl solution at 
ambient temperature. Since the pitting potential of 
the alloys A, B, and C fell into the transpassive po- 
tential region at this temperature, a reproducible pit- 
ting potential and pitting without coincident crevice 
corrosion under the masking tape were difficult to 
obtain. Hence, the experiments were conducted at 
60°C and results on alloys B and C are reported. In 
the following discussion, current is described by total 

0.1 1 I I I 
100 I K I 0  K IOOK 
P o l o r i r a t i o n  r e s i s t a n c e .  ~ , , / f L c m ~  

Fig. 7. Relationship between polarization resistance a t  corrosion 
potential and corrosion current estimated from Tafel extrapolation. 

current and the surface area exposed was fixed as 
0.30 cmz. 

Typical potential-current curves are shown in Fig. 
8. During potential scan in the noble direction, current 
oscillations preceded a continuous increase at which 
point pits grew continuously. For the microcrystalline 
alloys the current usually increased more sharply and 
at more noble potentials, but this was preceded by 
more frequent current oscillations. 

Three potentials were used to characterize the pit- 
ting susceptibility (13). The first is the pit initiation 
potential, E,,,, defined as the potential at which the 
current exceeded 10 Pits nucleated above this 

loP I I I I I 
alloy C 
0.5N -NaCC 

10-6111 I I I I I 
0 0.2 0.4 

Potent ia l .  E / V  vs SCE 

Fig. 8. Anodic polarization curve of alloy C in 0.5N NaCl a t  
60°C. Direction of potentiol sweep was reversed a t  10-3 A. The 
m and c denote the microcrystalline and conventional alloy. 
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potential will grow continuously as pitting corrosion 
proceeds. The second is the pit propagation potential, 
E,,,, at which pits propagate at a certain rate, de- 
fined by current in excess of 1 mA in the forward scan. 
The third is the pit repassivation potential, E,,,, at 
which all the pits were passivated and below which 
pit propagation ceases. The latter was determined.as 
the point at which the current was reduced to less 
than 10 @A in the reverse scan. Although these defini- 
tions and interpretations are still a matter of dispute 
(14). they may be used as an index of the susceptibil- 
ity to pitting corrosion, provided that these parameters 
were measured under the same condition. 

Results are summarized in Table 11. It should be 
noted that all the characteristic potentials for the 
microcrystalline alloys were more noble than those for 
the conventional materials, and the conventional alloy 
C showed the most active potential for pit initiation. 

On this basis, it can be concluded that the micro- 
crystalline alloys are more resistant to pit initiation 
and propagation and are more easily repassivated than 
the conventional alloys. 

One mav consider that the  its initiate at sites where 
impurity elements in the alloy, for example, sulfur or 
phosphorus, segregate. These elements may be in- 
corporated into the passive films, thereby leading to 
locally more defective films. When an aggressive anion, 
such as C1-, attacks such points in the film, pit nu- 
cleation occurs. A growing or propagating pit needs 
a critical volume and a certain nucleus shape, because 
the dissolution reaction depends intimately on the 
chemistry of the electrolyte in the pit. 

Whether the nucleus will grow or not may depend 
on the concentration of impurities accumulated at the 
site. Local attack on less defective films (perhaps 
characterized by a lower segregate concentration or 
a more uniform partitioning of impurities) may also 
nucleate, however, self-repair or repassivation may 
be extremely rapid. Hence, the probability of pit 
initiation should be a function of the development 
of weakened films, which depends on the segregation 
of impurities, and the frequency of attack which may 
depend on the distribution of defects, the concentra- 
tion of the aggressive anions, and the electrode po- 
tential. 

According to Zamin and Ives (12), a small grained 
pure nickel specimen exhibited a greater susceptibil- 
ity to pitting than a larger grained specimen, and all 
the pits were found at grain boundaries which were 
considered by them as a structurely disturbed region. 
On the other hand, grain boundaries are also con- 
sidered as the sites where the segregation is most 
likely to occur. Similar behavior may not be typical 
of microcrystalline alloys, however, because the most 
important factor should not be the grain size but the 
concentration and distribution of impurities at segre- 
gated sites. In microcrystalline alloys, because of rapid 
solidification processing, impurities are dispersed uni- 
formly in the alloy. 

Microscopic examination of the specimen surface 
that was anodically polarized for a short time around 
the critical potential, E,,:, revealed that most of the 
pits initiated at grain boundaries on both the micro- 

Fig. 9. Pit nuclei on the conventional and the microcrystalline 
alloy B formed in 0.5N NaCl a t  60°C. (a) The conventional alloy 
was polarized a t  250 mV for 25 sec, (b) the microcrystalline alloy 
was polarized a t  280 mV for 1 min (SEMI. Both were slightly etched 
in HN03 + HCI + glycerol for 5 sec after the polarizations. 

crystalline and conventional alloys, as shown in Fig. 
9. In the case of microcrystalline alloys, however, some 
small pits, which may have stopped growing at  an 
early stage, are also found in the matrix [Fig. 9(b)]. 
By a spot electron microprobe analysis at these points, 
they were confirmed as pits. This fact suggests that 
the microcrystalline alloys have many sites for pit 
initiation even in the matrix, but at  most of these 
sites solute or impurity accumulation is insufficient to 
propagate pits because of the rapid solidification pro- 

Table I I .  The characteristic potentials E,,i, EPrO, and E,,, for pitting corrosion (0.5N NaCI, 60" * l0C, deaerated) 

S.D.' S.D. S.D. 
Ecrr /mV c N.R. Enra/mV a N.R. Epa8/mV Q N.R. 

316 195 14.3 4 237 15.3 4 25 3 
Alloy B-c 216 39.5 7 270 26.7 - 14 13.8 7 

B-m 240 34.9 3 313 32.5 5 11 7.8 4 
Alloy C-c 49 80.1 8 282 48.5 8 - 109 12.1 

C.m 247 18.7 314 14.2 - 49 9.0 5 

S.D., standard deviation; N.R., number of runs; c, conventional; m, microcrystalline alloy. 
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cessing. By this processing, impurities are dispersed 
uniformly in the alloy so that impurity segregation or 
accumulation is expected to be minimal. This situation 
is even more likely in amorphous alloys, which exhibit 
great resistance to pitting corrosion (5, 15). 

In some cases, more frequent oscillations were ob- 
served on microcrystalline alloys just before the criti- 
cal potential. This may perhaps be accounted for by 
considering that the alloy has many sites for pit nu- 
cleation, but the amount of segregated impurities at 
such sites may be less than some critical concentration 
required for growth. The same argument can be ap- 
plied to pit initiation in the conventional alloy C 
which was used in the as-cast condition. Since the 
degree of segregation in the cast structure should be 
larger than that in a wrought or a microcrystalline 
alloy, pits can initiate and grow more easily resulting 
in pit initiation at a less noble potential. 

Nowak (16) has reported the susceptibility to pit- 
ting corrosion of a microcrystalline 304 stainless steel 
which was prepared by sputtering with very small 
grains of 15-30 nm in diameter. Diffraction patterns 
of the grain indicated both bcc and fcc phases. He 
found that the pitting potentials of these microcrystal- 
line alloys, especially with addition of about 1% of A1 
and/or Si, in 1M NaCl were markedly higher than 
those of the conventionally prepared 304 steel, and 
that a heat-treatment at 450°C for 1 h r  in vacuum 
lowered the pitting potential of the sputtered alloy. 
He considered that the high resistance to pitting cor- 
rosion of the microcrystalline alloys should be at- 
tributed to structural differences, but it was not clear 
whether this arose from the bcc structure or the micro- 
crystalline nature of the sputtered alloys. His results 
suggest that the as-sputtered alloy may be more homo- 
geneous than the conventional alloy and that the de- 
gree of segregation is increased by the heat-treatment 
of the sputtered alloys which has the consequence of 
making E,,i more active. 

Polarization curves in acid chloride solutions.-In the 
case of localized corrosion, such as pitting, crevice cor- 
rosion, and stress corrosion cracking, the chemistry of 
the electrolyte in the pit, the crevice, and the crack tip 
is likely to be quite different than that in bulk solu- 
tion. In these occluded cells, one expects to find an 
increase in the concentration of metal ions, chloride 
ions, and protons, the latter produced by metal ion 
hydrolysis. For example, a solution characteristic of 
what might be observed in an occluded cell (which 
contained 3.5-mol/liter chloride ion with 0.5, 2.1, and 
0.9 mol/liter'of Na+, Fez+, and C$+, respectively) 
exhibited a pH of 1.3-1.5. Hence, it was considered 
useful to measure polarization behavior in an acid 
chloride solution in order to understand localized cor- 
rosion, especially pitting and crevice corrosion (17). 

The solutions used were 5N NaCl with 0.1 and 0.01N 
and 4.5N NaCl with O.9N H s 0 4  at 25°C. 

The polarization curves, shown in Fig. 10 and 11, 
shifted upward with increasing acidity. It should be 
noticed that the peak currents at active dissolution 
for the microcrystalline and the conventional alloys 
were almost the same and the conventional alloy 
showed a large secondary dissolution peak near O.OV. 

The potential in the growing pit should be in the 
range of $0.1 to -0.2V, because the repassivation 
potential falls in this range. At the repassivation po- 
tential the ohmic drop between the pit and the free 
surface is likely to become very small and the poten- 
tial in the pit is considered nearly equal to that on 
the free surface. Comparing the current in this range, 
therefore, we can roughly judge the susceptibility to 
pitting corrosion. Furthermore, this can be applied 
also to crevice corrosion. 

In the case of 316, the active dissolution peak rose 
higher and shifted in the noble direction with increas- 

sweep rate 
I r n V / s e c  

10-5- 
-0.4 -0 .2  0 0.2 0.4 06 

Potentio I .  E I V  vs SCE 

Fig. 10. Anodic polarization curves of 316 stoinless steel in ocid 
chloride solution. 

Potential ,  N V  v s  S C E  

Fig. 11. Anodic polorimtion curves of olloy B (a) and C (b) in 
ocid chloride solution. Solid ond broken lines denote conventional 
and microcrystolline alloy, respectively. Potential sweep rote 1 mV/ 
sec. 

ing acidity. As localized corrosion proceeds, corre- 
sponding to an increase in the acidity of the solution, 
the dissolution mechanisms should change from the 
secondary dissolution rate process to active dissolution. 

For alloy B, the polarization curves in 0.01N H2S04 
+ 5N NaCl were just the same for both microcrystal- 
line and conventional alloys. With increasing acidity 
the currents observed on the microcrystalline alloy 
in the potential range $0.1 to -0.2V were several 
times smaller than that of the conventional one. This 
may be interpreted to suggest that to initiate localized 
corrosion is not so different for both materials, but 
when pits propagate and increase the acidity in the 
occluded cell the propagation rate of the conventional 
alloy should be several times larger than that of the 
microcrystalline alloy. In a practical sense, once the 
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corrosion rate has increased, more rapid accumulation 
of metal cations occurs with subsequent rapid decrease 
of pH. Hence, the difference in the propagation rate 
may be much larger than that estimated from the po- 
larization curves. 

The differences in the polarization curves are clearer 
for alloy C. The secondary peak for the conventional 
alloy was very large in a solution of low acidity. A 
very active value of the pit initiation potential for 
conventional alloy C may be attributed to this second- 
ary peak, because the nuclei of the pit can grow easily 
without a large acidification. 

The heights of the secondary peak are in the order 
of as-cast alloy C, wrought alloy B, and both micro- 
crystalline alloys. Since this order corresponds to the 
degree of segregation expected in the alloys, the sec- 
ondary peak may be a characteristic of the prefer- 
ential dissolution of the segregated sites in a concen- 
trated chloride solution. In other words, the degree 
of the segregation influences the susceptibility to local- 
ized corrosion, not only with regard to pitting but also 
crevice corrosion and, therefore, the microcrystalline 
alloys have a larger resistance to the localized corro- 
sion. 

Summary 
1. In chloride-free solution, the corrosion behavior 

and electrochemical properties of the microcrystalline 
and the conventional stainless steels were very similar. 

2. Measurement of pitting potential in 0.5N NaCl 
solution at  60°C revealed that the microcrystalline al- 
loys were more resistant to pit initiation and propaga- 
tion and that pits were more easily passivated than 
in the case of the conventional alloys. Higher homo- 
geneity or lower segregation in the microcrystalline 
alloys, due to rapid solidification processing, might 
account for the higher resistance to pitting corrosion. 
3. The degree of segregation in the alloys affects 

polarization behavior in acid chloride solutions. The 
susceptibility to pitting corrosion may be examined by 
such polarization experiments. 

4. The microcrystalline alloys, produced by rapid 
solidification followed bv hot extrusion, mav be ex- 
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ABSTRACT 

Fe, mixed Fe-Mo, and Mo naphthalocyanine samples electrochemically investigated in previous work have been 
prepared and studied by the EPR technique. In the case of the Fe compounds, kinetically slow changes have been 
shown to occur from axial to octahedral symmetry. The resulting Fen' configuration is close to the multispin criterion 
for electrochemical activity. With Mo samples two kinds of sites are visible on which Mo oxidation proceeds much 
faster than Feu' formation. The most stable Mo sites in the presence of conducting solutions are also the most reactive 
ones for oxygen adsorption. 

The importance of iron naphthalocyanine compounds 
as electrocatalytic materials has been shown recently 
(1). Improvement of their stability and electrocatalytic 
activity for the oxygen reaction may be expected by 
the addition of aromatic rings to the ligands (2). 
Molybdenum naphthalocyanine compounds have also 
been investigated for oxygen electrocatalysis and have 
proved to be equivalent or better than iron compounds 
(3). Changes in spin multiplicity during reaction have 
been well documented (4), and in the case of oxygen 
reactions i t  has been shown that the easy crossover 
from high to low spin can favor several reaction paths 
with activation of adsorption and desorption steps 
of the oxygen molecule (5). This effect cannot take 
place in the case of molybdenum naphthalocyanine 
samples, however it should be pointed out that EPR 
data can yield information on the spin configuration 
of the central ion in the Fell1 (6a) or Mo(V) (6b) states. 

The aim of the present work was, firstly, to use the 
EPR technique to investigate the electronic configura- 
tion of iron (I) ,  mixed iron molybdenum (II), and 
molybdenum naphthalocyanine compounds (111). Sec- 
ondly, in presence of solutions to detect some effects 
associated with the presence of radical species by the 
addition of a scavenger such as glutathione (7). As 
shown in Ref. (7), this compound gives rise simultane- 
ously to depletion of oxygen radicals and to specific 
adsorption on the central ion. 

Experimental 
Synthesis of materials.-The synthesis of iron naph- 

thalocyanines was conducted by the reaction of 1-2 di- 
cyanonaphthalene with an iron bis p-diketonate in a 
sealed tube. 

Preparation of 1-2 dicyanonaphtha1ene.-This deriva- 
tive was synthesized from naphthylamine sulfonic acid 
following the reaction procedure described in Ref. 
(81, i.e., diazotization followed by fixation of the first 
nitrile function through the use of the potassium 
cyanide/copper sulfate couple and the introduction 
of the second nitrile function by action of potassium 
ferrocyanide. However, the experimental equipment 
was modified during the last step. The mixture 
CloH6 (S03K) CN-&Fe (CN) 6 was placed in the center 
of a Pyrex tube of about 80 cm length inside a tubular 
furnace of 30 cm length. The tube was connected at 
one end to a nitrogen inlet, with the other end to the 
inlet of a vacuum Dumu. 

The pressure was fixed at 10-1 Torr and the tem- 
perature between 300"-350°C. Dicyanonaphthalene 
crystals were sublimed on the cooler part of the tube. 
During this procedure nitrogen was bled into the tube 
in order to aid the migration of the compound that 
was finally recrystallized in absolute methanol. 

Preparation of 1,2 iron (Fe-NP,) and iron molyb- 
denum and Mo naphtha1ocyanines.-An intimate mix- 
ture of 1-2 dicyanonaphthalene (2 x 10-3 mols) and 
of iron bis (2,2,6,6-tetramethyl-3.5 heptane dionato) 
iron (Fe(Me3-C-CO-CH-CO-C-Me3)z) (0.5 x 
mols) was sealed under vacuum in a glass tube and 
heated to 300°C for 24 hr. After opening the tube, the 
mixture was washed successively with dilute HCI 
followed by water up to neutral pH, then by benzene, 
ethanol, and ether. It was dried at 100°C under vacuum 
for several hours. 

Elementary analysis.-With samples I(FeNP,) the 
elementary analysis is given as follows. Found: C, 
75.5%; H, 3.1%; N, 13.3%; Fe, 5.3%; and expected: 
C, 75.0%; H, 3.1%; N, 14.6%; Fe, 7.3%. 

The 1,2 iron molybdenum naphthalocyanine was 
obtained by a similar procedure, by adding ammonium 
paramolybdate (NH4)6M070244HzO) totaling 50 mg 
(0.04 10-3 mols) to the same starting mixture of 1,2 
dicyanonaphthalene and iron bis (p-diketonate) iron 
derivative. The elementary analysis of this material 
(11) is given as follows. Found: C, 75.0%; H, 3.4%; 
N, 13.2%; Fe, 4.7% + 0.2%; Mo, 5.5 -c 0.2%; and ex- 
pected: C, 75.0%; H, 3.1%; N, 14.6%; Fe, 2.69%; Mo, 
4.61%. 

As a systematic deficiency in nitrogen was found, 
Fe and Mo contents have also been determined by 
x-ray fluorescence induced by proton bombardment' 
to avoid an error due to the above method of analysis. 
Protons of 2.3 MeV were passed through a 1 pm thick 
aluminum foil containing evaporated silver. The sam- 
ple was bombarded by the resulting 1.8 MeV beam and 
the x-ray fluorescence was detected with an SiLi de- 
tector. Quantitative analysis was carried out by com- 
parison with the Ku-ray of silver. From the results 
obtained it must be concluded that a nonnegligible 
amount of Mo must be transformed into an oxide 
form in addition to the naphthalocyanine ligand. 

In order to discriminate between the effects of 
molybdenum and those of iron, a synthesis of molyb- 
denum naphthalocyanine was also undertaken, in this 
case using only ammonium paramolybdate with di- - - 
1 The authors acknowledge Professor Decomminck, FacultC N.D. 

Electrochemical Society Active Member. de la Paix, Namur, Belgique, for the achievement of this expen- 
Key words: MoV and Fell' EPR catalysis, chelates, adsorption. merit. 
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cyanonaphthalene (DCN) in the initial ratio of 4 DCN 
per 1 mol of molybdenum. The product samples were 
thoroughly washed in a glove box with benzene, 
ethanol, HCI, 10% distilled water, and ethanol [sam- 
ples (III)]. 

EPR measurements.-The EPR spectra were re- 
corded on a Bruker BER 420 spectrometer operating 
in the X-band (modulation frequency 100 kHz at 
24"C), a 5 mm diam tube was used for the dry powder 
and the experiments with solutions were carried out 
in a 1 mm diam EPR tube. All the samples were of 
high purity and used without further purification. 
Glutathione (Merck for biochemical uses) was checked 
for impurities by EPR. 

Results 
EPR spectra of samples (I, 11, and IZZ).-The EPR 

spectra of samples (I)  freshly prepared (A) and after 
prolonged exposure to air (B) are given in Fig. 1. 
The (A) form shows a signal in an axial configuration 
with g // = 1.9894 and g 1 = 2.0152. These spectra 
remain stable after a few days of exposure to air. 
However, after more than a month of air exposure 
they change to form (B). 

In presence of pure water signals (A) or (B) are 
not modified even after treatment of the samples by 
a wetting agent such as ethanol. A slow drift of g iso 
(isotrope) with form (B) can be observed up to g iso 
= 2.00245 close to the free electron value. This limit 
is reached more rapidly with the powder than with 
crystalline samples, the drift being speeded up by 
grinding under air atmosphere. 

The EPR spectra of iron-molybdenum naphthalo- 
cyanine samples (11) and molybdenum naphthalo- 
cyanine samples (111) are both shown in Fig. 2. They 
show similar characteristics. Three g values charac- 
terize the MoV ion (9) that in the present case is lo- 
cated in at least two different environments. Two 
values are smaller than 2 (g, = 1.9760 and g, = 1.9814) 
and two are higher g, = 2.0023 (this value being less 
accurate due to the overlapping signal at g = 2.0018). 
A hyperfine constant (60G) between the electron and 
the 95 and 97 isotopes of Mo is in good agreement with 
the values of Ref. (9). The other species has an iso- 
trope g value gi = 2.0018. 

Fig. 1 .  EPR spectra of iron nophthalocyonines: (a) under nitrogen 
or short exposure at  air or in presence of water and (b) ofter more 
than one month exposure at air or in presence of water. 

Fig. 2. EPR spectra of iron-molybdenum and Mo naphtholocy- 
anines [samples (11) and (Ill)]. 

In contrast to samples (I)  the EPR signal of samples 
(11) and (111) remains unchanged after a long ex- 
posure at air. The results concerning samples (11) or 
(111) prepared in a glove box with an oxygen pressure 
maintained below 1000 ppm are represented in Table I. 
They show the differences in affinity us. oxygen pres- 
sure of the two main molybdenum environments. The 
lowering of the oxygen pressure induces a lowering 
in the same ratios of both MoV signal intensities 11 
and 12. After introduction of oxygen, 12 increases only 
slightly while 11 almost doubles. On prompt return to 
a 4 . 10-6 Torr vacuum, 11 drops only slightly while 
I2  still increases. After a new exposure to air both 
signals pass through a maximum then stabilize. 

In the presence of conducting electrolytes, reduced 
oxygen adducts can arise simultaneously with protona- 
tion ( lo) ,  which can perturb the voltage distribution 
at the applied electric field at the interface both in the 
double layer region or through nucleation (11) and 
diffusion processes inside the catalyst material. In all 
cases a 0.7M NaCl solution was used as a supporting 
electrolyte to maintain a constant double layer struc- 
ture. To vary the oxygenated radical concentrations a€ 
the surface of the materials, a scavenger (glutathione) 
(7, 12) was added in various concentrations. A 0.7 HCl 
solution has been used to show any effect associated 
with protonation. This effect has been proven to occur 
simultaneously with specific adsorption on the central 
ion (7, 11). On samples kept under vacuum (Table 
11) the solutions have been thoroughly deaerated 
through argon. On those left in air the experiments 
have been conducted with oxygen-saturated solutions 
(Table 111). The modifications of 11 and 4 are given 
in these tables, respectively. 

In all the cases investigated the ratio IZ/h was 
shown to grow continuously as a function of time. This 
effect is inhibited by the presence of glutathione, but 
enhanced in presence of HCI. For the same solution, 
it was more intense with deaerated samples. 

Table I. Variation of 11 and 12 MoV signal intensities in the 
iron-molybdenum (11) and (Ill) naphthalocyanines samples vs. 

successive treatments under oxygen 

No. treatment h h h/Ia 

1. Under NI (PN = 1 atm; < 1000 ppm 0 2 ) '  4.2 23.9 5.62 
(several days) 

2. Under vacuum ( 5  x 10-6 Torr) (30 min) 3.1 17.8 5.72 
3. Under oxygen (PO, = 1 atm) (20 hr) 6.1 18.8 3.08 
4. Under vacuum (4  x 10-a Torr) (10 min) 5.8 20.8 3.58 
5. In airt (30 min) 9.6 27.3 2.84 
6. In alrt (several days) 8.0 25.5 3.18 

Reproduced values. 
t The "absolute" intensities are not comparable with previous 

measurements. 
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citation energies. The samples are in the low spin 
Table II .  The effect of wetting on Fe"I-MoV-NpC in presence of domain but not too far away (less than 2000 cm-1) 

glutathione (GSH) (sampler under vacuum 10-5 Torr). and lzO from the high spin-low spin border as given by Fig. 9 
corresponding intensities in air. of Ref. (6a). 

MoV structures and electrochemical interest.-In 
Solutions 111110 In/In, 11/11 t (Fe-Mo) samples (II) ,  only MoV ions are apparent. 

From Table I the two main sites are both sensitive 
NaCl (0.7M) 1 1 3.20 0 to oxygen pressure variations. This effect involves 

0.78 0.80 3.30 
0.61 0.83 4.33 :;en either a segregation of both sites at the surface or a 
0.58 0.86 4.76 6 days much faster oxygen penetration into the Mo structure 

NaC1 (0.7M) + 1 1 3.14 o than into the pure iron samples (I) .  Due to the rela- 
GSH (1OdM) 0.69 0.69 

0.63 0.75 :!:k tive stability of Iz, in contrast to 11, us. the oxygen 
0.57 0.78 4.23 6 days pressure, the reversibility for 0 2  uptake appears 

greater for II than for Iq. Their relative variation sug- 
Discussion gests with one phase compound a surface segregation 

of 11 sites compared to 1z or with a mixture of two 
Identification of the signals.-The 02-EPR signal has phases a better oxygen penetration into Il sites. 

been reported at  room temperature (13). It always 
presents values and never an axial symmetry, In presence of aqueous solutions the absolute varia- 

while Fell' porphyrin signals can only be obtained at tions of 11 and 12 are difficult to interpret (18) due to 

liquid nitrogen temperature (14), EPR spectra of FelIl the modification of the solution dielectric constant in 

phthalocyanine compounds have been reported at am- association with double layer effects. MoV ions present 

bient temperature (6a). The slow variation of the within the structure may act as "probes" (19) and 

signal symmetry under oxygen is compatible with the give information on the transitions Mol"/MoV or MoV/ 

low values of the diffusion coefficients for electrons MOV1 in the presence Or absence Of the 

and holes measured in the phthalocyanine structures In this respect, it mvay be pointed out that the rela- 
(7). It is characteristic of a slow oxygen penetration tive growth of Iz depends on the oxygen concentration 
into the structure with the metal site symmetry being at the compound surface and is inhibited by glutathi- 
initially square pyramidal then octahedral. The sta- One (decrease of Surface oxygenated radical concen- 
bility of the signal in the presence of water under tration) as shown in Table 11. The unexpected dif- 
wetting conditions precludes the existence of a cation ferences in NaCl solutions in Tables I1 and I11 may 

radical (15) especially if the active sites are involve wetting processes that are more rapid in the 
located on the first layers in contact with the electro- absence of oxygen radicals on the surface. 

lyte as seen by ESCA (3, 7). Oxseen reduction takes place simultaneously with 

Spin configuration of Fen'.-Classical analysis (16) 
MoN/Mov oxidation on 12 sites. In the presence of 

of the values of form (A) with samples (I) leads to HC1 the oxidation is enhanced, which may be due to 

a low spin ferric ion, A napid check of the crystal field 
easier HOZ radical formation (10) in the presence of 

parameters (17) yields A E X ~ Y ~  = 228,000 cm-1 and 
~Exu = 319,000 cm-l, which are completely On the basis of EPR data alone, it is not possible to 
values. The spin orbit coupling constant was taken identify unambiguously the nature of 11 and 1z sites. 
equal to the free ion value ( 5  = 400 (6a, 16). 12 sites can be due either to molybdenum oxide (9) 

In contrast, the calculations of Caro et 01. (6a) which Or molybdenum naphthaloc~anine. In some references 
involve the 252 wave vector basis set. yield completely 11 sites have been identified as deposited carbon (20, 
different conclusions. The experiments at values 21). In the present experiments however, this inter- 
around 2 correspond either to a low spin domain ,-lose pretation can be ruled out as the corresponding peak 
to the border for CTv distortion of the C4, symmetry I, is oxygen sensitive in dry atmosphere (see   able I). 
to hiq-, or intermediate spin domains. the border The intensity of peak 11 can therefore be related to 
line situation the g values are very sensitive to vari- electrochemical activity or oxygen reduction. 
ations in the crystal field parameters because of the The difference in behavior of Fe-MoNPc samples 
rapid variation of composition of the wave vectors in (11) and (111) under vacuum (Table I )  or under air 
crossover situations. In the iron naphthalocvanines (Fable 111) may be presumed to be due to the differ- 
(1) the following crystal field parameters are obtained: ence in wetting which in presence of glutathione 
Blo = 37,500 cm-1 and B$ = 23,000-25.000 cm-1. (GSH) stabilizes the lower valencies of molybdenum 
These are in the experimental range of electronic ex- as shown for iron (7). The adsorbed oxygen impedes 

the process of wetting and the further development 
Table Ill. The effect of wetting on F ~ I I I - M ~ V - N P C  in presence of of the Movl form that is shown to be associated with 

GSH (sample kept in air N )  110 and 120 as in Table I I  it. At high concentration, on the air exposed samples 
the plutathione is dimerized under the influence of 
adsorbed oxygen and has only a minor effect in the 

Solutions h1Iw bllr Llh 12/11 ratios. 

Conclusion 
NaCl (O.7M) 1 1 3.29 0 

0.89 0.89 3.30 10 min EPR studies on iron, mixed iron-molybdenum, and 
0.73 0.93 4.22 
0.73 0.95 4.29 molybdenum naphthalocyanine compounds electro- 

to 10 days chemically investigated in previous work (1, 3) have 
NaCl (O.7M) t 1 1 3.18 0 provided information concerning the effects of struc- 

GSH (1WM) 0.80 0.83 3.29 
0.70 0.91 4.16 tural factors on the electrochemical activity of these 
0.70 0.91 4.14 6 dnys compounds. 

to 12 days 
NaCl (O.7M + 1 3.32 

As in other phthalocyanine or porphyrin comaounds 
1 

GSH (lo-ZM 0.95 0.94 3.29 a border-line situation has been found to exist for the 
dlmerized) 0.82 0.98 3.95 

0.98 4.08 ;; spin configuration of iron (111). This finding is an illus- 
0.80 tration of the theories developed on the influence of 

HCI (0.7M) 1 1 3.31 
0.80 0.82 3.41 the Fe-02 bonding on the kinetic constants of the 
0.70 0.95 4.50 3 days electroreduction of dioxygen. It is of special interest 
0.69 0.95 4.60 

to 1~~~~ in support of theories relating the mixed spin con- 
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figuration of FeT" to the lowering of the overall ac- 
tivation energy for this process. 

In the case of iron naphthalocyanines the diffusion 
of dioxygen molecules into the lattice and the fixation 
of two molecules to the iron appear to be very slow 
processes. Under electrochemical conditions, the bulk 
of the material is not involved in the reaction, since 
ohmic limitations are observed for finite thickness 
deposits. The most effective electrode structures would 
consist of one or no more than two layers spread out 
uniformly on the carbon black supports. 

With Nlo naphthalocyanine compounds the oxygen 
intake into the lattice is much faster and gives rise 
to higher valencies of molybdenum ions compared 
with iron. At least two different Mo sites have been 
shown in our preparations, each possessing a different 
activity us. oxygen adsorption and a different stability 
in conducting solutions, the most active for oxygen 
adsorption being also the most stable. 

From the view point of electrochemical activity in 
the case of molybdenum naphthalocyanine, in contrast 
to iron, many layers can participate in the reaction at  
least from the view point of the conduction process in 
the solid phase. 
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A Model of Crack Electrochemistry for Steels in the Active State 

Based on Mass Transport by Diffusion and Ion Migration 

A. Turnbull and 1. G. N. Thomas* 

National Physical Laboratory, Teddington, Middlesex TWll OLW, England 

ABSTRACT 

A model of the electrochemical conditions in a static crack has been developed for steel in the active state based 
on the steady-state mass transport of species by diffusion and ion migration. The main reactions considered were 
anodic dissolution, hydrolysis of ferrous ions, and cathodic reduction of hydrogen ions and water with the assumption 
that the electrode reactions were taking place both at the tip and on the walls of the crack. The reduction of oxygen in 
the crack was not included since it was demonstrated in a separate analysis that this reaction is insignificant in a static 
crack at steady state. The pH and potential drop in the crack have been evaluated as a function of external potential, 
crack dimensions, and other parameters assuming a bulk solution of 3.5% NaC1. The effect of dissolution and hydroly- 
sis of alloying elements and also the buffer reactions of seawater on the pH within a crack were also assessed, but 
mass transport by ion migration was neglected in these cases. The theoretical predictions of the potential drop and pH 
were in reasonable agreement with values determined experimentally in an artificial crevice of the structural steel BS 4360 
50D in 3.5% NaCl and in artificial seawater. 

The electrochemical conditions within cracks a re  since this will depend on the rate of metal dissolution 
important in governing the rate of crack propagation and/or the rate of production of hydrogen atoms at  the 
in stress corrosion cracking and in corrosion fatigue crack tip. A problem in characterizing the rates of 

electrode reactions within a crack is the lack of knowl- 
Electrochemical Society Active Member. 

Key words: crack electrochemistry, model, structural steels, so- 
edge of the local solution composition and the elec- 

dium chloride, seawater. trode potential, which because of the restricted geom- 
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etry, can vary from the values associated with the 
bulk solution and external metal surface. In addition, 
there are difficulties in measuring the electrochemical 
conditions in cracks because access with measuring 
probes is not easy although a variety of techniques 
has been developed to overcome this problem (1-4). 

Thus experimental measurement has been supple- 
mented by various mass transport models that have 
been developed to describe the solution composition 
and electrode potential in cracks (5-9), mainly stress 
corrosion cracks. These models have in general related 
to mefal/environment systems in which a passive film 
is formed with only the crack tip active and are not 
applicable to structural steels in seawater in which 
both the tip and walls of the crack would be ex- 
pected to be active. A model to describe the electro- 
chemical conditions in a static (panallel-sided) crack 
in structural steel in 3.5% NaCl and also in seawater 
was developed by Turnbull and Thomas (10) based 
on mass transport by diffusion only. The current paper 
describes an extension of this model to include mass 
transport by ion migration. In addition, improved data 
for the input parameters, viz., rates of metal dissolu- 
tion, hydrogen-ion reduction, and water reduction for 
the steel BS 4360 50D in chloride solutions for a 
range of potential, pH, and chloride-ion concentration, 
have been obtained (11) and these have led to fur- 
ther modifications and improvements in the original 
model. 

Electrochemical Reactions in the Crack 
The model assumes that the steel section containing 

the crack is immersed in 3.5% NaCl solution, except 
in the case of the buffering reactions described later, 
and that the electrode reactions, anodic dissolution 
and cathodic reduction, occur on the walls and tip of 
the crack. The following basic reactions are considered 
to occur within the crack 

For the purpose of this analysis: [Fez+] = Ct, [Hz01 
= Cz, [FeOH+] = CS, [H+] = C4, [OH-] = CS, 
[Na+] = Cs, and [Cl-1 = C,. 

The sodium and chloride ions do not take part in 
the reactions but contribute to the transfer of current 
and hence influence the magnitude of the potential 
drop, ~ ( x ) ,  which is defined as Eext - E(x) ,  i.e., the 
difference in the electrode potential at the external 
surface and a point along the crack. The reduction 
of oxygen in the crack is not included since it has been 
previously demonstrated that this reaction is insig- 
nificant in a static crack at  steady state (10, 12). 

The dissolution of alloying elements and also the 
buffering reactions of seawater were considered, but 
because of the additional reactions and equations in- 
volved, mass transport by ion migration was neglected 
in these cases (see later). The appropriate reactions 
for dissolution and hydrolysis of the alloying elements 
are represented by 

~ n +  + Hz0 + M (OH) (n-1) + + H+ [71 

The buffering reactions of seawater are associated 
with the dissolved carbon dioxide equilibria (10, 13), 
the significant relationships for this analysis being 

where HzCOS* = [HZCO~] + [COz(aq] and [COz(aq)l 
>> [HzCO~I (13). 

For values of pH less than 8, Eq. 181 is the dominant 
reaction; but for higher pH values, the dominant re- 
action is Eq. [9]. 

In previous work the rates of anodic dissolution and 
cathodic reduction of hydrogen ions and water on the 
structural steel BS 4360 50D in 3.5% NaCl were shown 
to have a complex dependence on pH and potential 
(11). The rate of anodic dissolution was observed to 
decrease with decreasing pH for pH values < 3, but 
to decrease with increasing pH for pH values > 8.5. 
In the intermediate region the anodic current was 
little affected by pH and could be represented by 

This is the expression used in this analysis with p = 1 
and k, = 2.7 . 107 A cm-2, where E is the electrode po- 
tential with respect to the saturated calomel electrode, 
F the Faraday constant, R the gas constant, and T the 
temperature ( F  293 K). 

The rate of reduction of hydrogen ions had a first- 
order dependence on hydrogen-ion concentration and 
could be re~resented bv 

p'FE 
i.+ = k,C4 exp ( - - ) I l l ]  

RT 

with p' = 0.5, k, = 2 . 10-5 A mol-1 cm, where C4 is 
in mols cm-3. 

The reduction of water was observed to be inde- 
pendent of pH for pH values less than or equal to 10, 
but decreased with increasing pH above this value. 
The following expression was derived for pH L 10, viz. 

iazo = ka* exp - - ( ") 
with j3* = 0.5 and ka* = 8 . 10-14 A cm-2. 

The dependence of the current density for water re- 
duction' on pH above pH 10 is complex, but for pH 
values between 10 and 12 a least squares analysis of 
the data indicates that pa  = - (0.167 In C4 + 4.49) and 
kp* = exp(7.56 In C4 + 196.57). 

Since the variation of the concentration of water 
in the crack is treated in this model, albeit in a very 
approximate manner, the pre-exponential factor kp* 
is replaced by kpCz where kp is calculated assuming 
CZ was about 55.5 . 10-3 mols cm-3 in the above in- 
vestigation. 

Mass Conservation Equations 
The general formulation, based on dilute solution 

theory, for the conservation of species in a crack can 
be written as (14) 

convection diffusion migration reaction 

This equation shows the dependence of the rate of 
change of concentration (aCi/at) on (i)  convection 
where v is the fluid velocity, (ii) diffusion where Di 
is the diffusion coefficient, (iii) ion migration where z 
is the charge, (iv) homogeneous reactions in solution 
where Ri represents the rate of production or deple- 
tion of species by chemical reaction. The heterogeneous 
reactions such as dissolution and reduction normally 
appear in the boundary conditions. In constructing the 
material balance equations for this system only the 
steady-state form was considered (aCi/at = 0) and in 
addition the following assumptions and approximations 
have been made. 

1. The crack is parallel-sided of length 1, width w, 
and through-thickness B (Fig. 1) and the area of metal 
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external to the crack is very much greater than the 
crack area such that changes in the conditions in the 
crack do not affect the potential of the specimen as a 
whole. 

2. The crack is static or propagating at  such a slow 
rate that induced convective motion can be neglected. 
In addition the gravitational field is assumed to be in 
a direction parallel to the x-axis and directed toward 
the tip, and hence natural convection resulting from 
density changes can be neglected. 

3. Mass transport in the through-thickness, z-direc- 
tion, is neglected. This is a reasonable approximation 
if the thickness dimension is much greater than the 
crack length and will also apply if the sides of the 
crack are sealed, e.g., by a coating. 

4. The mass conservation equations can be reduced 
to a one-dimensional form by neglecting concentration 
and potential gradients between the walls of the crack. 
It was demonstrated in a previous two-dimensional 
analysis (12) that this was a good approximation for 
the former and it is likely also to be valid with respect 
to the potential gradient. A consequence of this ap- 
proximation is that the electrode reactions on the walls 
of the crack now appear in the material balance equa- 
tion and essentially can be considered as additional 
source or sink terms. 

It should be emphasized that the model applies 
strictly to dilute solutions and the applicability of this 
assumption is discussed later. 

Mass conservation equations based on Eq. [I31 but 
using the above approximations were derived for each 
of the solute species. These were then rearranged, 
with the assumption that the hydrolysis reactions were 
at equilibrium to give the following set of equations 
[see Ref. (10) which is available on request] based on 
reactions 111- [ 5 ]  

and for 0 < x < 1 

Fig. 1. Slot-like crock 

CG = ~ 6 -  exp ( - k) 
F9 

C7 = C1- exp - 
RT 

In addition the electroneutrality equation states that 

The boundary conditions are 

The appearance of a factor m in Eq. [23] is to allow 
for the influence of crack tip straining on the dissolu- 
tion rate. Dl to D5 are the diffusion coefficients of the 
relevant species. The concentration of water will only 
deviate from the bulk value Cz* when the concentra- 
tion of ferrous chloride becomes significant and in this 
case it is assumed to be determined by the partial - 
molar volume, "1, of ferrous chloride (10) (Eq. 1181). 
This is an approximate expression and does not take 
into account the mass transport of water out of the 
crack in the form of a hydration sphere attached to 
the ferrous ion. In any case, the model is not expected 
to be particularly accurate in describing concentrated 
solutions. K, is the ionic product of water and KH is 
the equilibrium constant for the hydrolysis of ferrous 
ions. The factor 55.5 10-3 (mols ~ m - ~ )  represents 
the bulk concentration of water. Note that the bound- 
ary condition of @ = .O  at x = 1 is in fact determined 
also by the electroneutrality equation, Eq. 1211. 

Although mathematical solution of these equations 
was obtained for a wide range of parameters, con- 
siderable numerical difficulties arose at  negative po- 
tentials when the dissolution rate tended to a very 
small value and the sign of + changed. Nevertheless, 
it was possible to obtain a solution under these con- 
ditions by neglecting dissolution and considering only 
the reduction of hydrogen ions and water within the 
crack. It was further assumed, for ease of mathematical 
analysis, that the flux at the crack tip could be neg- 
lected. This derives from the fact that the area of the 
walls is very much greater than the area of the crack 
tip and hence the flux at  the crack tip will have only 
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a very small effect on the solution composition or po- 
tential in the crack unless the reaction rates are sig- 
nificantly affected by straining at  the tip, and this is 
discussed later. 

In order to solve the equations involving the dis- 
solution and hydrolysis of alloying elements or the 
buffering reactions of seawater, mass transport equa- 
tions were established assuming transport by diffusion 
only. The transport equations were based on Eq. [14]- 
[241, but with the inclusion of additional equilibrium 
relationships in the form of Eq. [I?]. In addition, an 
equation of the form of [14] was used for the dissolu- 
tion of the alloying element (15). The dissolution rate 
of the alloying element was assumed to be in propor- 
tion to its concentration in the steel, based on the ex- 
perimental results of Sandoz et al. (16). The reactions 
at the crack tip were neglected in this analysis for rea- 
sons described previously, and this assumption is 
validated later. Deviation of the concentration of water 
from its bulk value was also neglected. 

Mathematical Treatment 
The mathematical equations were initially con- 

verted to a nondimensional form suitable for numerical 
analysis (15). The detailed method of solving the 
equation is described by Ferriss and Miller (17) and 
only a brief summary is given here. Early attempts to 
obtain a numerical solution of the equations involving 
diffusion only made use of a computer algorithm in 
which the dependent variables were represented by 
finite Chebyshev series. However, only limited suc- 
cess was achieved with this method because the de- 
pendent variables were poorly represented by poly- 
nomials. In order to obtain a reasonable accuracy, 
polynomials of very high degree were needed, but 
computer storage was limited. An improved technique 
was developed for solving the "diffusion-only" prob- 
lem and also the equations involving diffusion and 
migration. In this method the ordinary differential 
equations were converted to nonlinear integral equa- 
tions and then solved numerically using a variant of 
the Newton-Raphson iterative technique 

The values of the parameters used in this analysis 
were as follows: Dl = Dz = D3 = Ds = DD = 10-5 cm2 
sec-1, Dq = 9.3 . 10-5 cmz sec-1, and Dg = 5.3 . 10-5 
cm* sec-1, where D8 and D9 represent diffusion co- 
efficients of the Mn+ and M (OH) c n - l ) +  species where 
M refers to the alloying element: K, = 10-20 (mols 
cm-3)2, KH = 10-12.5 mols cm-3 (181, K = 1 . 10-9 
mols cm-3 (seawater) (13) for HzCOa* = H+ + 
HC03-, K =1 . LO-12 mols cm-3 (seawater) (13) for 
HC03- = H+ + C032-, and in seawater at pH 8 
[HzC03*] = 2 . 10-8 mols cm-3 and [HCOs-I* = 
2 . 10-6 mols cm-3. 

Results and Discussion 
The steady-state distribution of the species Fez+ and 

FeOH+, along a crack of length 2 mm and width 10 
em is shown in Fig. 2. The external electrode potential 
is -700 mV (SCE) which approximates to the free cor- 
rosion potential of the steel BS 4360 50D in 3.5% NaC1. 
The initial predictions of the model indicated values of 
the ferrous ion concentration slightly in excess of the 
equilibrium value at the appropriate potential in the 
crack as shown in Fig. 2. For longer or liarrower 
cracks this is even more significant. The equilibrium 
concentrations were calculated assuming (10) 

with E = -0.684 + 0.0295 log [Fez+] .(V SCE). 
The equilibrium value shown in Fig. 2 depends on 

the distance from the crack tip as a consequence of 
the variation of the potential drop along the crack. The 
model was modified to take into account metal-ion 
deposition explicitly, but it was not possible to obtain 

- dissolution rate reduced so that 
I ~ e ~ +  1 %  [ ~ e ~ + l ~ ~ ~ ~ ~  

I ---- unrestricted d1ss01ution \j l 

Fig. 2. Variation of the concentration of ferrous and ferrous 
hydroxyl ions with distance from the crock tip (x = 0) a t  E = 
-700 mV (SCE), crock length 2 mm, crock width 10 rrn. 

a solution to the differential equations for the param- 
eters of relevance. As an approximation it was as- 
sumed that the ferrous-ion concentration was limited 
to values < [Fe2+l,,i1. at the appropriate potential 
and this was achieved by reducing the dissolution rate 
accordingly. The resultant rate of dissolution is effec- 
tively related to the mass tranport of ferrous ions out 
of the crack. It was necessary in practice to reduce 
the dissolution rate by a constant amount along the 
crack in satisfying the above conditions because of 
mathematical difficulties. However the error intro- 
duced is unlikely to be very significant since, as a re- 
sult of dissolution from the walls, the ferrous-ion con- 
centration is a slowly changing function of x except 
close to the mouth of the crack (Fig. 2). 

The conditions under which the equilibrium con- 
centration is exceeded depend on the crack dimensions 
and potential. For example, at the crack length 2 mm 
and width 10 ern the equilibrium value is exceeded for 
external potentials ( -700 mV (SCE). The above 
treatment was applied in such cases, but the influence 
of the formation of magnetite or ferrous hydroxide on 
the ferrous-ion concentration was not considered, and 
this is discussed later. 

The variation of the hydrogen-ion concentration 
with distance from the crack tip for the same crack 
dimensions is shown in Fig. 3 at the free corrosion 
potential, -700 mV (SCE), and at -940 mV (SCE) 
where anodic dissolution is negligible. A feature of the 
data at -700 mV (SCE) is that the hydrogen ion con- 
centration shows little variation with x except at the 
mouth of the crack where the concentration must sat- 
isfy the boundary condition. Indeed the small variation 
that is observed is a consequence of the potential drop 
and in the absence of this factor the profile is flat ex- 
cept at the mouth of the crack (10). This indicates that 
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E~~~ = -700mViSCEI 

bulk pH =6 
i o-' 
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bulk p H = 8  
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Fig. 3. Variation of hydrogen ion concentration with distance 
from the crack tip (x = 0) for different values of the potential 
and bulk pH. The crack length is 2 mm and width 10 r m  and the 
bulk solution is 3.5% NaCI. 

the hydrogen-ion concentration is determined mainly 
by the balance between the rate of production of hy- 
drogen ions by dissolution and hydrolysis and the rate 
of removal by reduction of hydrogen ions and indi- 
rectly by reduction of water. Thus mass transport of 
hydrogen ions by diffusion has a much less significant 
effect except at the mouth of the crack. At the poten- 
tial of -940 mV (SCE )the rate of change of the hy- 
drogen-ion concentration with distance from the crack 
tip is slightly greater but, as before, is most significant 
close to the mouth. The variation of the potential drop 
with distance from the crack tip at an external poten- 
tial of -700 mV (SCE) is shown in Fig. 4. It can be 
observed that the potential drop changes slowly with 
distance from the crack tip, but close to the mouth of 
the crack the rate of change increases and can be very 
marked when the potential drop in the crack is large 
(see Fig. 9). This is a feature of the predictions of 
the model when the net current from the walls of the 
crack dominates that from the tip, but when the re- 
verse is true, e.g., when the walls are passive, the po- 
tential drop falls off very rapidly with distance from 
the tip. 

Diuolutian mte reduced so that iFenlS IFe"lquil, 
--- Unrednded dissoldlon 

Fig. 4. Variation of the potential drop ($1 with distance fmm 
the crack tip (x = 0) a t  E = -700 mV (SCE), crack length 2 mm 
and crack width 10 pm. 

- 1 o o o ~ ~  

pH , =o 
12 

I b) 

Fig. 5. Variation of the pH a t  the crack tip with external po- 
tential for (a) constant crack width, varying crack length and (b) 
constant crack length, varying crack width. 

Effect of Variation in External Potential tive. At potentials more negative than -760 mV (SCE) - .  

The influence of external electrode potential on the 
pH and potential drop at the crack tip is shown in 
Fig. 5 and 6 for different values of the crack length 
and crack width. It is evident from Fig. 5 (a) and (b) 
that the pH at the crack tip depends on potential in a 
complex fashion. At potentials more positive than - -700 mV (SCE) the potential drop in the crack be- 
comes significant (Fin. 6 ) .  Since the chance in poten- 

(Fig. 5) a transition in the rate of change of pH with 
external potential is observed and the pH increases 
more slowly as the potential is made more negative. 
This cannot be attributed to potential drop effects as is 
evident from Fig. 6, and two factors are suggested in 
explanation, viz., (i) the transition to a pH determined 
predominantly by water reduction and (ii) the de- 
crease in the rate of reduction of water for pH values 

tial at th; tip is less than the change in external poten- 2 10 (11,19). 
tial, the rate of change of pH at the tip with external A detailed explanation for the form of the variation 
potential decreases as the potential is made more posi- of the potential drop with external potential E e x t  has 
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Fig. 6. Variation of potential drop a t  crack tip with external 
potential for various crack lengths and crack widths. 

been given elsewhere (15,32). The potential drop is 
zero when Eext = -760 mV, which is tine free corro- 
sion potential of steel in the deaerated solution in the 
crack. At more positive or negative values of EeXt the 
potential drop reflects the increasing anodic or cath- 
odic current flowing into the crack. Under cathodic 
polarization, the potential drop remains very small 
because the increasing pH in the crack retards the rate 
of water reduction. 

At positive potentials the predicted concentration 
of ferrous ions in long narrow cracks was found to 
exceed the solubility limit of ferrous chloride, viz., 
-4.5M. To account for this a reduced dissolution rate 
was assumed with the condition [Fez+] ( 4.5M. This 
was only necessary at quite positive potentials (> -600 
mV SCE) for the crack dimensions examined and is 
indicated by a marked decrease in the rate of change 
of the potential drop with external potential (Fig. 6). 
It should not be expected that this theoretical model 
would accurately predict the pH or potential drop in 
concentrated solutions since i t  is well established that 
the activity coefficient of the various dissolved species, 
in particular the hydrogen ion, can increase signifi- 
cantly with increasing salt concentration (20-22). In 
addition, deposition of a salt film on the metal surface 
could lead to a significant potential drop across the 
film (23). 

Effect of Crack Length and Crack Width 
The influence of the reactions a t  the crack tip is an 

important factor in analyzing the effect of crack length 
and crack width on the pH and potential drop. When 
the flux at the crack tip was set to zero it was ob- 
served that for a range of parameters this had a negli- 
gible effect on the solution composition or potential. 
For example with 1 = 2 mm and w = 10 pm the differ- 
ence in potential drop and concentration of the various 
species in these conditions was less than 0.4% for a 
range of potentials. It can be shown (15) that when 
the mass transport equations are expressed in non- 
dimensional form the length and width always appear 
as the combined parameter 12/w except in the boundary 
conditions at the crack tip, but since these have only a 
minor effect on the solution composition and electrode 
potential in the crack, they can be neglected. Hence 
the effects of crack length and width on the normalized 
concentration and potential profiles can be expressed 
in terms of the combined parameter lz/w, certainly for 

lz/w > 400 mm which probably includes most practical 
crack dimensions. This is a useful parameter because 
it implies that similar values of the pH etc. at  the 
crack tip ( x  = 0) should be obtained for different 
values of 1 and w provided 12/w is unchanged. How- 
ever this is only relevant to a slot-like crack and for a 
wedge-shaped crack the important parameter is l/tan e 
where e is the crack angle. 

It is evident from Fig. 5(a) and (b) that the pH at 
the crack tip increases as 12/w increases at all poten- 
tials (although it should be noted that while the pH is 
a function of this parameter it is not directly propor- 
tional to it). At potentials 2 -800 mV (SCE) where 
the pH depends only on reduction of water it would be 
expected (15) that the pH would increase with in- 
creasing P/w as is indeed observed. At more positive 
potentials the situation is more complex because the 
potential drop is more significant and also the limita- 
tion on the ferrous ion concentration is an important 
factor. In the absence of these factors the hydrogen-ion 
concentration would be predicted to be invariant with 
crack length or width (10) since the parameter 1z/w 
appears in the equations involving dissolution and also 
cathodic reduction (15). However the potential drop 
increases with lz/w (Fig. 6) and the potential in the crack 
is consequently more negative than that associated 
with the external surface with the result that the pH 
tends to be higher. In addition since the rate of dis- 
solution is limited to maintain [Fez+] ( [Fe,2+],,11., 
but no such restriction is imposed on the rate of hy- 
drogen evolution, the pH will tend to increase with 
P/w. 

The effect of crack dimensions on the potential drop 
is shown in Fig. 6 and can be explained as follows. At 
potentials 2 -800 mV (SCE) it would be expected 
that the potential drop would increase when 12/w in- 
creased, but the extent was very much less than ex- 
pected despite a large change in 12/w and was too 
small to be distinguished on the scale used in Fig. 6. 
The reason is that the pH tends to increase with 12/w 
and for pH 2 10 this has the effect of decreasing the 
water reduction current. Hence, despite a more re- 
stricted geometry the lower current means that the 
potential drop is not too significant and much smaLler 
than would be anticipated if the rate of water re- 
duction was independent of pH. This will obviously 
have an important influence on the cathodic protection 
of static cracks and narrow crevices. 

At more positive potentials the potential drop at the 
crack tip generally tends to increase for higher values 
of lz/w, but becomes limited because of the reduction 
in dissolution current necessary to maintain [Fez+] 
< [Fe2+lWuil.. However, this latter effect may be less - 
significant if magnetite or ferrous hydroxide is formed 
to any great extent. 

Effect of Straining 

Plastic strain at  the crack tip will enhance the rate 
of metal dissolution and also the rate of hydrogen evo- 
lution (24-30). The effect on the metal dissolution rate 
depends on whether the metal surface is filmed or not. 
When the metal is in the active region any film present 
is only partially protective, but the relative dissolution 
current can increase by four orders of magnitude for 
some systems (27). In the absence of a film the aver- 
age increase in dissolution current is comparatively 
small (less than a factor of 10) (24,26), but calcula- 
tions of local dissolution currents as specific sites, slip 
step edges, or high index planes suggest much greater 
local increases possibly as high as lo4 depending on 
slip step spacing etc. (28, 29). The cathodic reduction 
current is also increased by plastic straining but ex- 
periment shows that this effect is relatively small for 
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structural steels in the active state (30). Consequently 
only the enhancement of the metal dissolution rate 
will be considered. This can be assessed simply by 
varying the value of m in Eq. [23], but this would be 
expected to lead to an increase in the concentration of 
ferrous ions relative to the equilibrium value. In 
order to ascertain the maximum effect on the solution 
composition and potential this aspect was neglected. 
Calculations were made for E = -700 mV (SCE), 
1 = 2 mm, w = 10 pm, and values of m equal to 103 
and 104. With m = 103 the pH at the crack tip de- 
creased from 7.4 to 7.0 and the potential drop in- 
creased from 12 to 27 mV. It should be noted that the 
calculated value of the potential drop in Fig. 4 is 
influenced by the limitation on the ferrous ion con- 
centration. With m = 104 the pH decreased to 6.6 and 
the potential drop increased to 50 mV. The magnitude 
of the effect is exaggerated by virtue of the fact that 
a relatively wide crack was studied and hence it is 
reasonable to conclude that for straining factors 
2 104, the effect on the pH within real cracks will be 
small for this system. This conclusion is based, how- 
ever, on a steady-state analysis and may not ade- 
quately represent the time-dependent phenomenon as- 
sociated with localized straining at the crack tip. 

Effect of Bulk pH 
The effect of variation in pH of the bulk solution, at 

constant potential, on the hydrogen-ion concentration 
in the crack was examined in the pH range 5-10 and 
the results are shown in Fig. 3 for E = -700 and -940 
mV (SCE), 1 = 2 mm, w = 10 pm. Numerical diffi- 
culties arose in obtaining a solution at lower pH 
values probably because of the range of the scale of 
the data, and for bulk pH values greater than 8 the 
same difficulties occurred at  E = -700 mV (SCE). I t  
is evident from these data that the external pH has 
only a marginal effect on the pH at the crack tip at  
both potentials despite the fact that the crack width is 
relatively large compared to more common practical 
values for this crack length. It was noted previously 
in this discussion that at -700 mV (SCE) mass trans- 
port by diffusion had only a minor effect on the hy- 
drogen-ion concentration in the crack and hence it 
would not be expected that a change in the bulk con- 
centration would significantly alter the concentration 
in the crack. At -940 mV (SCE) where the only sig- 
nificant reaction is reduction of water the explanation 
is less apparent, but is clearly associated with the fact 
that, at any value of the bulk pH, most of the pH 
change occurs over a region close to the mouth of the 
crack. The lack of influence of bulk solution pH on the 
pH within the crack is consistent with the experi- 
mental measurements of the pH in stress corrosion 
cracks carried out by Smith et al. (2) in which the 
pH near the tip was found to be independent of the 
bulk value. 

Effect of Buffer Reactions of Seawater 
As a substitute for seawater, 3.5% NaCl has often 

been used in laboratory studies, but in the former 
there are significant buffering reactions, Eq. [81 and 
[9], that will tend to act against a change in the pH 
of the solution. The important reaction for pH values 
below 8 is represented by Eq. [8] and for pH values 
above 8, by Eq. [9]. The effect of the buffering reac- 
tions is shown in Fig. 7 for two potentials -700 and 
-640 mV (SCE) corresuondine to wH values in the 

Fig. 7. Effect of the buffer action of seowoter on the pH within 
the crack at  a crack length of 2 mm and width 10 rm. 

l o - = -  

[H'I 

(mo les  

lo-'- 

the buffering reaction appears to be the rate of re- 
plenishment of the buffer species, e.g., dissolved carbon 
dioxide, from the bulk solution, and this is in general 
slow compared to the rates of production and re- 
moval of hydrogen ions. The analysis was not applied 
to more negative potentials because of lack of in- 
formation about calcareous deposition (31) at the high 
pH values expected at these potentials. 

E'= -640mV (SCEI 

E = -700mV (SCEI 3 .5% NnCI IpH81 

Effect of Alloying Elements 

seowoter [pH81 

The hydrolysis constants of various alloying ele- 
ments of relevance are shown in Table I and it is evi- 
dent from this that only the dissolution and hydrolysis 
of chromium is likely to have any effect on the pH 
within the crack. In assessing the effect of chromium 
in the steel the electrochemical polarization data for 
the steel BS 4360 50D was used, but it should be 
recognized that the detailed electrode reaction rates 
may change for a chromium-containing steel. It was 
assumed further that the alloying elements dissolve at 
a rate, in relation to the metal dissolution rate, in pro- 
portion to its concentration in the steel. However, no 
restriction on the dissolution of chromium was im- 
posed when the ferrous ion concentration was limited 
to its equilibrium value. The effect of chromium on the 
pH in the crack is shown in Fig. 8 for a potential of 
-700 mV (SCE) and 1 = 2 mm, w = 10 rm. It is 
evident that the presence of chromium in the steel 
even at the 1% level, which would correspond ap- 
proximately to AISI 4340 steel, has a very significant 
effect on the pH in the crack. 

crack below the.bulk vilue of-8, a id  for comparison 
data obtained in 3.5% NaCl at pH 8 are also shown. Table I. Hydrolysis constants (18) (mols dm-3) 
Note that the potential drop is assumed zero in this 
analysis. I t  is evident that the buffering reaction of 
seawater has a definite but only slight effect on the pH FeS+ + H1O = FeOH+ + H+ log K = - 9.5 

Mn2+ + H?O = MnOHt + H+ log K = - 10.59 
within the crack despite the short crack length con- ~ 1 s t  + HZO = NIOH+ + H+ log K = - 9.86 
sidered. The main factor determining the influence of ~ r 3 +  + &O = Cr(OH)z+ + H+ log K = - 4.0 
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Fig. 8. Effect of chromium content of the steel on the pH o t  the 
crock tip for o crock of length 2 mm ond width 10 p m  o t  E = 
-700 mV W E ) .  

Comparison of Theoretical Predictions and 
Experimental Measurements 

In order to test the predictions of the model under 
well-defined and relevant conditions an artificial crev- 
ice was developed to allow the measurement of the 
distribution of potential and pH in the crevice (32). 
The steel BS 4360 50D was used and the bulk solutions 
employed were 3.5% NaCl ( p H  6) and artificial sea- 
water ( p H  8.2). The measured potential drop at three 
points along the crevice for steel in 3.5% NaCl is 
compared with the theoretical predictions in Fig. 9. 
The fact that one side of the crevice was inert was 
taken into account in these comparisons. It is evident 
that the agreement is qualitatively and quantitatively 
very reasonable except at potentials more positive 
than -- -600 mV (SCE). Disagreement at these po- 
tentials is not unexpected since the solution in the 
crevice is predicted to be highly concentrated in 
ferrous chloride, close to the limit of solubility, and 
the model is based on dilute solution theory. 

A comparison of the experimentally measured pH 
values with the theoretical predictions is shown in 

r = L m m  
A = 16mm 

r = 2 8 m m  

6 0  -Theoretical model 

Fig. 9. Voriotion in potentiol drop in artificial crevice with ex- 
tern01 potential o t  distonce x from crevice tip (length = 33 mm, 
width = 150 pm). 

Fig. 10. The data for both 3.5% NaCl and seawater are 
included. The theoretical predictions show the same 
qualitative form as the experimental results, but quan- 
titatively the agreement is less satisfactory particularly 
in the potential region -700 to -800 mV (SCE) where 
the most rapid variation of pH with potential occurs. 
The most likely explanation for the discrepancy is that 
the formation of magnetite, or possibly ferrous hy- 
droxide, contributes t> the lowering of the pH in the 
experimental crevice. Although these reactions are 
likely thermodynamically they were not considered 
because insufficient data are available to describe the 
kinetics of the formation and dissolution of these com- 
pounds in a form suitable for inclusion in the model. 
It is pertinent to note that the ferrous-ion concentra- 
tion predicted by the model in this potential region 
significantly exceeds the equilibrium value associated 
with magnetite formation and hence magnetite forma- 
tion would be expected. This would result in a lower- 

Fig. 10. Voriotion of pH in 
artificial crevice with external 
potentiol a t  distonce x from the 
tip of the crevice; length = 33 
mm, width = 150 pm (dot0 
points from o number of tests 
ore shown). 
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ing of the pH and a decrease in the ferrous-ion concen- 
tration. The extent of metal deposition must therefore 
be reconsidered in this context. 

In addition to the effect of magnetite formation the 
pH could be limited in principle because of the re- 
versibility of the hydrogen electrode. Calculation of 
the partial pressure of hydrogen in the crevice is not 
straightforward, but for these dimensions and the 
range of potential and pH considered it is unlikely to 
be less than 10-1 atm. The dependence of the revers- 
ible hydrogen electrode, at  this partial pressure, on 
the pH and potential is shown in Fig. 12, but it should 
be noted that in comparing this with the experimental 
and theoretical pH values allowance must be made for 
the potential drop in the crevice that is significant at  
potentials 3 -700 mV (SCE). At potentials between 
-700 and -800 mV (SCE) the pH values predicted 
by the model are in excess of those associated with 
the reversible hydrogen electrode. This suggests that 
the reverse reaction of hydrogen-ion formation would 
limit the increase in pH but, in view of the uncer- 
tainties involved in this analysis based on equilibrium 
partial pressures in a crack, the formation of magnetite 
is considered to provide the more likely explanation 
for the discrepancy between the predictions of the 
theoretical model and the experimental results. 

Relation Between Crack Electrochemistry and 
Crack Growth Rates 

The essential objective in studying the electrochemi- 
cal conditions in cracks is to predict the rates of metal 
dissolution and production of hydrogen atoms at  the 
crack tip since these will influence the rate of crack 
growth. The uncertainty in the extent of magnetite 
formation and metal deposition makes predictions of 
the dissolution rate at the crack tip subject to con- 
siderable error. Although prediction of the rate of 
production of hydrogen atoms due to hydrogen-ion re- 
duction and water reduction is subject to the same 
limitations there is, nevertheless, considerable value in 
examining this on a qualitative basis. A schematic plot 
of the variation of the total cathodic reduction current 
(hydrogen ions and water) at the crack tip as a func- 
tion of potential and for various values of lz/w is 
shown in Fig. 11. The total current is observed to be a 
minimum at a potential El and to peak at a potential 
EP for each crack dimension. A further minimum, 
plateau, or change of slope may be observed at more 
negative potentials depending on the magnitude of the 
parameter P/w. The appearance of the minimum at El 
is associated with the fact that as the potential is made 
more negative the pH of the solution in the crack in- 
creases, mainly because of reduced dissolution and 
hydrolysis, and this has a greater effect on the current 
density for hydrogen-ion reduction than the variation 
in potential (because of the high Tafel slope). The rate 
of reduction of water increases as the potential is made 
more negative and is independent of pH except at high 
pH values ( 2 10). A potential is reached, viz., El,  at 
which the current density for water reduction is equal 
to that for reduction of hydrogen ions. The pH at  
which this equivalence is obtained will depend on the 
polarization characteristics of the individual steel, but 
for the steel BS 4360 50D in 3.5% NaCl it is about 5.4. 
However, these polarization measurements in 4360 50D 
steel were made using a stationary electrode and Turn- 
bull and Gardner (11) pointed out that because activa- 
tion control of the current density occurred only over 
a narrow range of potential, uncertainty in the hydro- 
gen-ion concentration at the surface could mean that 
this value is somewhat low. Nevertheless, the potential 
at which this pH value in the crack is obtained will 
depend on the crack dimensions and tend to more posi- 
tive values as lz/w increases. 

Fig. 11. Schematic illustration of the total current density for 
production of hydrogen atoms a t  the crack tip as a function of 
potential at the tip, for different values of 1z/w. 

The peak in the rate of production of hydrogen 
atoms at  potential Ez is associated with the onset of a 
decrease in the rate of reduction of water when the 
pH exceeds 10. The current density decreases initially 
for potentials <Ez, but then subsequently increases as 
the potential is made still more negative. This is be- 
cause the extent of the influence of pH on the rate of 
reduction of water decreases as the potential is po- 
larized to more negative values. As lz/w decreases the 
potential Ez corresponding to pH N 10 will tend to 
more negative values [Fig. 5(a) and (b)] ,  and the 
subsequent decrease in current density will be less 
significant because the influence of pH is diminishing 
for +he wason described above. 

The above ideas can be demonstrated in practice 
using the potentlal and pH data obtained experi- 
mentally in an artificial crevice (32) and the data 
obtained by Smith et al. (2) for a stress corrosion 
crack in AISI 4340 steel. The calculated current den- 
sities are shown in Fig. 12 as a function of the poten- 
tial close to the tip of the crevice or crack. Note that 
polarization data for BS 4360 50D steel were used in 
performing these calculations. The lower pH values 
obtained by Smith et al. for the 0.88% chromium steel 
result in a minimum at -700 mV (SCE), but for the 
BS 4360 50D steel the calculations suggest the mini- 
mum occurs at potentials more positive than -660 mV 
(SCE) (the limit in polarization due to potential drop 
effects). At more negative potentials a peak in the 
current density is observed for BS 4360 50D steel, but 
this is less well-defined for the AISI 4340 steel. The 
value of l"/w for the artificial crevice was 7260 mm, 
but calculation of this parameter for the stress cor- 
rosion crack is not readily possible in the absence of 
the relevant data. However, it seems reasonable to 
assume that the crack length was short since the 
thickness of the specimen was only 3 mm and this 
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- calculated from o r t j f ~ c ~ a l  c r e v ~ c e  data ' I  
/ I 

I calculated from pH ond potentlo1 I 
measurements In stress carroslon crackZ/ 

Fig. 12. Calculation of the total current density for production 
of hydrogen atoms at  the crack tip as a function of potential at  
the tip, based on experimental pH and potential measurements. 

would tend to suggest a lower value of IVw. Actual 
measurement of the current entering the artificial 
crevice has been made (Fig. 12) (32), but the absence 
of a minimum in the current density at about -850 
mV may be attributed to the oxygen reduction current 
at the mouth of the crevice that may have obscured the 
features described above. It is intended to repeat these 
measurements in deaerated solution at a future date. If 
the mechanism of stress corrosion cracking in the AISI 
4340 steel is associated with hydrogen interaction with 
the steel at all potentials as suggested by Brown (33) 
then the crack growth rate should be related to the 
rate of production of hydrogen atoms depicted in Fig. 
12. The actual crack growth rate data (33) do indicate 
a minimum, but at a potential of -800 mV (SCE). 
This is 100 mV more negative than the value calculated 
above, but this calculation was based on polarization 
data for BS 4360 50D steel, and in addition the pH of 
5.4, corresponding to equivalence of the rates of hy- 
drogen-ion reduction and water reduction, was con- 
sidered to be possibly somewhat low. 

The small plateau region in Fig. 12 at  potentials -- -1025 mV (SCE) was not observed in the crack 
growth data, but this is not unexpected in view of 
the errors in monitoring and evaluating crack growth 
rates. It would clearly be useful to conduct polariza- 
tion tests on AISI 4340 steel using a rotating disk elec- 
trode to obtain more reliable data. 

An important point to note about the calculations 
associated with Fig. 12 is that they are based solely 
on experimental data and do not involve theoretical 
modeling. 

Conclusions 
1. The potential drop in a static crack in the steel 

BS 4360 50D in 3.5% NaCl is predicted to be significant 
at  potentials positive to the free corrosion potential 
[E -700 mV (SCE)], but at more negative potentials 

it is small and can be neglected for potentials more 
positive than -lV. The important implication is that 
cathodic protection of narrow cracks or crevices in 
structural steels in 3.5% NaCl should not be limited 
significantly by potential drop. 

2. The pH in the crack, in the same system, is 
predicted to be greater than or about 6 (the bulk pH) 
for potentials in the crack more negative than -660 
mV (SCE). 

3. Increasing the crack length and decreasing the 
crack width lead in general to an increase in the po- 
tential drop and an increase in the pH. 

4. The pH at the crack tip is predicted to be almost 
invariant with change in the pH of the bulk solution. 
I t  is influenced by the buffering action of seawater, but 
the effect is relatively small in the absence of cal- 
careous deposition. 

5. Comparison of the theoretical predictions of the 
model with experimental measurements of the poten- 
tial drop and pH in an artificial crevice using the 
steel BS 4360 50D in 3.5% NaCl and in seawater has 
shown good agreement with regard to the variation of 
the potential drop with external potential, but the pre- 
diction of the pH was less satisfactory particularly a t  
potentials in the range -700 to -800 mV (SCE). The 
formation of magnetite, which was not included in 
the model, is suggested to explain the discrepancies 
observed. 

6. The presence of chromium in the steel is pre- 
dicted to have a very significant effect on the pH of the 
solution in the crack even at  the 1% level. 
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Electrochemical Studies of the Film Formation on Lithium in 

Propylene Carbonate Solutions under Open-Circuit Conditions 
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94720 

ABSTRACT 

The nature of protective surface layers formed on lithium in propylene carbonate solutions of LiClO, and LiAsF, 
at open circuit has been investigated by electrochemical pulse measurements. The results are consistent with the fast 
formation of a compact thin layer resulting from the reaction with residual water. This layer acts as a solid ionic 
conductor. Slow corrosion or decomposition processes produce a thicker porous overlayer. 

Lithium is thermodynamically unstable in contact 
with most nonaqueous battery electrolytes and can be 
used only because of the formation of protective films 
on the metal (1). It is now generally assumed (2-5) 
that in most cases the rate-determining step (rds) of 
the dissolution-deposition process of alkali metals in 
nonaqueous solutions is not the electron charge trans- 
fer but the migration of cation lattice defects through 
the surface layer. Properties of films on Li in propyl- 
ene carbonate (PC) solutions have been shown to 
affect the cycling efficiency of secondary Li electrodes 
(6,7). Alloying with an aluminum substrate has been 
found to be beneficial (8). On the basis of SEM ob- 
servations, Dey (1) has derived the formation of an 
"extremely thin" Li2C03 layer on Li on PC. The same 
author, as well as Peled (3), has used the previous 
data of Scarr (9) dealing with the'dual Tafel behavior 
of Li in PC solutions in order to support his assump- 
tion of the existence of a surface layer and its in- 
fluence on the electrode kinetics. Scarr had analyzed 
his experimental results by means of the Butler-Vol- 
mer equation. 

The aim of this study is to investigate the kinetics 
of film formation on lithium in propylene carbonate 
solutions with different solutes and to determine some 
film characteristics such as resistance conductivity, and 
thickness. 

Two principal ways of investigating these problems 
were chosen: electrochemical (galvanostatic pulse 
techniques) and optical (ellipsometry). This paper is 
dealing mainly with electrochemical measurements, 
while the results from ellipsometry will be presented 
separately. The basic assumption of this study is that 
lithium in PC is covered by a dense surface layer. It 
acts as an Li-conducting solid electrolyte (6) with no 
electronic conductivity and has been called solid elec- 
trolyte interphase (SEI) (3). The capacitance across 

Electrochemical Society Active Member. 
Permanent address: Central Laboratory of Electrochemical 

Power Sources Buigarlan Academy of Sciences Sofia, Bulgarla. 
Key words: interfaces, batteries, corrosion, filks. 

this film is assumed to be electrically connected in 
series with that of the electrolytic double layer. 

The electrochemical behavior of SEI electrodes will 
be governed by the properties of the SEI. When the 
SEI is thick enough, the migration of ions through it 
may be the rate-determining step. In this case it is 
possible to use the basic equation of the classical 
theory of ionic conduction in solids developed by 
Frenkel, Varwey, Cabrera, Mott, and Young (10) 

i = 4qvFan+ exp (-W/RT) sinh(aqFE/RT) [I] 

where i is the current density, q the charge of the 
mobile ion, the vibration frequency, W the barrier 
energy, a the half-jump distance, and E the electric 
field strength. At high electric fields, Eq. [I] can be 
simplified to 

. . 
z = 2, exp (BE) = i, exp (Bq/Y) [21 

where i, is the zero-field ionic current density, B is the 
field coefficient, q is the potential difference across the 
film, and Y is the film thickness. Equation [2] repre- 
sents a Tafel-like polarization dependence. 

From this equation a Tafel slope, b, which increases 
with the film thickness, is obtained 

For low electric fields Eq. [I] reduces to Ohm's law 

where K is the specific conductivity of the SEI. The 
reaction resistance R, of an electrode is defined as 

Thus 
R,, = I /K X Y [el 

When the field strength approaches zero, one obtains - - -  

from Eq. [I] 
( i ) = = ~  = ioBE [TI 

Ohm's law is then applicable and Eq. [4] and [I] r e  
sult in 
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K = ( a i / a E ) ~ = ~  = iJ3 [81 is assumed to be unity. The thickness Y' of the Helm- 

where i, is the extrapolated zero-field ionic current 
density. 

Experimental 
An electrochemical cell was built to make simulta- 

neous electrochemical and ellipsometric measurements 
in situ. Clean, optically smooth lithium electrodes were 
prepared and inserted into the cell in inert atmosphere 
by pressing 3 mm thick, 5 cmz round lithium disks 
(Foote Mineral, high purity, scraped with a blade) on 
a polycarbonate foil [cleaned with hexane, alcohol, 
boiling water (1 hr ) ,  steam (2-3 hr) ,  and dried in 
vacuum at 90'-10O0C] in a special jig. The cross section 
of a 3.2 mm diam freshly extruded Li wire, positioned 
1 mm from the periphery of the test electrode, served 
as reference electrode. Two types of solutions were 
used 

(a) propylene carbonate-LiC104 

(b) propylene carbonate-LiAsFs 

Propylene carbonate (Burdick and Jackson, Muskegon, 
MI 49442; distilled in glass) was distilled in a low- 
pressure distillation column under He atmosphere. The 
reflux ratio was between 60 and 100, and the head 
temperature was 145°C. Gas chromatographic analysis 
showed the water content to be always below 50 ppm. 
LiC104 (Alfa p.a.) was dried under vacuum (4-5 mm 
Hg) at  220°C for 48-13 hr. LiAsFe (Alfa p.a.) was 
dried under vacuum at ambient temperature for 7-8 
days. 

The solutions with 0.05 and 0.1% H a  were prepared 
by adding water to PC. The solutes were dissolved in 
the above solutions. In order to avoid any possible re- 
action of PC vapor with the lithium surface before 
contact with the liquid, different glove boxes were 
used for the preparation of electrodes and solutions. 

The delay in electrochemical measurements from the 
moment of electrode scraping was up to 30-45 min; the 
delay after electrolyte filling was 15-30 sec. Film for- 
mation under open-circuit conditions was followed by 
periodic determinations of electrode capacitance and 
polarization resistance R, = (aq/ai),=~ by means of 
the galvanostatic pulse polarization technique. For the 
capacitance measurements, pulses were typically of 
0.1 mA/cmZ amplitude and 5 psec duration; for polar- 
ization measurements, amplitudes typically were 1-20 
mA/cmZ and duration 10 msec. Ohmic potential drop 
in the electrolyte was derived from the initial fast po- 
tential rise of the short pulses. The transients were 
recorded with a ~ekt ronfx  5111 storage oscilloscope, 
equipped with a Tektronix C-50 camera. A 214B Hew- 
lett Packard pulse generator was used either through 
a high resistance or through a potentiostat with 2 g e c  
risetime (PAR-371). 

The capacitance was derived from the initial slope 
of short q - t transients (5-10 psec). Anodic and cath- 
odic pulses produced the same results. The steady- 
state IR-free overpotential values for the determina- 
tion of R, were obtained from oscilloscopic traces with 
a duration of up to 20 msec. To avoid damage to the 
film, pulses with the smallest possible electric charge 
were applied. 

Results and Discussion 
Film thickness.-The thickness Y of the film formed 

during contact of the lithium electrode with propylene 
carbonate solutions has been derived from the capaci- 
tance measurements by use of the formula for two 
capacitors connected in series (3,4) 

where r is the dielectric constant of the lithium film, 
r' = 65 that of PC, C is the capacitance of the elec- 
trode in pF/cmZ, and is the roughness factor, which 

holtz layer in concentrated electrolytes can be ap- 
proximated by the length of the dipole (ca. 5A for 
PC) ; the second right-hand term in Eq. [9] can there- 
fore be neglected. In order for Eq. [9] to be used, the 
film dielectric constant and the film morphology should 
be known. 

Dielectric constant of film material.-According to Dey 
(1) and Dousek et al. ( l l ) ,  PC reacts with Li to form 
Li2C03. On the other hand, Butler et al. (12) have 
demonstrated the predominant role of small amounts 
of water in the kinetics of fresh Li surfaces. Dousek 
et al. have pointed out the lack of any decomposition 
reaction in the bulk Li surface, and even a drastically 
decreasing rate of PC decomposition on Li amalgam at 
only 45 ppm Hz0 in the PC-LiC104 solution. Recently, 
Epelboin et al. (13) have claimed, by ESCA analysis, 
that PC leads to the chemical formation of a polymeric 
membrane on the Li substrate. 

Investigation of the composition of the films formed 
on Li in different PC solutions by Auger spectroscopy 
has so far been inconclusive [see surface film observa- 
tions-Auger electron spectroscopy (AES)]. For the 
calculation of film thickness from pulse measurements 
a dielectric constant of 5 was used. This value is close 
to that of Li2C03 (14), and results in a lower limit of 
film thickness. One should keep in mind that, for ex- 
ample, with s = 10 [which is close to the value of 8.9 
for Lip0 (15)] the film thickness would be twice that 
shown here. This difference does, however, not affect 
the present conclusions. 

Morphology of film.-The primary passive film formed 
on Li in SOC12-LiA1Cl4 solutions has recently been 
shown to be dense and pore-free (4). The porosity of 
films formed in pure propylene carbonate over periods 
up to 120 hr was investigated by immersion in solutions 
of different conductivity (0.15M and 1.OM LiClOJPC). 
The electrode capacitance and polarization resistance 
were found to be the same for both solutions and did 
not change during two days (C  = 0.14 f 0.02 rF/cm2 
and R, = 380 f 20 Q cmp). This result is evidence for 
the absence of electrolyte-filled pores in the film which 
controls the pulse measurements. 

As will be shown further, higher water amounts in 
the PC solutions increase secondary porous film forma- 
tion. The porous film does not possess protective prop- 
erties and presumably would influence the passive be- 
havior of lithium in PC solutions to a negligible ex- 
tent, since the passivity of Li is governed by the 
primary nonporous film. 

High-field experiments.-The steady-state IR-free 
overpotential values were calculated from the tran- 
sients in the range of current densities between 0.050 
and 20 mA/cm2. At the higher current densities (i.e., 
higher electric fields, above about 108 V/cm), a Tafel- 
like polarization dependence is expected (Eq. [21). 
Figure 1 presents a series of Tafel plots obtained by 
the pulse technique after immersion for 0-6 days, re- 
sulting in different film thicknesses. As required for a 
field-assisted ion current across an insulating film, the 
Tafel slope, b, increases with film thickness. The ex- 
trapolated lines intersect at zero overpotential at the 
zero-field current density, i, = 3 mA/cmz. 

Curve 1 of Fig. 1 was obtained a few minutes after 
electrolyte filling. The value of the zero-field current 
density i, of 5.5 mA/cmz obtained by this plot can 
be compared to exchange currents reported by other 
authors in terms of the electron transfer reaction 
mechanism. For example, Butler et al. (12) have re- 
ported an extrapolated value of the exchange current 
in 0.001M HpO/PC/LiC104 on freshly cut Li surface of 
12 mA/cmz. An exchange current of 3.3 mA/cmz was 
reported by Epelboin et al. (13) bv using anodic po- 
larization techniques for surface clzaning. The value 
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Fig. 1. Tafel plots a t  constant film thickness (derived for r = 5, 
anodic polarization), curve 1, 25A; curve 2, 37A; curve 3, 65A; 
curve 4, 103A; curve 5, 130A; curve 6, 138A; curve 7, 16M. 

of 5.5 mA/cm2 obtained in this study for the specularly 
reflecting Li surface agrees well with the value of 12 
mA/cm2 (12) for a roughness factor of 2-3 given by 
the previous authors (13). This is evidence for com- 
parable cleanliness of the Li surfaces used in both 
studies. 

This higher value of io obtained just after immersing 
the electrode, as compared to the zero-field current 
(2.7-3.0 mA/cmz), suggests that immediately after elec- 
trode immersion into the solution the electron charge- 
transfer step is rate determining. 

The electrode capacitance of 1.3-1.6 $/cm2 is lower 
than that of the double layer which supports the pres- 
ence of a film of 15-30A ( C  = 5-10) at the time of im- 
mersion. 

The value of the field coefficient B (Eq. [3]) may be 
obtained from the slope of the b-Y plot presented in 
Fig. 2. This value, B = 1.2 2 0.1 x 10-6 cm/V, is very 
close to that of typical barrier films (10). 

Electric Field, E X I O - ~ ,  vxcrn-'  

Fig. 3. Tafel plots, log i vs. E, in different propylene carbonate 
solutions, 30-2OOA films: curve 1, 0.5M LiAsFe; curve 2, 0.5M 
LiC104; curve 3, 0.5M LiC104 + 0.1% HzO. 

Plots of log i vs. field strength E in different solu- 
tions are given in Fig. 3. I t  is found that the current 
density does not depend on the film thickness. This 
finding supports the assumption of the rate-determin- 
ing step being the ion migration through the film. 
From the plot log i - E, using Eq. 121 the value of B 
can also be determined. I t  can be seen that adding 
water to LiC104 solutions decreases the field coefficient, 
B (slope, Eq. 121). For LiAsFe solutions, the field 
coemcient is larger (1.8 r 0.1 x 10-6 cm/V). The 
zero-field current density is the same for the three 
solutions (2.9 r 0.2 x A/cm2), indicating similar 
film properties in different media. These values of B 
and i, were used to calculate the specific conductivity 
of the film by the low-field approximation, Eq. 181, re- 
sulting in (3.1 +- 0.25) x 10-9 a-1 cm-1 for LiClOd 
solutions and (5.1 -c 0.2) x 10-9 a-1 cm-1 for LiAsFo 
solutions. 

Experimentally determined values of the Tafel 
slope, b, at different film thicknesses can be derived 
from Fig. 1. As has been seen from Eq. 111-[3], the 
Tafel slip is equal to 

For q = 1 and a = 3A, this formula is simplified to 

A comparison between the experimental and theo- 
retical values of b is given in Table I. If one considers 
that other combinations of dielectric constant a and 
half-jump distance a of the film could be used, the 

Table I. Comparison between experimental and theoretical 
Tafel slopes 

0 
50 100 150 

Thickness Y, 

Fig. 2. Relationship between film thickmess Y and Tafel slope b 
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agreement of measured and computed Tafel slopes (for 
r = 5 and a = 3A) is satisfactory. 

Low-field experiments.-Figures 4 and 5 present typi- 
cal sets of experimental plots reflecting the increase 
of the electrode resistance R, and the reciprocal ca- 
pacitance 1/C with time for Li electrodes immersed 
in PC/LiC104 and PC/LiAsF6 solutions, respectively. 
It was found in more than 30 experiments that all 1/C 
- R plots intersect at  the same point with the co- 
ordinates: 1/C = 0.70 c 0.10 cmV@ and R = 8 c 2 n 
cmz. This observation supports the existence of a ca- 
pacitance connected in series with the capacitance 
across the passive film. This capacitance is low com- 
pared to that of the Helmholtz double layer (10-20 
pF/cm2) (8,12,13), and probably it is a capacitance 
of a surface layer formed in the glove box (16). 

Hence the thickness of the film formed during the 
contact of lithium with the solution can be calculated 
from Eq. [I21 instead of Eq. [9] 

Y = 8.85 x 10-sw(l/C - l/Cd) (cm) 1121 

where C is the film capacitance and Cd is the inter- 
section of the plot (1/C - R p )  with the 1/C ordinate 
(actually this involves an error of a few A if, instead 
of R, = 5-8 n cmz, R, = 20 is taken). 

From the slope of 1/C - R,, using Eq. [6] and [12], 
the values of specific conductivity of the primary 
passive film in different PC solutions can be derived. 
This value for PC/LiC104 solutions is 2.7 c 0.2 x 

a-1 cm-1 (Fig. 4) and for PC/LiAsF6 - 5.1 2 

I I I 
200 400 600 800 

Res~slonce Rp, ohm. cm2 

Fig. 4. Reciprocal capacitance, 1/C vs. polarization resistance, 
R,, in the following propylene carbonate solutions: 0, a, 1M 
LiC104; V, 1M LiC104 + 0.05% HzO; V, 1M LiCIO4 + 0.1% 
H2O; 0, 0.5M LiClO4 + 0.1% H20. 

Fig. 5. Reciprocal capacitance, 1/C vs. polarization resistance 
R ,  in hexafluoroarsenate solutions. a, 0, 0.5M LiAsF8; a, 0.5M 
LiAsFa + 0.1 % HzO. 

0.25 x 10-9 a-1 cm-1 (Fig. 5). Both are very close to 
the value of K ,  estimated from the low-field approxi- 
mation (Eq. [8] ). 

Eflect of water.-Figure 6 presents the change of the 
electrode resistance during the time of immersion. In 
the same figure, curves 1 and 2 are for 0.5M LiAsFe 
solutions with 20 and 1000 pprn HzO, respectively, and 
curves 3, 4, and 5 are for 0.5M LiC104 solutions with 
20, 500, and 1000 pprn HzO, respectively. The curves 
show that the rate of film formation increases with 
water concentration. This trend is much stronger in 
PC/LiClOa solutions than in LiAsFe. 

From Fig. 5 it can also be seen that there is no 
difference between the conductivity of films formed 
in PC/0.5M LiAsF6 with 20 pprn Hz0 and those with 
1000 pprn Hp0. On the other hand, the film conduc- 
tivity in LiAsF6 solutions is always higher than in 
LiClOl solutions independent of the water concentra- 
tion. For example, from the lower two curves in 
Fig. 4, one calculates values of 0.8 to 1.5 x 10-9 cm-I 
n-1 for K for LiC104 solutions with 500-1000 pprn H@. 
The corresponding value for LiAsF6 solutions (Fig. 5) 
is 3-4 times higher. The former values are 2-3 times 
lower than the conductivity of passive films formed 
in LiC104 solutions with 20 pprn Hz0 (2.5-3.5 x 10-O 
n-1 cm-1). 

The same tendency of thin film conductivity change 
is also demonstrated from the high-field experiments 
(see Fig. 3), but to a lesser extent. For example, the 
expected field coefficient, B, for PC/0.5M LiC104 solu- 
tions with 1000 pprn of water should be approximately 
two times lower in order to fit the calculated value of 
specific conductivity according to Eq. [8] ( K  = id3) to 
that obtained from low-field experiments (Fig. 4).. 
This disagreement, found only in PC/LiC104 solu- 
tions of high water content, is probably due to some 
influence of the secondary porous film. On the other 
hand, it is noteworthy that the Tafel plots log i - E 
taken from the passivated lithium electrode in pure 
PC, PC with 0.5M LiAsFe, and PC/LiAsF& with 1000 
pprn H& show the same slope, the same field coeffi- 
cient B = 1.8 x 10-6 V-l cm, and zero field current 
density i, = 2.7 x 10-3 A/cm2 (Fig. 7). The specific 
conductivity calculated using these values of B and io 

T ~ m e ,  hours 

Fig. 6. Time dependence of Li electrode resistance in  different 
pmpylene carbonate solutions: curve 1, 0.5M LiAsF6; curve 2, 0.5M 
LiAsF6 + 0.1% HzO; curve 3, 0.5M LiC104; curve 4, 0.5M LiClO4 
+ 0.05% H20; curve 5, 0.5M LiClO4 + 0.1% H20. 
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E l e c t r ~ c  Field. E x I o - ~ ,  vxcrn-1 

Fig. 7. Tafel plots, log i vs. E, for: A, PC withaut salt, Y = 
307A; 0, PC/O.SM LiAsFa, Y = 215A; 0, PC/O.SM LiAsFa + 
0.1 1 H20, Y = 205A. 

is very close to the one found for LiAsFe solutions 
from low-field experiments (see Fig. 5), 4.9 X 
0 - 1  cm-1. 

This observation supports the following ideas: (i) 
passive layers are formed the same way in PC without 
any salt and with LiAsFa as solute, (ii) LiAsFs does 
not take part in the film formation, and (iii) film is 
formed as a result of reaction of Li with water im- 
purity. The last suggestion is reinforced by the in- 
crease of the rate of formation with increasing water 
concentration. 

A surprising result from this set of experiments was 
that lithium corroded faster in PC (without salt) con- 
taining 0.1% HzO than in solutions of LiClO4 and 
LiAsF6 with the same amount of water (Fig. 11-12). 
After seven days of immersion in PC with water, a 
mirror-like bright lithium surface turns dark gray. 
This has never happened in the solutions with LiC104 
or LiAsFe with the same water concentrations. The 
water activity appears to be reduced by the presence 
of salts. 

So far, there is no reasonable explanation for the 
decrease in film conductivity with increasing water 
content of LiC104 solutions. However, the fact that 
even in LiC104 solutions with low Hz0 concentration 
the film conductivity is always lower than in LiAsFe 
solutions and pure PC suggests the important role of 
LiClO4 in the film formation. 

Effect of cathodic pulse polarizations.-The overpo- 
tential behavior of the Li electrode in PC/LiC104 was 
found to be different for anodic and cathodic po- 
larization. In Fig. 8, the difference between cathodic 
and anodic overpotentials, A?, is related to the film 
thickness for 0.5 and 1 mA/cm2 current pulses of 10 
msec duration. 

The higher overpotential (or higher resistance) of 
the process of the Li deposition in LiClO4 can be at- 
tributed to the digiculty of the L i t  transport across the 
solution/film or the film/metal interfaces. In PC/ 
LiAsF6 solutions completely symmetric behavior was 
observed up to 15 mA/cmZ. A similar effect of asym- 
metric overpotential behavior of magnesium elec- 
trodes in SOClz solutions was reported by Peled and 
Strase (17). They explained the effect as being due 
to the rather difficult process of solvated molecules 
shedding their solvent before entering the passivating 
layer. The dependence of the excess cathodic voltage 
Aq on film thickness (Fig. 8) is, however, not con- 

Fig. 8. Dependence of the excess voltage, A?, on the film thick- 
ness in 1 M  LiC104 at: curve 1, 0.5 mA/cmZ; curve 2, 1 mA/cm2. 

sistent with solvent molecule shedding at  the solution/ 
passive layer interface. 

Film growth.-As it was recently demonstrated (181, 
a good agreement with experimental results of the 
passive film growth in SOC~Z-L~AICI~ solutions can be 
obtained if an additional slow film corrosion is taken 
into account. The corrosion rate is assumed to rule 
the growth of the secondary porous film in the postu- 
lated dual-film model. 

The same approach is used in this study, especially 
for solutions containing 0.05 and 0.1% H20 where the 
corrosion rate is higher. The equations used are 

Here v is the instantaneous net rate of film growth cal- 
culated by graphical differentiation of the Y-t curves, 
v, is the rate of the primary passive film growth by 
field-assisted ionic migration in the solid phase, v, is 
the rate of corrosion assumed to be independent of film 
thickness and time, A+ is the potential difference in the 
film, V, is the molar volume of the passive film in 
cm3/mol, and K is the specific conductivity of the film. 

In Fig. 9, v is plotted us. the reciprocal film thick- 
ness 1/Y. The slopes of the plot v us. 1/Y yield the 
kinetic constant, A, the intercept with the abscissa 
gives a steady-state thickness Y, for v = 0. Under this 
condition, Eq. [15] yields the corrosion rate of the film 

Table I1 presents the kinetic data obtained from the 
plots in Fig. 9. For comparison, data on Li in SOClz/ 
LiAlCll are also included (18). 

Film growth rates derived from simultaneous ellip- 
sometric measurement in the same solutions (19) are 
of the same order of magnitude as those presented in 
Table 11. For example, ellipsometry gives for ve in 
PC/lM LiC104 solution with 0.1% Hz0 a value of 0.15- 

Table 11. Kinetic data of film growth in different media 

r x loo 
Y (0-1 A vc 

Electrolyte (A) em-') (cmP/sec) (cmlsec) 
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Fig. 9. Dependence of the net rate of film growth, v, on the 
reciprocal film thickness, l/Y. Propylene carbonate solutions with 
0.1% H20: curve 1, 0.5M LiCIO4; curve 2, 1.OM LiCIO4; curve 3, 
0.5M LiAsF, 

0.3 x 10-12 cm/sec, assuming a constant growth of the 
porous film during 10 days of storage. 

Corrosion rates of Li in PC solutions can be seen 
to be two orders of magnitude lower than in SOClz- 
LiAlCL solutions. 

Temperature dependence.-With a dielectric con- 
stant of 5, assuming that r does not depend on the 
solute and the film density, a field constant B, typical 
for barrier films, was derived. This value is for PC/ 
LiAsF6 1.8 f 0.2 x 10-6 V-1 cm, and for PC/LiC104 
solutions 0.8 to 1.3 x 10-6 V-1 cm, depending on the 
water content. This agreement of the experimental re- 
sults with the basic equation of the ionic transport, 
and especially the accuracy of the experimentally 
found thickness used for calculating the kinetic con- 
stants, could be determined once more. 

Following Young (lo),  the Eq. [2] i = i, exp (BE) 
is valid when the backward current is negligible com- 
pared to the forward current. Hence, the ratio P will 
indicate this validity 

P = exp - (W - qaE)/exp - (W + qaE) [I51 

where W is the activation (barrier) energy, q is the 
ion charge of the mobile ion, a is the half-jump dis- 
tance, and E is the field strength. 

The apparent activation energy of the ionic conduc- 
tivity was assessed by the temperature dependence of 
r of the passive film, formed in PC/O.5M LiClOa in the 
temperature range -20" to +2OSC. The Arrhenius plot 
(Fig. 10) yields 0.61V. This value with a = 3A and 
q = e for a field E = 106 V/cm gives P -- 10. This 
means that at electric fields of 106 V/cm a Tafel-like 
behavior is expected. The experimental results sum- 
marized in Fig. 3 and 7 have confirmed this theoretical 
expectation. 

Surface-film observations.-Scanning electron mi- 
croscopy (SEM).-Electrode surfaces resulting from 
exposure to pure PC and solutions of LiC104 and 
LiAsF6 of different water content have been examined 
by SEM. The lithium specimens were transferred from 
the glove box to the SEM in a transfer device under 
10-20 mTorr of helium. Transfer time was about 1 hr. 
The film morphology was found to depend on the elec- 
trolyte composition as well as on storage time. With 
higher water concentration and longer storage time, a 
coarser crystalline film with higher porosity was ob- 
served. At low water concentration the film formed in 
LiC104 appears less porous than that formed in LiAsFa. 

I I I I 1 \ 

3.4 3.6 3.8 4.0 
I OOO/T, 'K 

Fig. 10. Temperature dependence of the ionic conductivity 
through the film on lithium formed in 0.5M LiC104 solution. 

However, nearly the same rough and porous structure 
was observed in both solutions when the water level 
was increased to 0.1%. 

Microstructures seen in scanning electron micro- 
graphs agree with the findings about the importance of 
electrolyte salts for film growth and corrosion. A pore- 
free dense structure was observed after exposure to 
pure PC. This structure is consistent with electrochem- 
ical experiments mentioned before. The porous over- 
layer formed in less than six days was assumed to 
possess low protective properties, and not to influence 
the investigated Li passivity. This assumption may not 
be valid for the longest exDosure times. 

Auger electron spectroscopy (AES).-Auger spectra 
and depth profiles on Li electrodes stored in different 
PC solutions have been determined. The most repro- 
ducible results were obtained with lithium stored in 
PC without salt. A 5 min depth profile of Li, C, 0 on 
electrodes exposed to pure PC for two weeks shows 
that the bare Li surface is reached after 3 min of 
sputtering, indicating an approximate film thickness 
of 400-500A based on a calibrated sputter rate of 150 
A/min for TazOs under the same conditions. This value 
is of the same order as 300-350A obtained by capaci- 
tance measurements (0.12-0.14 aF/cm2; e = 5). No 
firm conclusions about the chemical composition of the 
film could be drawn from the Auger spectra. An initial 
carbon content of 33 atomic percent (a/o), which de- 
creased to below 5% after 1.5 min, could have been 
caused by residual CO in the UHV-chamber, and is 
not necessarily indicative of the presence of Li~C03. 
Oxygen content increased from 37 a/o to 50% after 
0.5 min and decreased to less than 10% after 3 min. 
Chlorine content decreased from 2% to less than 1% 
after 0.5 min. 

General Discussion and Conclusions 
The present study supports the idea that the stability 

of Li in PC solutions at open circuit and ambient tem- 
perature can be attributed to the formation of a non- 
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Fig. 11. SEM picture of Li surface after five days of storage in 
PC with 0.1 % H20,lOOOX. 

porous ionically conducting and electronically insulat- 
ing film. 

The increase of film formation rate at  higher water 
concentration and the independence of the specific con- 
ductivity of the films on the water level in PC-LiAsFs 
solutions demonstrate the importance of the reaction of 
Li with water in propylene carbonate solutions, which 
is also supported by SEM observations. Liz0 is the 
thermodynamically favored reaction product. The im- 
portance of water has also been pointed out by Butler 
et al. (12) and Besenhard and Eichinger (20). 

Recently, Froning e t  al. (16) and Keil et at. (21) 
have shown that even at  extremely low oxygen ex- 
posures (66 Langmuirs) the freshly cut Li surface is 
immediately covered by an Liz0 film. Oxygen ex- 
posure of the lithium electrode during preparation in 
the dry box has been larger, and an initially present 
film of 15-30A thickness is indicated by the capacitance 
measurements. 

In this study it has been shown that the specific 
conductivity of the passive film formed in PC/LiAsFe 
is two to three times higher than that in  PC/LiC104. 
Anodic and cathodic overpotentials were found to be 
symmetric in LiAsF6-solutions, whereas the cathodic 
overpotential was higher than the anodic in LiC104- 
solutions. This finding is in agreement with that by 
Brummer et al. (22) that AsF6- improves the Li 
cycling efficiency in PC solution, probably as a result 
of the higher conductivity of the film formed in AsFa- 
solutions as compared to films from C104- solutions. 

In addition to the nonporous layer responsible for 
inhibiting the spontaneous reaction of lithium, a non- 
protective outer porous film region seems to be formed 
by a corrosion (or decomposition) process. This part 
of the film does not affect electrochemical measure- 
ments but is visible in scanning electron micrographs 
and is found in ellipsometer measurements. 

Fig. 12. SEM picture of Li surface after five days of storage in 
PC + 0.1 % Hz0 + 1.2M LiCIO*, 2 0 0 0 ~ .  
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Lithium-Aluminum Electrodes at Ambient Temperatures 

T. R. low* and C. C. Liang" 

Electrochem Industries Incorporated, Clarence, New York 14031 

ABSTRACT 

Investigations were conducted to study the effect of composition on the electrode potential of the lithium- 
aluminum alloy system and the diffusivity of lithium in P-LiA1 at ambient temperatures. The electrode potentials of 
pyrometallurgically formed and electrochemically formed Li-A1 alloys were determined in the LiClO, in 1.3-dioxolane 
electrolyte. The various single phase and multiphase regions in terms of the alloy composition were delineated from 
the electrode potential characteristics and the results agree well with those obtained at elevated temperatures. The 
behavior of the potential change on electrodeposition of lithium on aluminum or lithium-aluminum suggests slow 
diffusion rates of lithium in the lithium-aluminum alloy system at ambient temperatures. Both potentiostatic and 
galvanostatic techniques were used to determine the diffusivity of lithium in P-LiAl. A value of (7 ? 3) x lo-' cm2/sec 
was found to be the chemical diffusivity of Li in 6-LiA1 at 24" 2 2°C. 

For the development of ambient temperature sec- 
ondary lithium batteries, efforts have been made by 
various investigators to find organic electrolytes that 
are stable with respect to lithium (1-5) and metal 
substrates that form alloys with lithium to facilitate 
the rechargeability of the anode (6-12). I t  appears 
that aluminum is the most promising alloying metal 
with lithium (9). Thermodynamic properties of the 
lithium-aluminum alloys have been studied by Rao 
et al. (8) and Garreau e t  al. (12) using electroformed 
lithium-aluminum on thin aluminum foils. Garreau 
et al. (12) also studied their kinetic properties. In 
addition, lithium diffusion in the lithium-aluminum 
alloy system has been studied by several workers 
(14-17) at  elevated temperatures, and by Schone et al. 
(18) and Willhite et al. (19) at  ambient and low tem- 
peratures. 

For the practical application of Li-A1 alloys in am- 
bient temperature lithium secondary cells, it is im- 
portant to understand the thermodynamic properties 
and diffusion characteristics of the alloys in a practical 
environment. Accordingly, investigations were con- 
ducted in this laboratory using such a practical organic 
electrolyte as LiC104 in 1,3-dioxolane. The electrode 
potential was determined as a function of composition 
for both electroformed and pyrometallurgically 
formed Li-A1 alloys. Furthermore, the diffusion pro- 
cess of lithium in the pyrometallurgically formed Li- 
A1 alloys was studied at ambient temperatures. 

Experimental 
Materials preparation.-Lithium-aluminum alloys 

with various compositions were prepared by the fol- 
lowing procedure. Proper amounts of Li (Foote Min- 
eral, high purity) and A1 lumps (Alfa, 99.999%) were 
sealed in stainless steel cans and heated at a tempera- 

* Electrochemical Society Active Member. 
Key words: alloy, diffusion, electrodepasition, organic electro- 

We. 

ture between 720" and 800'C for 2-3 hr, followed by 
an annealing treatment. The annealing temperature 
and duration depend on the composition. Alloys con- 
taining higher than 60 atomic percent (a/o) of lithium 
were annealed at  160" 2 5°C for a t  least 72 hr, while 
alloys containing lower concentrations of lithium were 
annealed at 550" 20°C for about 24 hr. After anneal- 
ing, the alloys were ground to -200 mesh for use. 

Lithium-aluminum alloy electrodes were formed by 
pressing the Li-A1 powder in a stainless steel die of 
1.3 cm diam at a pressure of 6300 kg/cm2. Disks of 
nickel Exmet with welded nickel ribbons were used as 
the electrical leads. A 25 pm thick aluminum foil 
(Alfa, 99.997%) was used as a starting material for the 
electroformed Li-Al. 

The 1,3-dioxolane solvent was distilled over sodium 
benzophenone ketyl in the dry box according to the 
procedure used by Koch (20). Lithium perchlorate 
(Cerac) was dried under vacuum at  200°C. A solution 
of 2M LiCIOl in 1,3-dioxolane was used as the electro- 
lyte in all experiments. 

Cell assembly.-A three-electrode cell was used for 
potentiostatic and galvanostatic measurements. The 
schematic arrangement of the electrodes is shown in 
Fig. 1. The circumference and one side of the working 
electrode with a n  Ni lead were covered by heat- 
shrunk polyethylene tubing. Only one side of the elec- 
trode was exposed to the electrolyte. Lithium was 
used as the reference and counterelectrodes. For the 
electroformation of Li-A1 a 25 pm thick aluminum foil 
was used as the starting electrode. A nickel foil of 
similar diameter with a welded nickel tab was used as 
the current collector. The contact between the alumi- 
num and the nickel foil was ensured by stacking the 
Ni foil, the A1 foil, two layers of Celgard 2402 micro- 
porous separator material, and a lithium counterelec- 
trode together under pressure between a threaded 
Teflon plunger and a Teflon plate. The reference Li 
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Fig. 1. Cell assembly for potentiostatic and galvanostatic mea- 
surements: l )  working electrode, 2) reference electrode, 3) counter- 
electrode, 4) Teflon cell holder, 5) alligator clip, 6) 55/50 ground 
glass joint, 7) Teflon sleeve. 

electrode was positioned adjacent to the aluminum 
electrode. 

Electrical measurement.-The electrode potential of 
the electroformed or pyrometallurgically formed Li-A1 
alloy was measured using a Keithley 616 electrometer 
(input impedance 10'4~).  The open-circuit potential 
was recorded after the rate of change in potential 
( ~ E / a t )  had reached 0.5 mV/hr. The potentiostatic 
and the galvanostatic measurements were made using 
a Princeton Applied Research Model 173 potentiostat/ 
galvanostat and Model 376 logarithmic current con- 
verter. The current or voltage was measured by a 
Keithley 177 multimeter and recorded on a Soltec 
Model KA series strip chart recorder. All experiments 
were performed in a Vacuum Atmospheres dry box 
under an argon atmosphere at 24" k 2'C (ambient). 
The electrical leads of the cell were connected to the 
PAR 173 potentiostat/galvanostat outside the dry box 
through proper feedthroughs. 

Results 
Electrode potentials of the lithium-aluminum alloys. 

-The electrode potentials of pyrometallurgically 
formed lithium-aluminum are shown in Fig. 2 as a 

function of lithium concentration between 20 and 70 
a/o. It is noted that in the concentration range between 
48 and 57 a/o Li, the Li-A1 potential varies with con- 
centration indicating a single phase that corresponds 
to the 8-phase LiAl in the phase diagram published by 
Myles et al. (21). Indeed, the experimental results of 
the present investigation agree well with the phase 
diagram (21) in regard to the single-phase regions 
(potential varies with concentration) and multiphase 
regions (potential remains constant). Accordingly, the 
various phases in the Li-A1 system are assigned in Fig. 
2 in accordance with the results obtained by Myles 
et al. (21). 

Electrochemical method was also used to form the 
lithium-aluminum alloys. On a 25 am thick aluminum 
foil, lithium was deposited at a cathodic current of 75 
pA/cmz. The potential of the electrode was monitored 
during and after the Li deposition. Figure 3 shows that 
at the onset of current the potential decreases rapidly 
toward a value of 330 mV, indicating the formation of 
8-LiAl at the surface. On open-circuit after a prede- 
termined deposition period corresponding to a lithium 
concentration less than 44.5 a/o, the potential increases 
slowly toward an equilibrium value indicating the 
formation of the m-phase by the diffusion of Li toward 
the interior of the A1 foil. Figure 4 shows the potential 
of the electrochemically formed Li-A1 alloys having 
an Li concentration less than 44.5 a/o is about 380 mV, 
which approximates the result of the pyrometallurgi- 
cally formed Li-A1 alloys. However, at lithium con- 
centrations higher than 44.5 a/o the open-circuit po- 
tentials of the electroformed Li-A1 electrodes are very 
much lower than those of the pyrometallurgically 
formed Li-A1 alloys having corresponding lithium 
concentrations (see Fig. 2 for comparison). Indeed, the 
open-circuit potential us. lithium concentration char- 
acteristics found in this study are quite different from 
those reported by Rao et al. (8) and by Garreau et al. 
(12). The results obtained by these authors (8, 12) are 
also presented in Fig. 4 for comparison. 

Diffusion studies.-The diffusion of lithium in the 
pyrometallurgically formed 8-LiAl was determined 
using the potentiostatic and the galvanostatic tech- 

48.4 - DEPOSITION 

----OPEN CIRCUIT - 

Li CONCENTRATION, a/o TIME, hr 

Fig. L Electrode potential of pyrometallurgically and electro- Fig. 3. Electrode potential of electrochemically formed Li-AI 
chemically formed U - A l  as a function of lithium concentration. during and after lithium deposition. 
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Fig. 4. Electrode potential of electrochemically formed Li-AI or 
a function of lithium concentration. 

niques. The techniques have been discussed in detail 
in the literature (17, 22-24). A brief review will be 
presented along with the experimental results. 
Potentiostatic measurements.-The initial potential E" 
corresponding to the initial concentration C" of the 
working electrode, Li-A1, is suddenly changed to a new 
potential E which corresponds to a new concentration 
C at the electrode/electrolyte interface. The current 
flow within Li-A1 for maintaining the surface concen- 
tration C can be obtained from the solution of Fick's 
second law, assuming one-dimensional transport 

where X is the distance of a given point in the solid to 
the electrode/electrolyte interface, CLi is the Li con- 
centration, and D is the chemical diffusion coefficient. 
D is assumed to be independent of the Li concentration 
ir. Li-A1 in the concentration range studied. The solu- 
tion of Eq: 1 1 ,  CLI(X, t ) ,  can be obtained using the 
following initla1 and boundary conditions for an Li-A1 
electrode having a thickness L 

Substituting C L ~  (X, t )  into the following relation 

the current as a function of time, I ( t ) ,  can be ex- 
pressed explicity as 

where F is Faraday constant, and A is the cross-sec- 
tional area of the electrode in contact with the electro- 
lyte. Therefore, in accordance with Eq. [ 6 ]  the chemi- 
cal diffusion coefficient D can be obtained from the 
slope of the linear plot of I us. t-112 and the value of 
(C - C") which can be obtained from Fig. 2. 

Figure 5 shows the I us. t-"2 plots for the potential 
steps of 25, ?lo, and 220 mV starting from about 350 
mV. It should be noted that in plotting the I us. t-11" 
relations, only the magnitude of the current was con- 
sidered. The direction of the current is not shown in 
Fig. 5. Thus the anodic (positive) and cathodic (nega- 

Fig. 5. Current and time relations (I vs. t-112) from potentio- 
static measurements. Starting potential: 350 mV; potential steps: 
1, 2 5  mV, 11, 210 mV, Ill, 220 mV. 

tive) currents are shown as and X ,  respectively in 
Fig. 5. Straight lines passing through the origin are 
noted in the time intervals between 500 and 1000 sec 
for all potential steps. The slopes of these straight lines 
and the chemical diffusivities calculated based on Eq. 
[6] are shown in Table I. 
Galvanostatic measurements.-Instead of imposing a 
new potential to the Li-A1 electrode, one imposes a 
constant current, I ,  through the cell and measures the 
potential of Li-A1 (relative to the Li reference elec- 
trode), E, as a function of time during the current flow. 
The solution of Eq. [I], CLi (X,t) is obtained using the 
following initial and boundary conditions 

C L L = C o  O L X L L , t = O  [TI 

The concentration at the electrode/electrolyte inter- 
face is expressed as 

Toble I. Results of potendostatic meosuremenh. Slope of the 
I vs. t-112 plot for each AE step ( E n  = 350 mV) and 

chemicol diffusivity of Li in p-LiAI a t  24' rt PC 

Anodic (positive) Cathodic (negative) 
step step 

A E  Slope D (cmV Slope D (em=/ 
( m V )  ( A  . seclla) see) ( A  . sec'Ia) see) 

5 2.93 x 10-8 4.85 x 10-s 2.84 x 10J 4.41 x lo-* 
10 6.04 x 104 5.15 x 10-0 6.18 x 5.14 X lo-* 
20 11.92 x 10J 5.19 x 10-v 11.92 x 103 4.70 x 10-rn 

Average D (cm2/sec) 5.06 x 10-0 4.75 x 10-0 
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Equation [lo] may be expressed as Table II. Results of galvanostotic measurements. Slope of the 
transient voltage, E - E (t = O), vs. t1'2 plot and chemical 

dE 21V, dE I? 
-= - 1111 diffusivity of Li in 0-LiAI a t  24" + 2°C 
dtlfz FA(Dn)lf2 d8 ' t<<? 

or Anodic Cathodic 
Cur. La rent  Slope D (em*/ Slope D (cmV 

by differentiating Eq. [lo] with respect to the square 
root of time and then expanding it by dE. The surface 
concentration, C L ~  (O,t), is expressed in terms of the 
parameters using the relationship CLI = (y + 8)/Vm 
for Li,+a Al, where V, is the molar volume of Li-Al. 
Therefore, D can be determined from the slope of E 
us. tlf2 plot and dE/d8, which can be obtained from the 
potential-composition curve of Li-A1 (Fig. 6). 

Figure 7 shows the E us. tlfz relations under cathodic 
currents ranging between 0.1 and 3.2 mA. Similar re- 
lations under anodic currents are shown in Fig. 8. 
Linear relationships between E and t'/2 are noted in 
Fig. 7 and 8. Accordingly, the values of dE/dtlfz were 
obtained and the corresponding values of the chemical 
diffusivity, D, were determined and shown in Table 11. 

Discussion 
Potential us. alloy composition.-The potential mea- 

surements of the pyrometallurgically formed lithium- 
aluminum alloys were conducted at ambient tempera- 
tures (24" -c 2'C). It was found that the lithium con- 
centration range for the single phase, presumably 8- 
LiAl was between 48 and 57 a/o (Fig. 2). These results 
agree well with those reported at high temperatures 
(17, 25). Moreover, the potential difference of the two- 
phase mixtures p + 7 and + p shown in Fig. 2 is 
about 240 mV approximating the value of 233 mV ob- 
served by Wen et al. at  423°C (17). 

The electroformation of lithium-aluminum alloys 
appeared to be a slow process at ambient tempera- 
tures. Figure 3 shows that the alloy electrodes ap- 
proach their equilibrium potentials after standing at 
open circuit for a long period of time. The slowness in 
approaching the equilibrium potential indicates a low 

Fig. 6. Electrode potential of pyr~metallurgicall~ formed Li-AI 
8s a function of composition. 

Average D 8.48 x 10-D 6.44 x lo-" 

diffusion rate of lithium in the lithium-aluminum al- 
loys at ambient temperatures (24" -c 2°C). Indeed, the 
discrepancies noted in the potential profiles between 
the pyrometallurgical alloys and the electroformed 
alloys may be attributable to the slow diffusion at 
ambient temperatures. 

It is noted in Fig. 4 that for electrodes containing less 
than 44.5 a/o lithium, the potential remains relatively 
constant at 382 -c 7 mV. Thus, at a lithium concentra- 
tion less than 44.5 a/o the electroformed lithium-alu- 
minum alloy exhibits the characteristics of a multi- 
phase mixture similar to those of the pyrometallurgi- 
cal alloy having a lithium concentration less than 48 
a/o. It is noted that the slope of the potential pmfile at 
low lithium concentration (20-44 a/o) is much less 
than that observed by Rao et al. (8),  although the 
potential values are similar in magnitude. Garreau 
et al. (12) reported that at a lithium concentration 
less than 40 a/o, the Li-A1 alloy which was formed by 
cathodically depositing lithium on aluminum exhibited 
an open-circuit potential of 335 mV. These authors also 
noted that when lithium was anodically stripped off 
the Li-A1 alloy having a higher lithium concentration, 
the open-circuit potential approached 380 mV or higher 
at 40-45 a/o of lithium. The causes for the discrepancy 
between the potential profile obtained from this study 
and that obtained by Garreau et al. are not understood. 
Nonetheless, we have observed that the electrode po- 
tential during the lithium deposition at less than 44.5 

t, sec 

Fig. 7. Potential and time relations ( E  - E [ t  = 01 vs. tllP) 
from galvanostotic measurements (cathodic). 
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t, sec 

t1/2, -1/2 

Fig. 8. Potential and time relations ( E  - E [ t  = 01 vr. t1I2) 
from galvanostatic measurements (anodic). 

a/o of lithium remains at about 320-330 mV, approxi- 
mating the open-circuit potential observed by Garreau 
et al. 

At a lithium concentration between 44.5 and 58 a/o 
the potential profile of the electroformed Li-A1 alloy is 
different from that of the pyrometallurgical Li-A1 
alloy. It is noted in Fig. 4 that the open-circuit poten- 
tial begins a sharp drop at a lithium concentration 
greater than 44.5 a/o. Based on the results of the pyro- 
metallureical Li-A1. the ~otential  should begin to de- 
crease at48 a/o of ~i at 'the onset of the siLgle-phase 
8-LiAl. However, the fact that electroformed Li-A1 
alloy shows a potential decrease beginning at 44.5 a/o 
of Li and the fact that the potential is generally lower 
than that of the corresponding pyrometallurgical Li- 
A1 alloy may be attributed to the slow diffusion rate of 
lithium at ambient temperatures. Inasmuch as the dif- 
fusion rate of lithium into the Li-A1 alloy is slow, an 
excess of Li and/or Li-rich phases (7, 6, etc.) remain 
on the electrode surface resulting in a lower electrode 
potential. Indeed, one notes that deposition potential 
of lithium on Li (44.5 a/o)-A1 alloy (Fig. 3) shows a 
rather sharp decrease after the lithium concentration 
has reached 48 a/o. 

Rao et al. (8) noted a substantially higher open- 
circuit potential at lithium concentration greater than 
50% than we did. Inasmuch as the aluminum foil used 
by Rao et al. was relatively thick (130 pm), the depo- 
sition current density was rather high (3.8 mA/cmz) 
and the open-circuit duration after deposition was 
short (15 min), it is reasonable to speculate that the 
lithium distribution may not be homogenous in the 
electrode. Nonetheless, in view of the slow diffusion 
rate of lithium in the Li-A1 alloy, these experimental 
conditions may result in a lower rather than higher 
electrode potential. Thus it is difficult to reconcile the 
differences between the results obtained by Rao et al. 

greater than 1000 sec for all voltage steps. On the other 
hand, deviations from straight lines are also noted 
when t is shorter than 500 sec. The deviation at shorter 
times is presumably due to the inaccuracy of the po- 
tential control of the working electrode, which is at- 
tributable to the uncompensated IR between the work- 
ing and the reference electrodes. 

The chemical diffusivity, D, of Li in LiAl obtained 
from this study is about one order of magnitude lower 
than the self-diffusivity of Li in LiAl obtained by Will- 
hite et al. using NMR technique (19) which is 8.1 X 
10-8 cmz/sec at 23". It should be noted that similar to 
the behavior of Li in an electrolyte solution, Li-A1 
may react with the organic solvent forming a layer of 
surface film (12, 13). It is reasonable to assume that 
the surface film on Li-A1 may have some effect on the 
apparent diffusivity of Li in the Li-A1 electrode. 
Galvanostatic measurements.-The E us. t*/2 plot is ex- 
pected to be a straight line when t << L2/D (see Eq. 
[Ill). Indeed, Fig. 7 and 8 show that straight lines 
were obtained at t L 600 sec. The fact that no deviation 
from the linear relationship was noted at short time 
periods may be attributed to the fact that in the gal- 
vanostatic measurement the uncompensated IR be- 
tween the working and the reference electrodes re- 
mains constant at a given applied current. Conse- 
auently, the measurement of the transient potential is 
riot affected. 

Table I1 shows that the values of diffusivity ob- 
tained from measurements in the anodic direction are 
higher than those obtained from measurements in the 
cathodic direction. It is reasonable to speculate that 
the onset of an anodic current may disrupt the film 
on the Li-A1 electrode resulting in a reduction of the 
film effect on the apparent diffusivity. 

Manuscript submitted Aug. 27, 1981; revised manu- 
script received Dec. 11,1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions foi the June 1983 Discussion 
should be submitted by Feb. 1,1983. 

Section 
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Vibrational Spectroscopic Determination of Structure and Ion Pairing 
in Complexes of Poly(ethy1ene oxide) with Lithium Salts 

B. L. Papke, M. A. Ratner, and D. F. Shriver* 

Department of Chemistly and Materials Research Center, Northwestern University, Evanston, Illinois 60201 

ABSTRACT 

A structural model for crystalline complexes of poly(ethy1ene oxide) (PEO) with various lithium salts is presented, 
based on vibrational spectroscopic studies; these complexes are known to exhibit ionic conductivities of > 10-5 
(0-cm)-' at 100°C. Cation-dependent vibrational bands observed in the Raman indicate that significant cation-oxygen 
atom interactions occur and suggest that the polyether chain may wrap around the lithium cations. Spectroscopic 
studies indicate extensive contact ion pairing occurs in the PEO . LiNO, complex, and this may contribute to the 
somewhat lower ionic conductivity of this complex as compared to other lithium salt complexes with similar struc- 
tures but weaker cation-anion interactions. 

Solvent-free complexes of poly(ethy1ene oxide), 
PEO, (CHzCH20)-, with alkali metal salts have been 
prepared (1-7), and are potentially useful as electro- 
lytes in high energy density battery applications (3-5, 
8-13). Recently we have reported infrared and Raman 
spectroscopic studies of crystalline sodium salt com- 
plexes with PEO, and amorphous rubidium and cesium 
thiocyanate complexes (7). Based on these studies and 
other considerations a structural model was pro~osed 
for these complexes (7). We report here the results of 
spectroscopic and conformational studies on anhydrous 
PEO LiX complexes. 

Experimental 
Inorganic salts and S i a  were removed from poly- 

(ethylene oxide), average molecular weight 600,000 
(Aldrich), by ion exchange and filtration, as described 
elsewhere (7). Reagent grade alkali metal salts were 
dried at 110°C under vacuum and subsequently were 
weighed in an N2-filled dry box to ensure accurate 
stoichiometries. The complexes were prepared in air 
using reagent grade acetonitrile (Mallinckrodt) (3, 4). 
Thin films (50-100 pm) were cast on Teflon plates, and 
water or traces of solvent were removed under vac- 
uum (10-3 Torr) at 25°C for 24 hr. Films prepared in 
this manner are anhydrous, as determined by the ab- 
sence of 0 - H  stretching and H--0-H deformation 
bands in the infrared near 3350 and 1610 cm-1, re- 
spectively. 

The PEO . LiNO3 complex was prepared by dissolv- 
ing the polymer and salt in separate portions of ace- 
tonitrile, followed by mixing the solutions. Once the 
solvent was removed from this mixture a solid com- 
plex formed, which appears to be insoluble in ace- 
tonitrile. All of the PEO . LiX complexes in the pres- 
ent study were prepared at 4.5: 1 ratio of ether oxygens 
to lithium cation. The maximum complex stoichiom- 
etry is not precisely defined, however, it generally 
appears to be around 4: 1 (1, 6, 7). 

Infrared measurements were performed on Perkin- 
Elmer 399 or 283 grating infrared spectrophotometers. 
Films were mounted in an evacuated cell containing 
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KC1 windows, or sealed between polyethylene sheets 
(500-250 cm-1 range) to exclude atmospheric moisture. 
Water bands at -1610 cm-1 began to appear in the 
polyethylene sealed films after 10-15 min. Raman 
studies using 514.5 nm exciting line with backscatter- 
ing illumination were made on thin (3 mm) pressed 
pellets mounted in an evacuated cell. The bandpass 
was 2 cm-1 except for the 1000-1100 cm-1 region of 
the PEO . LiN03 complex where a 0.5 cm-1 bandpass 
was used. 

Results and Discussion 
Polymer conformation studies.-Extensive spectro- 

scopic studies have been made on PEO in the crystal- 
line state, the molten state, and in solution. Based on 
these studies the conformation was determined to be 
trans (CC-OC), trans (CO-CC), gauche (OC-CO). 
or T2G; these results were later confirmed by an x-ray 
structure determination. [See Ref. (7) and referenccs 
cited therein for a complete description of these 
studies.] The crystalline PEO . LiX complexes have 
infrared and Raman spectra similar to those observed 
for pure PEO, and nearly identical to spectra for 
crystalline PEO . NaS complexes (see Fig. 1, Tables I 
and 11). Therefore, the arguments and evidence used 
to deduce a reasonable conformational model for the 
crystalline P E O  NaX complexes may also be used 
here (7). 

In particular, the mid-infrared data indicate a 
gauche (G) or gauche minus (z) conformation exists 
about the 0 - ( C H ~ ) p 0  linkage. This assignment is 
supported by studies of Davidson, who used ethylene 
dichloride to model the O-(CHZ)FO portion of the 
PEO chain (15). Two strong infrared bands at about 
880 and 944 cm-1 are expected for CH2 rocking modes 
in a gauche conformation, in agreement with the in- 
frared bands recorded in Table I. In contrast, the CH.2 
rocking absorption bands for a trans conformation are 
expected around 773 and 992 cm-1. A strong Raman 
active band at  870 cm-1 for the PEO . LiCF3S03 and 
PEO . LiBF4 complexes is similar to a band found at 
865 cm-1, which is characteristic of all the PEO . NaX 
complexes (7). Sato and Kusumoto have obtained 
Raman spectra for a number of crown ether alkali 
metal salt complexes, and in all cases an intense polar- 
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Table I. Mid-infrared bands and assignments for crystalline PEO . LiX complexes (2500-250 cm-I) 

PEO M)0,000 PEO . LiNOs PEO . LiCF.,SO% PEO . L~CF~COI PEO . LiBF, Assignments 

-1960 w 
-1810 w 

1705 sh* 
1690 vs* 
1473 s* 
1460 mw 

1440 m 

1365 m 
1352 w 

1343 s 

Overtone (PEO) 

1290 sh. 
1270 vs* 

1231 m' 

1161 vs* 

1290 m 
1282 m 
1270 vw 
1245 m 
1205 vs* 
1175 vs* 

* Indicates bands due a t  least in part t o  anion internal modes mw (medium-weak)' m (medium),  s (strong); vs (very strong); sh 
(shoulder). Assignments are  based on those made by ~ o s h i h a i a  et al. (15) for  purg PEO. Mode issignments: r (rocking); t (twist- 
ing); u (stretching); w (wagging); 7 (torsion). 6 (bending). The subscripts a and s denote the asymmetric and symmetric motions with 
respect to  the two.fold axrs perpendicular to  the helix axis and passlng through the 0 atom or  through the center of the CC bond. 

Table II. Roman bands for PEO . alkali metal salt complexes (1500-100 cm-1) (medium and strong intensity bands)a 

Pure PEO 600,000 PEO . LiCFaSOsC PEO . LiBFd PEO . LiNOa Assignments" 

v(CC), w(CH2). 
v(COC)s, r(CHz)a 
v(SOa)., vl(NOr) 
M-0. sym. str. 
r(CHn)s, v(C0C). 
r(CHa)a 
VI(BF~-) 
vr(N0a-) 
vk(N0r) 
6(OCC)a, 6(COC), v(C0C). 
6(COC), 6(0CC). 
6(0CC)., 6(COC) 
r(CC) 

1062 sh 
1047 vvs 
873 w 
857 s 
841 m 

- 

a Band intensities: mw (medium-weak); m (medium); ms (medlum-strong); s (strong). 
b Assignments are those made by Yoshihara et al. (15) for  pure PEO. Mode assignments: see footnote on Table I. 
*Data collected 1500-800 em-' only. 
d Data collected 1500-750 em-' only. 

ized band at 865-870 c m - I  was observed a f t e r  com- rocking motion in this breathing mode. In other words, 
plexation occurred (16). This band was tentatively the primary restoring f o r c e  f o r  this symmetric M-0  
assigned to a totally symmetric Ai, mode involving a stretching mode may originate f r o m  f o r c e  constants 
metal-oxygen breathing motion. By analogy, the 870 within the polymer backbone. This result indicates 
c m - I  band in the PEO . LiX complexes may be as- that the PEO chain wraps around the lithium cation. 
signed to a M-On breathing mode. The high f r e q u e n c y  A strong Raman band at 857 c m - 1  f o r  the PEO . LiNOa 
o f  this mode is attributed to the participation of  CI12 complex may also be assigned to this mode, although 
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3000 2000 15b0 1000 500 
Wavenumbers 

Fig. 1. Comparison of infrared spectra for (A) pure PEO 600.000, 
(8) PEO . LiBF4, and (C) PEO . NaBF4, representative of a typical 
PEO NaX complex. 

it is slightly lower in frequency than normally ob- 
served for the PEO complexes (7). 

Cation-dependent far infrared bands were observed 
for the PEO complexes with Na+, K + ,  Rb+, or Cs+ 
salts (7), and similar bands at about 400 cm-I are 
present in the PEO . LiX complexes. These bands are 
not Raman active, and are similar to solvent-cage type 
vibrations observed for alkali metal salt solutions and 
crown ether complexes (17-19). Ion-cage vibrations 
are more difficult to clearly identify and study for 
PEO . LiX complexes than for the remaining alkali 
metal anions, owing to various anion modes that are 
present in the same spectral region. For the PEO . 
LiCFaS03 complex a somewhat broad band at -425 
cm-1 appears to be an ion-cage mode; a band at -375 
cm-1 in the PEO . LiCF3C02 complex is tentatively 
given the same assignment. A band at 432 cm-1 is 
found for the PEO . LiN03 complex, as well as a band 
of medium intensity at 321 cm-1 and a weak band at 
270 cm-1; these bands may arise from a variety of Li+ 
modes relative to the polymer cage and anions. A broad 
band centered around 400 cm-1 is also observed for the 
PEO . LiBF4 complex; however, this band may be a 
superposition of the ion-cage mode and a mode derived 
from the BF4- "2 mode. Formally, the v2 mode is in- 
frared inactive for the tetrahedral BF4- anion, how- 
ever, the BF4- symmetry is slightly perturbed in 
PEO . LiBF4. For example, the "1 mode is also formally 
infrared inactive but is seen at 778 cm-1 in the LiBF, 
complex, and several bands are present around 530 
cm-1, which may arise from a lifting of degeneracy 
for the ~4(F2) mode of BF4- in a tetrahedral sym- 
metry. 

The PEO . LiX complexes listed in Tables I and I1 
are all highly crystalline when anhydrous; the PEO . 
LiCF3C02 and PEO . LiCF3S03 complexes are even 
crystalline when hydrated. Melting ranges for com- 
plexes prepared at room temperature are indicated be- 
low, obtained using a hot-stage polarizing microscope 
and a lO0/min heating rate: PEO . LiN03, 100"-108°C; 
PEO LiCF3C02, 121"-126°C; PEO . LiBF4, 138"-146°C; 
PEO . LiCF3S03, 176"-184°C. A PEO . LiSCN complex 
at 4.5:l stoichiometry was also prepared, however, 
this complex remained amorphous; Chabagno has sug- 
gested that Li+-SCN- ion pairs may prevent crystal- 
lization here (20). 

Similarities in spectroscopic data and physical char- 
acteristics between the PEO . NaX and PEO . LiX 

complexes strongly suggest that these complexes have 
closely related structures. The trans (CC-OC), trans 
(CO-CC) , gauche (OC-CO) , trans (CC-OC) , trans 
(CO-CC) , and gauche-minus (OC-CO) conforma- 
tion ( T ~ G T ~ ~ )  proposed for the PEO . NaX complexes 
(7) is also consistent with data for PEO . LiX com- 
plexes. Polar oxygen atoms are directed inward in a 
T ~ G T Z ~  conformation, lining the tunnel cavity while 
the CH2 groups all face outward. This preferential 
orientation helps to explain why such a large mol 
ratio of salt may be complexed by the polyether. Space 
filling molecular models (see Fig. 2 )  indicate this con- 
formation has a tunnel radius of 1.3-1.5A, large enough 
to readily accommodate Na+ cations (radius 0.99A) or 
Li+ cations (radius 0.58A) (20). Undoubtedly som? 
bond conformation distortions from an exact TzGTzG 
conformation are present, and the polyether helix may 
wrap somewhat more tightly to coordinate the small 
Li+ cation more effectively. 

Evidence for ion pair interactions in PEO . LiN03.- 
Strong cation-anion interactions are expected to reduce 
cation mobility in polyether . salt solid electrolytes. 
Evidence for ion pair interactions has been presented 
for the PEO . NaBH4 and PEO . NaBD4 complexes 
(22), and weak ion pairing may occur in the PEO . 

NaSCN complex. The nitrate ion has proven extremely 
useful as a spectroscopic "probe" to investigate struc- 
ture and cation-anion interactions in solution (23). 
Therefore, the PEO . LiN03 complex was chosen to 
study ion pairing in the lithium complexes. 

The unperturbed nitrate anion has a D3h symmetry 
with four normal modes: "l(A1') - 1050 cm-I, ~ ( A Z ' ' )  
-830 cm-1, m(E') 15. 1380 cm-1, and v4(E') - 716 
cm-1. The and "4 modes are Raman and infrared 
active, "1 is Raman active only, and "2 is infrared active. 
These internal modes are readily perturbed by the 
local environment, and Irish has summarized approxi- 
mate Raman band positions for the nitrate anion in 
various environments, as shown in Table I11 (23). 
Even in dilute aqueous solutions the Y~(E ' )  band of 
N03- is split. This doublet structure is thought to 
arise from an asymmetric solvent environment rather 
than ion pairing, because the splitting is insensitive to 
cation identity and to solution concentration below 1 
mol liter-1 (23). Typically, components of in aque- 
ous solutions are separated by about 60 cm-1. In con- 
centrated aqueous LiNO:, solutions or molten LiNOx 
the splitting increases to over 110 cm-1, which is at- 
tributed to the influence of ion pairing. This interpre- 
tation is supported by a shift of the "4 band to ca. 740 
cm-1, which is a diagnostic feature of ion pair forma- 
tion (23-25). 

Close examination of the spectrum of PEO . LiNO: 
shows that two bands are present in the "4 region, at 
about 730 and 718 cm-1 in both the Raman and infra- 
red (see Table I and 11). The v2 band is probably 
present at  829 cm-f iri the infrared, although several 
CH2 rocking modes from the polymer tend to obscure 
this region; the band is not seen in Raman spectra. 

Table Ill. Approximate Raman band positions/crn-1 for 
L i+ ' . .N03-  in various environments [from data in Ref. (24)] 

Nos- M+(HxO)NOa- 
"Free" aqueous solvent-sep LitNOa- 
Nor solvate rated ion-pair ion-pair 

Infrared values, p (polarized), dp (depolarized). 
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hg. 2 Molecular models of poly(ethylene oxide) in 0 T ~ G T ~ ~  
cations, (A) side view, (B) end view. Hydrogen otoms ore not shaded 

A single intense vl band is present at  1047 cm-1 in the 
Raman; if this band has any infrared intensity it is 
probably buried under strong polymer bands in this 
region. Components derived from v3 are observed at 
1324 and 1416 cm-1 in the infrared, the bands are quite 
strong and a CH2 wagging mode expected around 1350 
cm-1 is apparently obscured by the 1324 cm-1 band. 
The v~ modes in PEO . LiN03 are very weak in the 
Raman, and are easily confused with weak polymer 
bands present in the same region. 

Comparison of the spectroscopic data for Nos- in 
the PEO . LiN03 complex with data in Table I11 indi- 
cates that at least some of the NO3- anions form 
contact ion pairs, the main features diagnostic of ion 
pairing being the presence of an v4 band at 730 cm-1, 
as well as the large separation of bands derived frcm 
v~ of the isolated ion (92 cm-1). Evidence to data in- 
dicates that complex formation in aqueous media does 
not remove the degeneracy of the v4 (E') mode (23). 
Therefore, the presence of an additional band derived 
from v4(E1) at 718 cm-1 in PEO . LiNOl suggests that 
two sites might exist for the nitrate anion with the 
718 cm-1 bahd arising from uncoordinated nitrate ions. 
The possibility that the 730 cm-1 band may arise from 
uncomplexed crystalline LiNOa may be rejected as the 
intense vl  band for LiN03 at 1071 cm-1 is not observed 
in the PEO . LiN03 4.5: 1 complex (24). The presence 
of a single band argues against the existence of two 
anion sites; however, this band could result from two 
closely spaced unresolved bands. This band is slightly 
asymmetric on the high frequency side in the Raman. 
Additional "3 bands are also expected for two NO3- 
environments, but these bands may be weak and easily 
obscured by polymer bands. 

Spectroscopic studies of molten nitrates (26, 27) and 
of concentrated LiNO3 aqueous solutions (25) support 
the hypothesis of two distinct NOS- sites in the PEO . 
LiNQ complex. Two bands are observed in the v4 

(N03-) region for both systems, similar to the PEO 
complex, and these bands are thought to arise from 
nitrate anions in two environments. The band for 
molten LiN03 is slightly asymmetric on the low frc- 
quency side in the Raman, supporting a two-site model. 
Only a single vl  band is observed for concentrated 
LiN03 aqueous solutions; however, this band is sug- 
gested to be a composite of two closely spaced lines 
(25). The nonspecific nature of the M+...NOs- inter- 
action prevents definite anion symmetry assignments 
from being made (23). 

conformation 08 proposed for complexation to sodium and lithium 
, carbon atoms are black, and oxygen atoms ore cross-hatched. 

Contact cation-anion interactions are expected to 
result in significantly lower ionic conductivity values 
than those measured for structurally and physically 
similar nonion paired complexes (22). Conductivity 
measurements were obtained on the PEO . LiN03 4.5: 1 
complex using complex admittance techniques and Pt 
ion-blocking electrodes. (The electrodes were warm 
pressed onto the pellet at 70°C and 50,000 psi.) The 
variable temperature conductivity values exhibit a 
two-slope behavior, with a knee observed in In rT vs. 
1/T plots at about 65°C; the extrapolated conductivity 
at 20°C is about 8 x 10-10 (a-cm)-1 increasing to 
about 6 X 10-6 (a-cm) -1 at 80°C. These conductivity 
values are comparable to those reported by Chabagno 
for the PEO . LiI complex, and are lower than those 
for any of the remaining crystalline PEO . LiX com- 
plexes at a 4.5: 1 stoichiometry. More detailed conduc- 
tivity measurements on well-characterized PEO e LiX 
complexes are necessary before a correlation between 
conductivity values and the extent of ion pairing can 
be made. However, it is clear from spectroscopic data 
that extensive ion-pair interactions do occur in the 
PEO . LiN03 complex. 
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An Estimate of the Heat of Adsorption of the Hydroperoxyl Radical on 

Platinum 

James P. Hoare* 

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

In the two-electron reduction of 0, in acid solution, an adsorbed hydroperoxyl radical, HO,, must be discharged. 
The standard potential of the homogeneous discharge reaction is 1.5V. which is -0.7V higher than the potential (0.8V) 
at which 0, is reduced at a Pt  cathode. It is possible that the heat of adsorption lowers this high potential to the 
reaction potential of 0.8V. Assuming that the standard potential of the heterogeneous reaction occurs at 0.8V, subtrac- 
tion of the heterogeneous from the homogeneous equations gives -16.5 kcallmol for the Gad, of HO, radicals. From 
statistical thermodynamic calculations, the Sad, is -28.2 eu for an immobile layer with 0 = 0.01. Then a value of -24.9 
kcaUmol is found for AH.,, for HO* radicals, which is an acceptable value. A discussion of this result is given. 

At most cathode surfaces where peroxide is detected 
during the reduction of oxygen, it is implied that a- 
or HOz may be formed as an intermediate. It is gen- 
erally accepted (1-3) that these intermediates are ad- 
sorbed on the cathode surface as shown in Fig. 1, and 
although i t  has been reported in the literature (4) 
that 0 2  may be reduced to peroxide without the 
0 2 -  (ads) intermediate, such a one-electron mechanism 
has been severely criticized (5). Even though a num- 
ber of paths to HOz(ads) are shown in Fig. 1, the path 
through Oz(ads) is preferred in this report (6). In 
any event, the path is not important since thermody- 
namics is concerned only with initial and final states. 
In aqueous solutions the is rapidly converted 
to an adsorbed hydroperoxyl radical by reaction with 
H80+ ions in acid or Hz0 molecules in alkaline solu- 
tions, since the 0 2 -  ion is unstable in aqueous solu- 
tions unless stabilized by the presence of surfactants 
added to the solution (7). 

From a logarithmic plot of the data for the reduction 
of 02 at  a dropping Hg electrode in  0.1N NaOH con- 
taining 0.05% triphenylphosphine oxide, Divisek and 
Kastening (7) found a value of -0.284V for the 0z/ 
0 2 -  couple. Although Chevalet and co-workers (8) re- 
ported a value of -0.27V from 0 2  reduction data at 
Hg cathodes in 1M NaOH stabilized with 0.017M a- 

* Electrochemical Society Active Member. 
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quinoline, the corrected value from this data was shown 
(9) to be -0.29V. Studies of 0 2 -  ions generated in 
alkaline solutions by radiolysis made by Czapski and 

(0 )  
Fig. 1. Orreduction paths involving the discharge of adsorbed 

H02 radicals in (A) acid, and (0) alkaline solutions. 
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to-workers (9, 10) yielded potential values for the (HOz)aq + (H+ )aq + e -' ( H ~ O Z ) ~ ~ ,  
07,/02- couple ranging between -0.33 and -0.325V. 
In biochemical studies using superoxide dismutase (9), AG = -34.9 kcal/mol [4] 
the Eo-value was recorded as -0.32V. Since the radiol- + (H+ laq + -, 
ysis studies involved the thermodynamic calculations of 
equilibrium processes, the ED-value of -0.33V is fa- AG A -18.4 kcal/mol [4Al 
vored for the &/0- couple and is in agreement with 
that tabulated by Fee and Valentine in a recent BY subtracting these two equations, we arrive a t  the 

review of superoxide chemistry. With free energy of adsorption of the H a  radical 

one obtains a value of 7.61 kcal/mol for the free energy 
of formation of &- ion. 

The perhydroxyl radical acts as a weak acid with a 
pK of 4.88 (12). From the latest values of AG' for OH- 
ion (aq), -37.594; HOz- (aq), -16.1; and H20 (1) 
-56.687 kcal/mol (13), the AGO value for Eq. [21 is 
found to be 2.993 kcal/mol 

Oz + H20 + 2e + OH- + HOz-, Eo = 0.0649V [21 

If one adds the AGO of Eq. [I]  and [2] along with that 
obtained from the pK values for HOn (4.88) and for 
H20 (13.9951, one calculates a AG" for the HOz/HOz- 
reaction of 18.99 kcal/mol 

From Eq. 131, the value for the free energy of formation 
of the HOz radical in solution is 2.89 kcal/mol. 

From the standard tables of oxidation potentials 
(13), the potential for the discharge of HOz radicals is 
very high 

Thus these potentials against a Pt/Hz electrode in the 
same solution are well over a volt, a situation that has 
prompted a number of researchers (14) to believe that 
the two-electron peroxide path does not involve the 
discharge of a- or HOz species. To account for the 
two-electron kinetics, a number of complex chemical 
steps have been invoked. 

One must remember that the potentials quoted in 
Eq. [41 and [51 concern species in solution only and do 
not pertain to adsorbed species. It is possible that the 
heats of adsorption, the heats of desolvation, and re- 
organization of the solution structure during adsorption 
may lower the potential values into a region where 
discharge of an (HOz) ,d, or ( 0 2 - )  ads may take place 
with facility. From the literature (15), however, it ap- 
pears that the reduction of 0 2 -  (ads) on Au in alkaline 
solution takes place by the dismutation of the 0 2 -  (ads) 
species instead of electron transfer. 

It is the purpose of this report to estimate the heat 
of adsorption of an HOz radical on a Pt surface from 
existing data in the literature and from statistical ther- 
modynamical calculations to see if the result gives a 
reasonable value to account for the lowering of the 
discharge potential of the HOz radical. 

Estimate o f  AH.d, for the HOZ Radical 
We will consider the disch3arge of 0 2  at  a Pt cathode 

at  0.8V us. Pt/H2 in an acid solution of pH = 0 (e.g., 
2N HzS04) at  25°C. Since Oz is reduced at Pt cathodes 
in acid solution at relatively high rates at 0.8V (16), we 
must account for a lowering of only 0.7V from the po- 
tential of Eq. [41. Assume that the standard potential 
for the discharge of (H&),,l, radicals (Eq. [4A1) is 
the experimentally observable value of 0.8V. If Eq. 
[,MI is reversible, then 0.8V represents an upper limit 
since a lower value would be observed if Eq. [4Al were 
irreversible. We now convert these potential values to 
free energy values 

To obtain the heat of adsorption from the Gibbs- 
Helmholtz equation, we must estimate the entropy of 
adsorption. For a gaseous molecule with three degrees 
of translational freedom, it can be shown (17) that the 
entropy of translation, S t ,  is given by Eq. [7] 

where M is the molecular weight, 33, and T is 298K. 
This gives Str = 36.4 eu. 

since the Hz02 molecule has a skew, chain structure 
(18), the HOz radical should be angular (19) with the 
angle between the 0-H and 0-0 bonds close to 97" 
found for HzOz. Because the HOz radical is unsym- 
metrical and possesses no symmetry elements except 
the identity operation, it belongs to the group, C1 (20). 

From statistical thermodynamic considerations, the 
expression for the entropy of rotation is (17) 

where n = a + b + c = the number of degrees of 
freedom (in the case of the adsorbed HOz radical, n = 
3). The rotational symmetry factor, o, which gives the 
number of equivalent spatial orientations that a mole- 
cule can occupy as a result of simple rotation (21), is 
unity for the nonlinear, unsymmetrical HOz radical. 
The 1's are the three moments of inertia involved in 
the three rotational modes. If the x-axis is taken as 
colinear with the 0-0 bond, then rotation about this 
axis involves only the 0-H bond. We approximate this 
moment from that given for the OH radical (22) by 
assuming a value of 1.5 x 10-40 g cmz. The moments of 
inertia associated with rotations about the y- and z- 
axes involve not only the 0-H but also the 0-0 
bonds and are equal. We approximate these moments 
from that given for the 0 2  molecule (22) by assuming 
a value of 20 x 10-40 g cmz. Using the values in Eq. 
[8], we calculate a value for Srot of 27.3 eu in the gas 
phase. 

Because the vibrational frequencies of many small 
molecules are large (-1013 sec-l, -1000 cm-I), the 
vibrational partition function is close to unity and 
the entropy of vibration, Svib, determined from Eq. [91 
is small if not negligible (17, 23, 24) 

where W = h ~ / k T  and v is the frequency of vibration. If 
the temperature is high enough, some vibrational con- 
tribution to the entropy will be made. 

The entropy of HOz radicals in the gas phase at 298 K 
is 

S H O Z ( ~ )  = St, f Srot + Svlb 

To obtain the entropy of HO2 radicals dissolved in 
water, we consider the entropy loss incurred when 
Hz02 gas molecules are dissolved in water (1M). Using 
the NBS tables (13), we find S ~ , o ~ ( g )  = 55.6 eu and 
S ~ ~ o ~ ( a q )  = 34.4 eu giving a loss of entropy of 21.2 eu 
or a 38.1% decrease from the gaseous value. Assuming 
that a similar percentage loss in entropy would be suf- 
fered by the dissolution of HOz radicals in water (lM), 
we obtain an entropy value of 39.4 eu for S~oz(aq) .  
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Usually, the adsorption of 0 2  on various metals pro- 
duces immobile, adsorbed layers (25). Consequently, 
we assume that the layer of adsorbed HOz radicals is 
immobile and partial with a coverage, 8, no greater 
than 0.3. I t  is reported in the literature (26, 27) that on 
open circuit the coverage of a P t  surface with adsorbed 
oxygen lies between 0.23 < e < 0.3. Although an im- 
mobile layer means the loss of three degrees of transla- 
tional and three degrees of rotational entropy, there 
is a configurational contribution that takes into ac- 
count the number of ways to distribute N molecules 
among Nx sites where 1/x = e (17). 

Letting I /x  = 0.3, SOonr = 3.8 eu, which must be  sub- 
tracted from SHO, (aq). 

The entropy of adsorption Asads, for a layer of HOz 
radicals with a coverage of e = 0.3 at 25°C on a P t  
cathode surface is 

From the Gibbs-Helmholtz equation 

Discussion 
Since the heat of adsorption, as well as Scold, depend 

on the surface coverage, 0, and since i t  has been shown 
(28) that there is a linear relationship between the 
coverage of a P t  surface with adsorbed oxygen and the 
potential of the P t  electrode, the value of 0 for HOz 
radicals at  0.8V may be 0.1 or as low as 0.01. If e is 0.1, 
Scour is 6.5 eu, AS.ds is -32.9 eu, and AHad, is -26.3 
kcal/mol. For e = 0.01, Scone = 11.2 eu, A s a d s  is -28.2 
eu, and AHads is -24.9 kcal/mol. A low value of 8 
agrees with the mechanism for Oz reduction with the 
transfer of the first electron as the rate-determining 
step (28). 

I t  is also possible that with an immobile layer ad- 
sorption process, a translational degree of freedom per- 
pendicular to the surface may be transformed to a vi- 
brational degree of freedom. This would cause an in- 
crease in entropy of less than 3 eu (23). The resultant 
change in AH.d, would then be less than 1 kcal/mol. 

I t  appears that only a value of about -25 kcal/mol 
for the AH,d, of HOz radical is required to account for 
the lowering of 0.7V from the 1.5V potential for the 
homogeneous discharge of HOz radical in acid solu- 
tions. Such values of mad, are compatible with re- 
ported heats of chemisorption. In alkaline solutions, the 
homogeneous discharge potential of the superoxide ion, 
02-, is 1.03V us. Pt/H2 from Eq. [5] and requires a 
lowering of only 0.23V to the  Oz evolution potential 
(0.8V). This observation agrees with the fact that Oz 
is reduced more easily in  alkaline than in acid solutions. 

I t  is concluded from these considerations that there 
is enough energy available in the heat of adsorption 
(even without consideration of solvent effects and re- 
structuring of the metal-solution interface) to permit 
the discharge of adsorbed H G  radicals or 0 2 -  ions in 
the two-electron peroxide path (1) for 0 2  reduction 
without resorting to artificial, complex paths as dia- 
grammed recently (29). One must use redox potentials 
quoted in the tables [e.g., (13) 1 with caution since such 
values are not determined for the adsorbed species or  
for heterogeneous reactions. As seen here, a heat of 
adsorption as low as -25 kcal/mol can produce a dif- 
ference of 0.7V in the potential of the heterogeneous 
reaction as compared to the homogeneous one. 
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The Effect of Sulfur on the Anodic H, (Ni) Electrode in Fused Li2C03 
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ABSTRACT 

Steady-state polarization curves for rotating Ni wires in Li9C0,-K2C0, (62 mlo Li) at 650°C are reported for Hz- 
containing gas of different H2S contents. In the absence of sulfur, the diffusion-limiting currents are only slightly 
larger than the observed limiting currents. A reduction in the observed limiting currents by the presence of H2S is 
interpreted as a decrease of the reaction-limiting current, i.e., as poisoning of the Tafel reaction. The sulfur effect 
levels off at P,,,,IPH2 - lo-' which suggests that the sulfur coverage approaches a saturation value, and that a sulfur- 
saturated Ni surface retains a finite activity for H, oxidation. H,S is not oxidized at a significant rate at potentials 
below that of Ni sulfide formation. An approximate rate equation for H, oxidation is derived for small sulfur 
coverages. 

Sulfur tends to increase the polarization of Ni 
anodes in molten carbonate fuel cells (1). Sammells 
et al. (2) found essentially no effect of HzS on the 
apparent exchange current for sulfur levels up to 50 
ppm in the gas. However, the open-circuit potential 
(ocp) was increased suggesting mixed potentials:. 
Townley et al. (3) attempted to explain this effect of 
sulfur on fuel cell anodes entirely by conversion of 
carbonate to sulfide and sulfate. 

From these results, it is difficult to explain the ob- 
servation that the polarization of fuel cell anodes in- 
creases immediately on introduction of HzS in the fuel 
gas stream. During such short times, too little sulfur 
enters the cell to cause any significant change in melt 
composition. The small time constants suggest, rather, 
that sulfur interferes primarily by adsorption. 

If sufficiently extensive, carbonate conversion to 
sulfate certainly can be expected to affect anode be- 
havior. In addition, and primarily shortly after sulfur 
introduction, other effects may be important. Sulfur 
probably poisons the internal shift reaction which is 
required for satisfactory performance at high fuel 
utilization (4). Sulfur may also poison the anodic Hz 
reaction despite the findings in Ref. (2). It is very 
difficult to separate the several effects of sulfur on 
the basis of tests with porous anodes where all phe- 
nomena may contribute to the result. Finally, sulfur 
may change the wetting angle of melt on the anode 
catalyst. An increase in wetting angle may isolate 
pockets of melt within the porous structure which, for 
small e, were continuously connected by Liquid films. 

The present study sought to determine in more de- 
tail the effect of sulfur on only the HZ reaction. 

Experimental Materials and Procedures 
The apparatus used has been described elsewhere 

(5). The working electrode was an Ni 201 wire, 0.10 cm 
in diameter and 1.8 cm long. The wire was bent in the 
shape of an inverted "L" with the vertical portion 1.5 
cm long and 0.2 cm off the axis of rotation. Rotational 
speeds were measured with a General Radio Strobo- 
scope, Model 1531-AB. 

All experiments were done at  650°C in 62 mol per- 
cent (m/o) LizC03-38 m/o KzCOa, purified as in 
Ref. (5). The gases were "high-puritv grade." mixed 
with a Matheson Mass Flow Controller, Model 8249. 
The gas mixture used in all tests comprised at operat- 
ing temperature 0.534 atm Hz, 0.110 atm COz, 0.103 
atm CO, and 0.253 atm H2O. HaS was added to the gas 
by splitting the entry line, saturating one leg to the 
desired dew point, and passing the other one over a 
Dynacal Tubular type permeation tube.1 The &S level 

was controlled by varying the tube length and tem- 
perature. All HZS analyses were made using Type B 
Icitagawa tubes.2 

Determining the equivalent HzS pressure in the melt 
proved to be a problem. Even very long saturation 
times did not initially produce the expected equilib- 
rium. Thus in one test, inlet gas with 44 ppm H s  was 
flowed for 500 hr through the cell. Even after this long 
time the exit gas still contained only 8-10 ppm H a .  
An electrochemical method, based on the Ni sulfide 
formation potential and described more fully later on, 
indicated an equivalent H 8  pressure in the melt of 
20-23 ppm. Extendine the saturation time resulted in 
very little change. The amount of sulfur that had 
entered the cell during 500 h r  was at least 280 times 
larger than had been apparently absorbed by the melt. 
When gas samples were taken directly above the melt 
surface by means of a ceramic tube they contained 23 
ppm HS, in good agreement with the electrochemical 
result. Apparently, sulfur was being consumed con- 
tinuously by cell parts that were not in direct contact 
with the melt and these consisted of SS-316 and/or 
Incoloy 800. This consumption of H a  prevented com- 
plete equilibrium in the system. 

The system was then changed by replacing the 
SS-316 inlet tube with Ni 201, and extending it to just 
above the melt surface. With these changes equilib- 
rium between melt and inlet gas was established in a 
relatively short time even though the upper gas space 
regions continued to be depleted of H2S. Thus after 
only 50 hr saturation time, the analyses of gas samples 
from inlet stream and from just above the melt surface 
agreed with each other and with the electrochemically 
determined value for the melt (43, 42, and 42 ppm, 
respectivelv). These tests confirmed the validity of de- 
terminina Hfi pressures in the melt electrochemically, 
and also demonstrated that serious errors can be com- 
mitted if equilibrium is assumed even after many 
hours of saturation. Because of the simplicity of the 
electrochemical method it was used in most of these 
experiments. 

Results and Discussion 
As described in the experimental section, the 

achievement of equilibrium between the gas and the 
melt in the apparatus used in this study proved to 
be difficult and time consuming. For this reason the 
HzS equivalent pressure in the melt was determined 
electrochemically in most tests from the Ni sulfide 
formation potential. Preliminary tests had shown that 
this reaction is very fast, at least initially. Nickel sul- 
fide is formed according to 

* Electrochemical Society Active Member. 3Ni + nHzS = NisSn + nHz, n 1 
Key words: hydrogen, electrodes, molten carbonate, sulfur. 

[I1 
' Metronics Associates. Incorporated. 9 Scientffic Gas Products. 
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with the equilibrium constant for initial sulfide forma- 
tion at 650°C (6) 

The Hz pressure at the metal surface is not directly 
available except at open circuit because of the gradi- 
ent of Hz pressure through the diffusion layer. The 
Hz pressure does not approach zero at the surface at  
limiting currents however, because of the contribution 
of the reaction-limiting current to the observed limit- 
ing current. It is more practical, therefore, to use the 
following partial reaction of reaction [I] 

with the equilibrium potential measured against the 
1/3 atm 02-2/3 atm COz reference electrode 

The standard potential was calculated using the ther- 
modynamic data of Ref. (6). 

HzO and C02 concentration gradients for anodes are 
usually small even at the limiting current (4) except 
for gases rich in HZ and low in Hz0 and COz. This is 
especially true in the presence of suIfur where Ia, is 
smaller than in the absence of sulfur (see Fig. 3) .  
The H2S pressure at the metal surface can be esti- 
mated, therefore, from the potential of Ni sulfide for- 
mation, using Eq. [41 with4 P H ~ O P C O ~  - P H ~ o ~ P c o ~ ~ ~  
provided HzS is not oxidized and Ni sulfide formation 
is little hindered. HzS oxidation could contribute par- 
tial currents as large as, or even larger than Hz oxida- 
tion owing to the large solubility of H2S. Using data 
of Ref. (7)  for the latter and of Broers et al. (8) for 
the hydrogen solubility one obtains for the equivalent 
equilibrium concentration (assuming oxidation of H2S 
to sulfate) 

The electrochemical method for determining Pn2s in 
the melt was tested by comparing results with direct 
gas analysis results, as described in the experimental 
section. The agreement was satisfactory ( r 4 %  ) . 
This result indicates that H a  is not noticeably ox- 
idized at potentials below that for Ni sulfide formation, 
and that the product Pcoz Pn20 is close to that of 
the bulk pressures. At PH~s /PH~o  L 5 10-6 the elec- 
trochemical method breaks down because NiO for- 
mation precedes sulfide formation. For the mixture 
used in this study, this is equivalent to P H ~ s / P H ~  L 
2.5 . 10-6. Figure 1 presents polarization curves for 
sulfur-free gas. The dashed lines represent concen- 
tration overvoltage calculated with 

RT 
q = - - ln (1 - 1/11;,,,) = -91.58 log (1 - I/lli,,,) 

2F 

The moderately small deviations of the experimental 
data presumably reflect the facts that Hz0 and COz 
concentration losses were neglected in Eq. 161, 
and that Eq. [6] does not apply accurately to a rotat- 
ing wire electrode. However, no further attempts at 
achieving better accuracy were made because the dif- 
ferences were small, and because a rotating disk elec- 
trode is difficult to use in molten carbonate. 

In Fig. 2 the values of Ilim-l of Fig. 1 are plotted 
against reciprocal square root of rotational speed 
(to-%). Itim is mostly diffusion controlled as shown by 
the small value of the intercept at infinite rotation 

'The term,limiting current shall be used for the observed limit- 
ing current. The ditfusion and reaction llmiting current shall be 
identified as such or by symbol (Iltrn I d  I , ) .  

LThe superscript (') refers to the iartial pressures in the bulk 
gas phase. 

JOO 00 
q- 'V 

Fig. 1. Steady-state polarization curves for Hq oxidation in the 
essential absence of sulfur. Rotating Ni wire electrode of 0.56 cm' 
geometric surface area. 

air:::::! 
102 / ,%- ,,,-'x 

Fig. 2. Limiting currents in the absence of sulfur. IR0 - 14 mA, 
Id = 0.0519 . 01/2, mA. 

rate. The reaction-limiting current may reflect poison- 
ing by sulfur traces. The initial LizC03 used contained 
up to 2000 ppm sulfur (as sulfate) which is very dif- 
ficult to remove completely. Long purging times with 
sulfur-free gas had increased the Ni sulfide formation 
potential to a value above that for NiO formation at 
which point P H ~ s / P A ~  becomes smaller than 2.5 . 10-6. 
At such small levels Pn2s in the melt becomes ex- 
tremely difficult to measure. The actual value of 
P H ~ s / P H ~  in these tests with sulfur-free gas was there- 
fore unknown but less than 2.5 . In the follow- 
ing, the data in Fig. 1 and 2 shall be considered to be 
for the sulfur-free system. 

Figure 3 shows the effect of H S  on the polarization 
curves at 1600 rpm. The main effect is a decrease in 
Ilim. Since only diffusion and chemical processes lead 
to limiting currents, this result indicates a decrease in 
the reaction-limiting current. It seems justified, there- 
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q - m v  

Fig. 3. Steady-state polarization curves of N i  wire anode a t  1600 
rpm. The sudden increase in I a t  larger values of q is due to anodic 
N i  sulfide formation. 

fore, to assume a Tafel-Volmer type mechanism, ad- 
justed for molten carbonate, with the Tafel reaction 
as rate-determining step of the surface reaction 

The presence of H S  decreases the rate ( V T )  of reac- 
tion [8]. The current is 

The quantities @M and en are activities of the sites 
available for hydrogen adsorption and of adsorbed 
hydrogen, respectively. At higher polarization 6, be- 
comes zero and the current approaches a limiting value 

The subscript (lim) indicates the respective values at  
him 

Using Fick's first law 

where Id  is the stirring-dependent diffusion-limiting 
current (Fig. 2) and therefore 

With HIS present Eq. [I31 does not, however, provide 
a complete separation of llim-l into stirring-dependent 
and independent terms as in the sulfur-free case where 
(eM)lim = 1, see Fig. 2. With sulfur present, (@M)I~ ,  is 
not unity, but varies with sulfur coverage. In fact, k 
also may depend on sulfur coverage. 

Sulfur presumably is adsorbed according to (9, 10) 

HzS + M  = MS* +Ha [I41 

with the equilibrium constant 

where 8s is the activity of adsorbed sulfur and h' is 
the activity of the sites available for sulfur adsorption. 
If es is assumed to be proportional to the sulfur cover- 
age, it is proportional to PnZs/PnZ at small coverages. 
Since H2S is not noticeably oxidized at  him 

( P H ~ s / ~ H z )  llm = P H Z S ~ / P H ~ ~  (1 - Illm/Id) Elel 

Thus, sulfur coverage and thereby the reaction-limit- 
ing current varies with stirring in contrast to the 
sulfur-free condition. 

Figure 4 was constructed by calculating IR with Eq. 
1131 and [16], using the values of la of Fig. 2. The 
curve represents the variation of 2F(khZ)11~ with the 
value of P H ~ s / P H ~  prevailing at  the metal surface. If 
reflects the effect of sulfur coverage on the activity of 
the sites available for Hz oxidation at  negligible hy- 
drogen coverage. To the extent that OH is not negligible 
at smaller polarizations, OM will be smaller at I < 111,. 
The curve in Fig. 4 therefore reflects the variation of 
the maximum surface area, free to adsorb hydrogen, 
with sulfur coverage 

Figure 4 shows that the sulfur coverage approaches a 
saturation value at  large values of P H ~ s / P ~ ,  i.e., the 
product (k8~l)li,, which is a measure of the activity 
of sites available for Hz oxidation, levels off at a finite 
value. This suggests that Hz is oxidized even at a sul- 
fur-saturated surface, and that the mechanism re- 
mains that given by Eq. [81 and [9]. The Tafel reaction 
[8] may proceed on adsorbed sulfur (formation of 
S - H*), 31. on Ni. Adsorption of hydrogen on Ni 
even at full sulfur coverage seems plausible because of 
the difference in size of adsorbed sulfur and Ni atoms. 
Presumably, sulfur is adsorbed most strongly when the 
Ni-S distance is smallest, i.e., for 1: 1 adsorption. How- 
ever, such strongly adsorbed sulfur cannot cover the 
entire Ni surface. Rather, some fraction of the surface 
will always remain free to adsorb hydrogen ("strong 
adsorption model"). Alternatively, sulfur may cover 
the entire surface either accompanied by distortion of 
Ni-S bonds, or because the adsorbed sulfur may carry 
a charge of less than (-2) and therefore be smaller in 
size. However, adsorption will progressively weaken at  
large coverage and hydrogen may displace weakly 
adsorbed sulfur ("competitive adsorption model"). 

Although plausible, neither of these models lends 
itself readily to the derivation of a rate equation for 

Fig. 4. Anodic reaction limiting currents, normalized to 1 atm 
Hz pressure. Empirically, 2f kr 8,2 w 1.6 + 24.4 exp [-52,000 
PH~sIPHZ~I. 
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Hz oxidation. The difficulty lies primarily in defining 
rationally the quantities es and @M' in Eq. [lo], 1111, 
[13], and [15]. Substituting fractional surface areas, 
the value of OM' in Eq. [15] has to approach zero for 
large values of PH~S/PHP At the same time, however, 
the corresponding value of L ~ M  remains finite. Thus OM' 
and @M are not generally equal. The problem is not 
solved by using surface sites instead of fractional sur- 
face areas. 

An approximate rate equation can be derived for 
small sulfur coverages. Substituting fractional surface 
areas for activities, and assuming that sulfur adsorbs 
essentially only on the free Ni surface, e~ will be 
equal to OM'. Therefore 

With reaction [9] near equilibrium 

OH w @M ( P H ~ o  ' Pco2) % exp [F(Ev0 - c)/RT] [I91 

where E,' is the standard potential of the Volmer re- 
action. combining Eq. 1181 and 1191 with Eq. [15] 

@M = [I + Ks PHZS/PHZ + (PHZO ' PcoZ)% 

exp [F (Eve - e) /RT] -1 [20] 

Assuming that the rate constants k and k' in Eq. [lo] 
do not vary with coverage, the exchange current is 

and therefore 

From Eq. [I91 

exp [-2FdRTI C231 
and now5 

exp (-2Fq/RT)I 1241 

It is easier and more accurate to determine the reac- 
tion-limiting current without sulfur (IR") than the 
exchange current in the presence of sulfur (I,). For a 
sulfur-free melt OM approaches unity for q + oo, and 

Fig. 5. Theoretical limiting currents (Eq. [27]). Parameter: 
KsPaZs/P~" - los. 

W ,  but increases toward unity with decreasing rota- 
tional speed. This means that P H ~ s / P H ~  increases in 
the same direction at  any given value of PH~S/PH~O 
(Eq. [16]). Thus the reaction-limiting current, and 
thereby Ilj, decrease, but to a lesser degree than is 
predicted by the simple theory. 

The difficulty of defining surface activities for hy- 
drogen and sulfur appears to be fundamental in nature 
and not restricted to the problem of interpreting elec- 
trochemical test results. Thus the adsorption isotherms 
in Ref. (9) and (10) differ by more than one order of 
magnitude in PH~S/PHP In these experiments in the 
gas phase the respective gas pressures at the metal 
surface are well defined and cannot be the cause of 
such discrepancies. It has been suggested (11) that the 
observed differences are due, rather, to sulfur ad- 
sorption leading to a saturation coverage at moder- 
ately large values of P H ~ s / P H ~ ,  but that at still larger 
values adsorption increases again. The same seems to 

therefore be true in the present case with the result that activity 
IMP IRo = m k p ~ ~ '  = Io/(8M')2 [25] 

W P  

Replacing I, in Eq. [24] with IR' zor 

I = I R ~ @ M ~ [ P H ~ / P H Z ~  - ( P H ~ O  ' PcOZ/P~zoO ' PcOZ') 1.8 - 
exp (-mq/RT)I [261 

Equations 1261 and [201 represent the approximate 
rate equation for small sulfur coverages. The pressure 
ratios (P/P0) can be obtained from Fick's law. 

The limiting current is obtained for C, 11 + a, or di- 
rectly from Eq. [I91 for c + m and Eq. [13] and [251 

1/4rm = 1/Id + [1 + (KSPHZS/PHZ')/ 

(1 - I ~ h / I d ) l ~ /  ' IR' [271 

The curves in Fig. 5 were calculated with Eq. [27] 
for several values of Ks . PH~S/PH'. The value for IR" 
and Id were taken from Fig. 2. Corresponding plots of 
the experimental data are shown in Fig. 6. The corre- 
spondence between experimental and theoretical re- 
sults is poor. Qualitatively, the disagreement is a 
consequence of the fact that the hydrogen activity does 
not decrease in correspondence with the increase in I I 

60 10 

sulfur coverage. As can be seen from Fig. 6, the w - RPM* HP 

ratio rlim/rd than unity at higher of Fig. 6. Experimental limiting currents, Parameter: KSPHzS/PHe . 
6 Superscripts ("1  refer to ocp. loe. 
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for Hz oxidation is not completely lost even when the 
sulfur coverage appears complete. 

Conclusions 
The Tafel-Volmer mechanism, adjusted for molten 

carbonate, provides a satisfactory explanation for the 
oxidation of HZ in the presence of sulfur as well as 
without sulfur. In the absence of HzS the reaction- 
limiting current is so large that the limiting current is 
essentially diffusion controlled at all but very high 
stirring rates. A chemical rate constant of the Tafel 
reaction of approximately k - 4.10-8 mol/atm cmz sec 
follows from the data for the sulfur-free case. The 
Volmer reaction is not noticeably hindered. HzS de- 
creases the reaction-limiting current, i.e., the rate of 
the Tafel reaction. The mechanism appears to remain 
the same. The stirring dependency of the reaction- 
limiting current with sulfur is due to the effect of 
stirring on the Hz pressure at the metal surface, and 
thereby on the value of P H ~ s / P H ~  and the sulfur cover- 
age. 
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Use of a High Temperature pH Sensor as a "Pseudo-Reference 

Electrode" in the Monitoring of Corrosion and Redox Potentials at  

285°C 
Leonard W. Niedrach* 

General Electric Corporate Research and Development, Schenectady, New York 12345 

ABSTRACT 

Corrosion and redox potentials measured at 285°C against a zirconium oxide, membrane-type pH sensor have been 
found to be more stable than similar measurements against more conventional reference electrodes. This is attributed 
to the excellent resistance of zirconium oxide to attack by high temperature water and to the absence of a liquid 
junction that permits exchange of an internal filling solution with the medium being monitored. 

In monitoring corrosion and redox potentials in 
aqueous systems one ideally determines the pH as 
well, because the two parameters are intimately 
related. When the pH of the system is known to re- 
main within narrow bounds, e.g., as in the cooling 
water of nuclear reactors, measurement of only the 
corrosion or redox potential against a conventional 
reference electrode can be adequate (1-3). Under 
such conditions, however, it is equally possible to 
employ a pH sensor as a "pseudo-reference electrode." 
It has been our experience that at 285"C, corrosion and 
redox potentials measured against a zirconium oxide, 
membrane-type pH sensor (4) have been more stable 
than any we have achieved against more conventional 
reference electrodes. This is not surprising in view of 
the excellent resistance of zirconium oxide to attack 
by high temperature water. Further, there is no liquid 
junction to introduce an uncertain junction potential 
and to permit exchange of an internal filling solution 
with the medium being monitored and thereby cause 
drift. Because of the stability of zirconium oxide pH 
sensors we can visualize their being inserted at  many 

Electrochemical Society Active Member. 
Key words: cell, pH sensor, water, emf. 

critical monitoring sites in power plants, chemical 
processing plants, or other installations to provide 
useful corrosion potential measurements over ex- 
tended periods with a minimum of maintenance. They 
could also be useful in laboratory tests, particularly 
with static autoclaves when consumption of oxygen 
deliberately added to the starting solution can be 
rapid, and when undetected changes of this type could 
lead to serious misinterpretation of data. 

The use of a pH sensor in this proposed fashion is 
not of itself a new idea. Glass electrodes have been so 
employed in the past (5). The new, high temperature 
pH sensor merely facilitates extension of the idea to 
higher temperature systems. It is the purpose of the 
present paper to review some of the background on the 
zirconia sensor, indicate how its potential can be re- 
lated to the standard hydrogen electrode (SHE) scale, 
and present data relating tc corrosion and redox po- 
tential monitoring. 

Background 
Preferred form of the pH sensor.-The concept of 

the new, high temperature pH sensor and many of its 
properties have been discussed elsewhere (4). A 
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photograph of the device is shown in Fig. 1 and struc- For the junction we are employing a 1: 1 (by weight) 
tural details are given in Fig. 2. The ceramic is a Y4 in. mixture of finely divided copper and cuprous oxide 
OD tube of yttria [8.0 weight percent (w/o)] stabilized (Fisher Copper Metal-Electrolytic Dust, purified; Baker 
zirconia (obtained from Corning Glass Works, Ceramics Cuprous Oxide Powder, Analyzed Reagent) to a depth 
Products Division, Solon, Ohio, their composition of 2 in. A 30 mil copper wire serves as the contact and 
1372). It is retained in a Conax Type EG-125 Gland lead from the sensor. 
with a seal consisting of Teflon, Vespel, silver, and alu- 
mina elements as shown. On the basis of previous work 
we have selected the dry copper/cuprous oxide mix- 
ture as our preferred internal junction over the pre- 
viously employed aqueous internal junctions. This has 
been done for several reasons: (i) we have found it 
to be readily prepared by simple mixing of the pow- 
ders and packing into the tube; (ii) when prepared in 
this fashion it has been found to be extremely stable 
and reproducible; (iii) in contrast to aqueous internals 
it permits ready designation of the active region of the 
sensor because it does not wet the wall with a con- 

Calculation of the standard potenticii of the sensor 
us. the SHE.-For the sensor as shown in Fig. 2, sev- 
eral interphase potentials are involved in series be- 
tween the external terminal (copper lead wire) and 
the solution being monitored. These and the thermo- 
dynamic balances involved in the potential determin- 
ing reactions at the various interfaces are summarized 
in Fig. 3 after the approach of Vetter (6). The balances 
are derived from the fact that at  equilibrium the alge- 
braic sum of the electrochemical potentials, iws, of the 
reacting species is zero 

- . . . - . - 

ducting film; and fiv) in the absence of an internal 
auueous ~hase .  seal fabrication is simulified. It also has where ---.. - ~ -  -~ -- - ~ 

the virtue of permitting a straightforward calculation 1% = YLS + iEs ' F ' I$ [21 
of its standard potential against the SHE, a very de- 
sirable feature since it is common practice to nor- and where PS is the chemical potential of reacting 
malize experimental data to the SHE scale. species s in phase i, iz, is the charge on the species, 

is the Galvani (inner) ~otent ia l  in ~ h a s e  i, LV. is the 

Fig. 1.  Photograph of an assembled sensor 

+ 1 ' 4  

Fig. 2. Schematic diagram of sensor 

stoichiometric factor of the species- involved i n  the 
potential determining reaction, and F is the faraday. 

In summing up the interphase potentials between 
phases 1 and 4 it is seen in Fig. 3 that the net change 
is equivalent to that for the simple copper/cuprous 
oxide couple 

the thermodynamics for which relative to the SHE are 
well established.' 

This is turn means that to relate the standard po- 
tential of the sensor to the SHE, the half-reaction for 
which also involves two hydrogen ions 

we require only the free energy of the reaction 

which does not involve the hydrogen ion concentra- 
tion. If the zirconia sensor is to be used as a reference 
in a solution other than one containing the hydrogen 

'The membrane may therefore be looked upon as a protective 
sheath that prevents the metal and its oxide from interacting di- 
rectly with the solution or redox active species in the solution. 
While a copperlcuprous oxide mix could be exposed to water and 
dilute acids and bases without significant attack, such would not 
be the case with stronelv acld or basic solutions. Under any condi- 
Irons use of the unsheiihed metallmetal oxlde mix would nccessi- 
tale alternative protection from dlrcct rnteractlon wlth hydrogen 
OP oxveen This behavlor sueeests that the arranaement miaht be 
u;efui%~studying~the &cf&chemistry and th<rmodyna6ics of 
other metal/metal oxide or mixed metal oxide systems. 

PHASES THERMODYNAMIC BALANCES INTERPHASE POTENTIALS 
1.2 ~ r ~ ~ . - ( ~ r . . - F ~ + l - I * l ~ . ~ + F + l - O  I / I IY~. - ,s .  -,(1~..l 

Fig. 3. lnterphase potentials and related thermodynamic data for 
the sensor. 
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ion at unit activity, a pH correction must be applied 
in relating back to the SHE scale. 

Relationship between the sensor potential and that 
of the oxygen electrode.-Also of interest in the moni- 
toring of aqueous systems containing dissolved oxygen 
is the relationship between the sensor potential and 
that of the oxygen electrode. In this case the overall 
reaction is obtained from the sum of reaction [3] and 
the half-reaction for the oxygen electrode 

% 0 2  + 2H+ + 2e- P Hz0 
to give 

[el 

2Cu + % 0 2  # Cu20 [TI 
The potential of this cell can therefore be calculated 
directly from the free energy of formation of cuprous 
oxide from the elements. 

Experimental 
Determination of the standard potential of the sen- 

sor at 285°C.-Using equipment and procedures de- 
scribed in Ref. (4), the potential of the sensor has been 
measured against the hydrogen electrode. A well- 
passivated titanium autoclave was employed and the 
water entering the autoclave at a flow rate of ap- 
proximately 15 ml/min was equilibrated with "form- 
ing gas" (10% hydrogen in nitrogen) at 25°C. A plati- 
nized platinum flag served as the sensing element of 
the hydrogen electrode. The results of three separate 
experiments, each yielding steady potentials for about 
36 hr, are summarized in Table I. 

In calculating the correction term for the hydrogen 
concentration in the water it was assumed that the 
concentration at  285°C was equal to that obtained in 
the equilibration at 25°C. This is reasonable since the 
test system was operated about 200 psi above the 
saturation pressure of water at  285°C and no gas phase 
was present in the autoclave. From data of Himmel- 
blau (7) the hydrogen concentration in equilibrium 
with the 10% Hz-Nz mixture at  25°C was estimated to 
be 0.152 ppm. At 285°C the concentration of hydrogen 
in equilibrium with 1 atm of hydrogen is 7.40 ppm. 
These concentrations coupled with the slope of 110.76/2 
mV/decade at 285°C give the correction term of 93 mV. 
For the standard potential of reaction [51 data of 
Macdonald (8) were interpolated to 285°C. It is seen 
in Table I that the agreement between the measured 
and theoretical is very satisfactory. 

Measurement of the potential of the sensor vs. the 
oxygen electrode.-Data for this combination were ob- 
tained over the pH range from 0.0005m sulfuric acid to 
0.001m sodium hydroxide using aerated solutions con- 
taining about 8.2 pprn dissolved oxygen. In this case 
the agreement with theory was less satisfactory than 
in the case of hydrogen, and the value varied with pH 
as shown in Fig. 4. The theoretical potential of 635 

Table I. Comporison of the measured value of the standard 
potential of the sensor with the calculated value at 285°C 

E of sensor AE for 
vs. hydrogen hydrogen 

electrode activity* 
Run ( m ~ )  (mV) E" (mV) 

Mean 275 93 368 
Calculated value 366 . .  

Difference 2 

AE = (2.303 RTInF) log (CIIC.) = 55.38 log (7.4010.152) = 93 
mV, where Ct is the solubility of hydrogen at 285'C and 1 atm 
pressure and Cn is the actual hydrogen concentration in water. 
[Solubility data from Ref. (7).1 
" Based on data from Ref. ( 8 ) .  

z 'Oar ,CALCULATED VALVE 

T=285'C 
(SENSOR Y-20 1 

I 
3 4 5 6 7 8 9 1 0  

pH 

Fig. 4. comparison of measured and calculated values of the 
potential of the oxygen electrode vs. the pH sensor. (Oxygen con- 
centration in equilibrium with air at 25°C. i.e., 8.2 ppm.) 

mV was calculated from literature data for the free 
energy of formation of cuprous oxide (9) applying a 
correction term to allow for an  oxygen concentration 
below that in equilibrium at 1 atm. The solubility of 
oxygen a t  285°C at a pressure of 1 atm was taken as 
110 ppm (7). The discrepancies are most likely as- 
sociated with the oxygen electrode which is probably 
not yet sufficiently reversible even at  285°C. 

Monitoring corrosion and redox potentials.-In the 
course of the development of the zirconia pH sensor 
two tests of about 40 days duration were performed to 
demonstrate long-term stability. During most of the 
period of these tests the system was exposed to aerated 
water a t  285"C, but periodically excursions to 0.0005m 

and 0.001m NaOH were introduced. Potentials 
of the sensor (with Cu/Cu2O internal), a platinum 
probe, and the 316 S.S. autoclave were monitored 
throughout using an Ag/AgCl reference electrode (10) 
initially charged with water and AgCl crystals, i.e., no 
KC1 was added. (This type of filling solution has proved 
to be more stable than those containing 0.01 or O.lm 
KC1.) The potential of the zirconia sensor vs. the 
platinum probe was also followed directly throughout 
the tests. We have now reexamined the data as they 
bear upon the monitoring of corrosion and redox po- 
tentials with the autoclave serving as the corroding 
electrode. 

The relative stabilities of the various electrodes 
against the reference electrode are shown in Fiq. 5, 
and similar data for the corrosion and redox potentials 
against the pH sensor are shown in Fig. 6. In con- 
nection with the latter figure, i t  should be noted that, 
in contrast to the platinum probe, the potential of the 
autoclave was not monitored directly against the pH 
sensor during the tests. As a result, all of the corrosion 
potentials have been derived from independent mea- 
surements of the autoclave and the pH sensor against 
the Ag/AgCl reference. This may account in part for 
the greater scatter. Nevertheless, both sets of measure- 
ments indicate that the potentials measured against 
the pH sensor are at least as reliable as those measured 
against the more conventional reference electrode. 

While the data in Fig. 5 and 6 pertain to the dilute 
acid solutions, similar results were obtained with 
water and the dilute base. This is evident from the 
clustering of the data points obtained throughout the 
tests and plotted for Run ZR02-19 in Fig. 7 and 8. 
Here we see additionally that the influence of pH on 
the corrosion potential essentially parallels that of 
the pH sensor. The slope of the redox probe response 
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," 133- CORROSION POTENTIAL 
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T =  285'C 
OPEN POINTS: RUN ZR02-19 
CLOSED POINTS: RUN ZR02 - 20  

I 
0 10 2 0  30  4 0  

TIME - DAYS 

Fig. 5. Potentials measured against an lndig reference electmde. 
(0.0005m Hz504 electrolyte; 8.2 ppm dissolved oxygen.) 

PT REDOX PROBE 

T:285OC 
OPEN POINTS : RUN ZR02-19 
CLOSED POINTS :RUN ZR02-20 

10 2 0  3 0  4 0  
TIME - DMS 

Fig. 6. Corrosion and redox potentials measured agoinst the pH 
sensor. (0.0005m HzS04 electrolyte; 8.2 ppm dissolved oxygen.) 

(from the oxygen/water couple) is somewhat greater. 
As noted in the previous section this probably reflects 
remaining irreversibility in the oxygen reduction re- 
action at 285°C. 

All of these data support the use of the pH sensor as 
an alternative reference electrode for the measure- 
ment of corrosion and redox potentials. They also in- 
dicate that using the pH sensor as a reference elec- 
trode automaticaIIy eliminates spurious pH change ef- 
fects from the measurement of real interest, i.e., the 
shift in the relative oxidation level of the system 

T = 285' c 
RUN ZR02 -19  

REDOX PROBE 

T=285'C 
RUN Z R 0 2 - 1 9  

-700 - 

I 
3 4 5 6 7 8 9 1 0  

p H  

Fig. 8. Effect of pH on corrosion and redox potentials measured 
against the pH sensor. (8.2 ppm dissolved oxygen.) 

pH 

a , ,  
3 4 5 6 7 8 9 1 0  

Fig. 7. Effect of pH on the potentials measured against the lndig 
reference electrode. (8.2 ppm dissolved oxygen.) 
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> 

through changes in concentration of redox active 
species per se. 
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In-Plant Applications 
For in-plant applications we would envision the in- 

sertion of zirconia electrodes at  a variety of locations 
where monitoring of corrosion and/or redox poten- 
t i a l ( ~ )  were felt appropriate. In its simplest form the 
probe would be inserted through the wall of a pipe or 
flange. Only a female Y4 in. NPT is required for mount- 
ing. To monitor corrosion potentials a high impedance 
meter could be connected directly across the sensor 
and the pipe as indicated in Fig. 9. Because a small 
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HIGH IMPEDANCE 
VOLTMETER OR 
ELECTROMETER 

Fig. 9. Mounting of sensor for direct monitoring of the c o r d o n  
potential of a pipe. 

platinum redox probe will respond more rapidly to 
changes in water chemistry than will the large area 
piping, it would generally be desirable to include such 
a probe in the monitoring system. This too can be in- 
serted through a % in. NPT, and it can be multiplexed 
to a common high impedance meter. 

To allow for possible breakage of a zirconia tube, a 
slightly more sophisticated arrangement might be de- 
sired in which the zirconia sensor is surrounded by a 
screen or perforated shield that could retain any 
broken pieces. The screen or shield could be con- 
structed of the same alloy as the piping and connected 
electrically to the piping. Under such conditions it 
would assume the corrosion potential of the more mas- 
sive system and should not interfere with measure- 
ments. 

It is conceivable that sensors would be desired at 
several sites around a plant as indicated in Fig. 10 
where a boiling water reactor power plant is used as 
an example. In such a case i t  would probably be de- 
sirable to monitor potentials immediately after the 
demineralizers, farther along the feedwater train, and 
in the cooling water recirculation loop. 
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Reactions of Formation and Stability of Iron (11) and (Ill) Oxides in 
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ABSTRACT 

The study of the different oxides of iron (11) and iron (111) was carried out potentiometrically in LiC1-KC1 eutectic 
at 470°C by means of an yttria-stabilized zirconia electrode indicator of the oxide ion activity and an iron electrode 
indicator of the ferrous ion activity. These measurements were complemented by the determination of cyclic voltam- 
mograms and by x-ray diffraction and infrared spectrophotometry analysis of certain compounds formed. The main 
results obtained are the following: strong oxidizing power (oxidation of C1- ions into Cl,) and high oxoacidity (great 
stability of ferric oxide) of Felt ions; possible redissolution of Fe,O,, in the oxide ion rich media by the formation of 
ferrate (111) ion; Fe0,- . Fez+ ions react with 0'- ions to form ferrous oxide, which is probably stabilized in the form of a 
solid solution FeO-LiFeO, of composition Fe,-,Li,O. Magnetic oxide, Fe,O,, is stable and can be obtained by the action 
of oxide ions on a mixture of iron (11) and iron (111). The standard potentials of the different electrochemical systems. 
which involve iron in its different oxidation states, and the expressions of these potentials as a function of the oxide 
ion activity and different concentrations were given. The solubility products of iron oxides were also determined; the 
values corresponding to ferrous oxide, magnetic oxide, and ferric oxide are, respectively, lo-"', 10-""-" and lo-''' 
(molality scale). The constant of formation of ferrate (111) ion (from ferric oxide) has the rough value mol . kg-'. 
These results were assembled in the form of a potential -p,r- equilibrium diagram which shows, in particular, that in 
oxobasic media, magnetic oxide disproportionates into ferrate (111) and FeO. In the presence of a high concentration of 
oxide anion, FeO leads to the formation of metallic iron because of its disproportionation into FeO; and Fe (s). 

In fused chlorides, and in particular in LiC1-KC1 
eutectic, iron exists in the oxidation states 0 ,  11, and 
I11 (1). Iron (11) and iron (111) are known to form 
numerous chemical combinations with oxide ion, such 
as ferrous oxide, magnetic oxide, and ferric oxide. 
Certain compounds, which are richer in 02- ions than 
the oxides of iron of the same oxidation state, are also 
known; ferrates (111) of the type MFeOz (M = Li, K, 
for example) or M'Fe204 (M' = Co, Ni, Mn, Zn, Mg). 
Iron is also included in the composition of many more 
com~lex  comwunds existinh in the natural state. such 
as chromite, F ~ o  - CrzOs; ifmenite, FeO . TiOz; hercy- 
nite, FeO . ALO3, etc. 

The large number of chemical combinations involv- 
ing the 02- ion and iron (11) and iron (111) (alone or 
in the presence of other metals), underlines the interest 
of an analytical study of their chemical and electro- 
chemical formations. 

As a result of their role in the construction of re- 
chargeable and high performance batteries, the prop- 
erties of sulfide compounds of iron in LiC1-KC1 melt 
have been the subject of many studies (21, but the 
oxides, on the other hand, have been studied very little. 
Delarue has qualitatively established the potential- 
poz- diagram of iron and has considered that ferric 
oxide is not stable in this medium and decomposes to 
magnetic oxide ( 3 ) ;  Iwanec and Welch have showed 
the formation of hematite by oxidation of ferrous chlo- 
ride with oxygen (4). Inman et al. (5) and Legey (6) 
have studied iron and chromium in LiC1-KC1 eutectic 
in order to elucidate the chemical behavior of chromite, 
FeO Cr203. However, they have not determined any 
solubility product corresponding to the oxides of the 
elements studied; only Molina (7) has given a value 
for ferrous oxide (i.e., 10-5.0 molz . kg-2) at  480°C. 

Thus there is little experimental data concerning iron 
oxides in fused chlorides. In addition, the data is 
sometimes contradictory (as is the case of ferric oxide). 
The aim of this study was to determine the nature 
and the stability of the different oxides of iron (11) 
and iron (111). by defining the conditions of their 
formation in LiCl-KC1 eutectic at 470°C, the tempera- 
ture of our previous studies (8-11). 

Electrochemical Society Active Member. 
%Present address: Rhone-Poulenc Recherches, Centre de R e  

cherches d'Aubervilliers, 93308 Aubervilliers, Cedex, ,France. 
Key words: thermodynamics, fused salts, solubllrty, voltam- 

metry. 

This aim was achieved by carrying out potentiometric 
titrations involving, on the one hand, 0 2 -  ions, and, on 
the other hand, iron (11) and iron (1111, while the 
oxide ion activity was measured by means of an yttria- 
stabilized zirconia electrode. To facilitate the interpre- 
tation of these titration curves, analysis of the com- 
pounds formed was carried out by x-ray diffraction 
and infrared spectrophotometry analysis. Finally, this 
study was completed by analysis of several voltammo- 
grams obtained at  a glassy carbon electrode. 

Experimental 
Technique and procedure. - Potentiometry. - The 

electrochemical cell, the furnace, the programmable 
regulation, the reference electrode (Ag/Ag+ 0.75 mol . 
kg-'), and the yttria-stabilized zirconia electrode have 
been described previously (8). All potentials are us. the 
standard chlorine electrode whose potential is +1.027V 
with respect to our reference electrode (9). The iron 
electrodes used for the coulometric generation of Fez+ 
ions and for the measurement of their activities con- 
sisted of a 1 mm diam iron wire of high purity, sup- 
plied by Johnson-Mat,they. The electrodes were cleaned 
before each experiment by means of concentrated 
hydrochloric acid. The coulometric production of Fez+ 
ions in the eutectic was carried out automatically by 
means of a previously described electr~nic apparatus 
(9). Measurements of weight loss of the iron electrode 
as a function of the quantity of electricity have given 
the number of electrons exchanged during the oxida- 
tion reaction, i.e., n = 2.05 -e 0.07. The auxiliary com- 
partment used for the coulometries was analogous to 
the one designed by Legey (6); it is formed from a 
Pyrex closed end tube having a sintered Pyrex side 
arm 2.0 cm from the bottom. The cathode was com- 
posed of liquid bismuth that forms an alloy with the 
lithium produced during the reduction of the eutectic. 
This device prevents any metallic dendritic growth that 
could damage the sintered glass. The electric contact 
was made from a tungsten wire that was covered with 
Pyrex glass. The iron (11) solutions produced are color- 
less. 

The values of poz- were deduced from measurements 
of the potential of an yttria-stabilized zirconia elec- 
trode. Standardization of this electrode was carried out 
by the oxoacidobasic HCl (g) /Hz0 (g) couple before 
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each titration experiment, and by the C032-/COz(g) 
couple or of an  excess of oxide ions at  the end of the 
experiment, as was described earlier (8). 

The variation of the potential of the iron electrode 
as a function of the number of coulombs of Fe(I1) ions 
introduced was measured by an Aries 20000 Tacussel 
millivoltmeter as a function of the logarithm of this 
concentration and is indeed linear (Fig. 1). Two ex- 
periments were carried out, and the observed experi- 
mental slope is close to the theoretical value of 0.074V. 
The standard potential of the Fe(s)/Fe(II) electro- 
chemical system (us. the standard chlorine electrode) 
is: Eoo(Fe(s)/Fe(II)) = -1.447 k 0.010V (1). This 
value is comparable to that obtained at  450°C by Laiti- 
nen et al. (12, 13) (-1.478V) and subsequently con- 
firmed by Saboungi et al. (2c). 
Cyclic voltammet7y.-The voltammetric scans were 
performed with a Tacussel "PRT 30" fast-rise potentio- 
stat coupled with a GSTP-3 function generator. The 
i-E curves were recorded on an XY Sefram TRP 10-100. 
The indicator electrode used was made from 3 mm 
diam glassy carbon rod (quality V.25) supplied by 
Carbone-Lorraine. 
X-ray diffraction analysis.-The precipitates formed in 
situ were kept in a desiccator under vacuum. At the 
time of their analysis, they were reduced to powder, 
then washed, and dried. The washing operation is in- 
dispensable in order to dissolve a large quantity of 
eutectic (lithium and potassium chlorides) whose pres- 
ence leads to very pronounced lines that can mask 
those of the compounds formed; it has the disadvan- 
tage, however, of also eliminating all the other soluble 
compounds. Nevertheless, the x-ray diffraction pat- 
terns permit qualitative identification of the products 
as well as an estimation of their proportions. 
Infrared spectr0photometry.-The procedure is that de- 
scribed by Brunet and Labbe (14): 1 mg of recovered 
product is mixed with 200 mg of cesium bromide, then 
made into a pellet by means of a hydraulic press under 
a pressure of 1500 bars. The infrared spectra of the 
products, determined by means of a Perkin-Elmer 457 
double-beam spectrophotometer, were compared with 
those of the reference compounds (FezOa, Fe304) and 
their mixtures in different proportions (in particular at  
the wave numbers 350, 400, 450, and 500 em-'). 
Products.-The oxides o-Fez03 (purity: 99.999%) and 
FeC13 (purity: 98%) were supplied by Alpha-Ventron; 
FesOd, Na2C%, LiC1, and KC1 were PROLABO (qual- 

ity: R.P.) products. The experimental details for the 
preparation and purification of the lithium chloride- 
potassium chloride eutectic have been described earlier 
(8). Potassium tetrachloroferrate was obtained by 
melting a mixture of KC1 and FeCls which was pre- 
pared previously in a glove dry box. Sodium carbonate 
was melted at  1000°C before use. All products were 
kept in a desiccator under vacuum. 

Experimental Results 
Behavior of hematite.-Delarue (3) has postulated 

that ferric oxide was not stable in this medium and 
that it led to the formation of magnetite, according to 
the decomposition reaction 

It was necessary as a preliminary to verify experi- 
mentally the stability of ferric oxide. Part of the oxide 
used gave x-ray diffraction patterns of pure a-FezOs. 
Another part (8g) was introduced into lOOg of eutectic 
at 470"C, which corresponded to a total Fe(II1) concen- 
tration of 1 mol . kg-1. After 3 hr of contact with the 
molten salt with vigorous stirring, the solid, which still 
showed a dark red coloration, was isolated and then 
analyzed with x-rays. The x-ray diffraction pattern 
obtained still corresponded to that of pure hematite 
and did not show the characteristic lines (2.967 and 
4.85) of magnetite. It can be concluded that hematite 
remains stable in the molten salt. Furthermore, this 
conclusion confirms that of Iwanec and Welch (4). 

Titrations of ferrous and ferric chloride solutions by 
sodium carbonate.-Adding potassium tetrachlorofer- 
rate into the eutectic, at total concentration Co, leads 
to the formation of chlorine and ferrous chloride, whose 
concentration (which is the initial concentration at the 
beginning of titrations), JFe2+ li, is related to that of 
the remaining ferric chloride, IFe3+ 11, by the relation 

Each experimental curve of the three titrations car- 
ried out (Fig. 2) shows two equivalence points, a1 and 
o ~ ,  corresponding to two successive chemical reactions; 
visual observation during these titrations, as well as 
the shape of the curves obtained, indicate the formation 
of precipitates. Table I gives the characteristic values 
of these titrations, i.e., the values of a (defined as: 
a = added carbonate/Ca) corresponding to the equiv- 
alence points and the values of poz- referring to the 
beginning of each of the precipitation reactions. Fi- 
nally, the results of x-ray diffraction and infrared 
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- 3 -2 -1 0 Fig. 2 Potentiometric titrations of iron (11) and (I l l)  solutions of 

~ ~ ~ { [ F e ~ 1 / ~ l . k ~ - l )  total concentrotion Co by sodium carbonate in LiCI-KC1 eutectic 
melt a t  470°C. Curve 1: Co = 7.60. 10-2 mol . kg-1 (.I; 

Fig. 1. Potentiometdc determination of the standard potential curve 2: C, = 0.63 mol . kg-1 (a); curve 3: C, = 1.0 mol . 
of the Fe(s)/Fe(ll) electrochemical system. kg-' (0). 
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Table I. Characteristics of the titration curves of ferrous and 
ferric chloride solutions by sodium carbonate in LiCI-KC1 eutecti:. 

Results of x-ray and infrared analysis of the products obtained. 
(a1 = equivalence point corresponding to the end of the first 

reaction; u~ = cumulative equivalence point.) 

m i n t  1 Experi- Experi. 
CO = m e n t  2 ment 3 

7.60 . 1 0 s  Co = 0.63 CO = 1.00 
Quantities m o l  . kg-I m o l  . kg-' m o l  . kg-1 

- 61.0 
%Fe& { - 60 & 5 

%FeaOl {g,":red - { a n d  } ,$ 5 
%FeO X-ray 45.5 - 

analysis of the products obtained, which permit identi- 
fication of their nature and estimation of their propor- 
tions, are also given in the table. Thus, one notes that 
only the experiment carried out with the highest iron 
concentration (Co = 1 rnol . kg-1) led to the formation 
of ferric oxide. 

Titrations of oxide ion by potassium tetrachlorofer- 
rate.-As a result of the strong oxidizing strength of 
iron (111) chloride and its instability (5b), it is not 
possible, as in the case of aluminum (8), to carry out 
titrations of ferric chloride alone by sodium carbonate. 
But since the formation of stable oxide decreases the 
oxidizing strength it was possible to carry out the in- 
verse titration (02- by the addition of Fe3+). 

When oxide ion is introduced by dissolution of 
sodium carbonate, under bubbling argon and then 
under vacuum, a solution of only Na+ and 0 2 -  ions 
is obtained. The curve corresponding to the titration of 
this solution (0.8 rnol . kg-1) by potassium tetrachlo- 
roferrate is shown in Fig. 3. We can see a weak increase 
of poz- for = 0.5 and a more pronounced increase for 
o l ~  = 0.66. 

X-ray diffraction analysis of the recovered pre- 
cipitate at  the end of the experiment indicates clearly 
the formation of hematite. The product formed at the 
beginning of the titration was recovered in a second 
experiment carried out under the same conditions as 
the first but stopped at the value u = 0.42; x-ray dif- 
fraction patterns indicate that it is the ferrate LiFeOz 
in the presence of a certain quantity of LiFe508. 

Electrochemical behavior of iron (11) and (111) at a 
glassy carbon electrode.-In a "neutral" medium.-In 
a "neutral" medium (without an oxoacidobasic sys- 

tem) the LiCl-KC1 eutectic is not buffered with regard 
to oxide ions. The poz- value, measured by the drconia 
electrode, before scanning of the voltammograms is 
only given as an indication; it indicates the presence of 
residual oxide ions and 0 2 -  donor impurities. 

The residual current at  a glassy carbon electrode 
with a geometric area 7.07 mm2 in LiCl-KC1 eutectic 
(initial poz-: 4.7) is shown as a function of the rate 
of variation of the potential, by curves 1, 2, and 3 in 
Fig. 4. A high cathodic intensity is observed toward 
-2.427V (peak b )  followed by a reoxidation peak c. 

In the presence of iron (11) (produced by coulomet- 
ric oxidation of iron), the voltammograms have the 
general shape represented by curves 4, 5, and 6 in Fig. 
4, obtained for an FeZ+ concentration of 4.88 X 
rnol . kg-1 [i.e., 8.0 x 10-6 rnol . cm-3, using the 
density, 1.637 g . cm-3 determined by Van Artsdalen 
and Yaffe (15)] and with the respective voltage sweep 
rates of 0.121, 0.143, and 0.199 V - sec-1. In addition to 
the preceding peaks (b and c) ,  a reduction peak a and 
two reoxidation peaks d and e are observed. The in- 
tensity of the reduction peak a varies as a function of 
the rate of variation of the potential as shown in 
Table 11. 

Figure 5 shows the voltammograms corresponding to 
the oxidation of an Fez+ solution of concentration 5.81 
x 10-3 rnol . kg-', where the rate of variation of the 
potential is between 0.131 and 0.031 V sec-1 and the 
poz- initially measured is 5.7. These curves are entirely 
analogous to those obtained by Uchida et al. (16) with 
a tin oxide electrode. The magnitude of the residual 
current on the glassy carbon electrode does not permit 
one to obtain well-defined oxidation peaks of iron (11). 
The oxidation potential of Fez+ into Fe3+ is very close 
to that of C1- into chlorine. 

In oxobasic medium.-After a coulometric addition 
of 4.88 . 10-3 rnol . kg-' of iron (111, the poz- of LiC1- 
KC1 eutectic was buffered at  a value of 0.1 (measured 
by the zirconia electrode) by adding sodium carbonate, 
whose decomposition was made complete by the crea- 
tion of a partial vacuum. The curves obtained (Fig. 6) 
have the same general shape as that corresponding to 

Fig. 3. Potentiometric titrotion of oxide ion (initial concentration 
0.80 mol . kg-') by potassium tetrachloroferrate (I l l) .  

Fig. 4. Cyclic voltammograms a t  a glassy carbon electrode ( A  = 
7.07 - 10-2 cm2) in LiCI-KC1 eutectic melt a t  470°C. Curves 1, 2, 
and 3, without Fez+; curves 4, 5, and 6, with Fe2+ 4.88 . 
mol . kg-'. Voltage sweep rates: curves 1 and 4, 0.121 V . sec-'; 
curves 2 and 5, 0.143 V . sec-1; curves 3 and 6, 0.199 V . sec-'. 
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Table II. Electrochemical behavior of iron, a t  a glassy carbon 
electrode (A = 7.07 mm2) in LiCI-KC1 eutectic melt a t  470°C 

(Co = concentration of Fez+ initially introduced) 

Medium V/V . sec-1 -113 IptA 

"Neutral," p& - 4.7 0.121 58 
C. = 8.0 . 104 m o l  . cm-a 0.143 68 

0.199 87 

Oxobasic, p& - 0.1 0.115 50 
Co = 8.0 . 10d m o l  . em- 0.230 73 

0.454 79-80 

the neutral medium. Again, a reduction peak (a') is 
observed, followed by a sharp increase of the cathodic 
current (b'), and reoxidation makes three peaks (c', 
d', and e') appear. I t  should be noted, first of all, that 
peak e' is correspondingly larger when the potential 
has previously attained more negative values (compare 
curve 1 to curves 2, 3, and 4), and secondly, that the 
difference in potential between the reoxidation peaks 
d' and e' is virtually equal to that observed for peaks 
d and e in neutral medium (Fig. 4).  The rates of 
variation of the potential and the corresponding in- 
tensities of the reduction peak a' are given in Table 11. 

Interpretation and Discussion 
Formation of Ferric, Magnetic, and Ferrous Oxides ond 

Determination of Their Solubility Products 
Principle of interpretation of the titration curves of 

ferrous and ferric chloride solutions.-The initial con- 
centrations of Fe3+ and Fez+ ions are expressed on the 
basis'of their sum (relation [21) and their ratio x 

IFe3+li = xCo(l + x)-l  [a] 
and 

IFeztll = c0 (1  + x)-' C4l 

where x = IFe3+ li/lFe2+ 11. In the formation of ferric, 
magnetic, and ferrous oxides, two cases were consid- 
ered: (i) the first oxide to precipitate is ferric oxide 
and (ii) the first oxide to precipitate is magnetite. In 
each case, the relations between the values of o! cor- 

Fig. 6. Cyclic voltommogroms a t  a glmsy carbon electrode (A = 
7.07 . 10-2 cm2) corresponding to the reduction of iron ( I l l )  pro- 
duced by the disproportionotion of Fe(l1) 4.88 . 10-3 mol . kg-'. 
LiCI-KC1 eutectic buffered a t  po2- = 0.1. Voltage sweep rotes: 
curves 1 and 4, 0.454 V sec-1; curve 2, 0.115 V . sec-1; curve 3, 
0.230 V . sec-1. 

responding to the titration equivalence points, the 
values of po2- of the precipitation of the oxides, and 
the proportions of oxides formed, on the one hand, and 
the values of x and Co, on the other hand, were estab- 
lished. 

Only the calculations corresponding to the first hy- 
pothesis are shown here, as an example; only the 
results are given for the second hypothesis. In addi- 
tion, the ferrous oxide formed is assumed to be stoi- 
chiometric as postulated by Delarue (31, Molina (71, 
and Legey (6). 
Establishment of the relation a = f(x).-The equiv- 
alence point corresponding to the end of the precipita- 
tion reaction 

is such that the concentration of carbonate added, 
IC032-/add., is expressed as a function of the initial 
iron (111) concentration by the relation 

Fig. 5. Cyclic voltammogroms a t  0 glassy carbon electrode (A = 
7.07 . 10-2 cm2) corresponding to the Fe(ll)/Fe(lll) system in 
LiCI-KC1 eutectic a t  470°C containing Fez+ 5.81 . 10-3 mol kg-'. 
Voltage sweep rotes: curve 1, 0.131 V . sec-l; curve 2, 0.123 
V . sec-1; curve 3, 0.076 V . sec-'; curve 4, 0.031 V . scc--'. 

The relationship a1 between the quantity of car- 
bonate added and the quantity of tetrachloroferrate 
introduced is therefore 

I C03'- 1 add. 
a1 = -- = 1 . 5 ~ ( 1  + X) - 1  

c o  

This first equivalence point thus depends on the 
value of x and is not necessarily equal to 1.5. As x + oo, 
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i.e., when there is no iron (II), a1 + 1.5 (formation 
exclusively of F-03). 

When the formation of ferric oxide is finished, the 
excess carbonate can react with the Fez+ ions to form 
ferrous oxide. But, thermodynamically, this oxide is 
likely to reduce ferric oxide to form magnetite. It will 
thus be postulated that the reaction is, in fact, the fol- 
lowing 

whose equilibrium constant is deduced from the con- 
stant K of the reaction 

and from the dissociation constant, KD, of the carbonate 
ions. 

Two cases can be distinguished: either limitation 
of reaction [6] by the quantity of Fez03 formed (if 
x < 21, or limitation by the concentration of iron (11) 
(if x >  2). 

The case of x > 2: formation of Fe304: The concen- 
tration of carbonate added during reaction [6] is thus 
expressed by 

and the second equivalence point pz by thc relation 

The same value of az would be obtained by postulat- 
ing the formation of FeO. The value of UT, correspond- 
ing to the total quantity of carbonate necessary for the 
formation of Fez03 and then FesO4, is thus 

Case of x < 2: formation of F-04 and then FeO: 
The quantity of ferric oxide produced during reaction 
[5] limits the quantity of F4O4 which is obtained. The 
second equivalence point (reaction 161) thus corre- 
sponds to the relations 

where CQ' = 0 . 5 ~  (1 + x)  -I. 
It is then possible to form ferrous oxide by means of 

an excess of sodium carbonate, according to 

In this case a third equivalence point appears, whose 
value depends on the quantity of Fez+ remaining, 
IFez+ 1 ,  at the end of the second precipitation (reac- 
tion [61) 

IFe2+ 1, = IF@+ l i  - 0.51Fea+It= Co(l + x)-l  
-0.5XCo(l + x)-' 

The equivalence point as' is thus given by 

and the total quantity of carbonate added is given by 

aT is thus independent of whether x is greater or less 
than 2. 
Relations between the proportiw of oxides formed and 
the value of the ratio 2.-Case of x > 2: formation of 
Fe203 and then Fe304: The number of mols [n(FezOs) I 
of Fez03 produced during reaction [51 is given by 

where n(Fe?+) represents the number of mols of 
FeS+ initially contained in an amount m of eutectic 
(where m is expressed in grams). Its value is 

n(FezO3) = 0.5xC0(1 + x)-1 . m 10-3 [7] 

The number of mols [n(Fe304) I of Fe301 formed dur- 
ing reaction [6] is equal to that which corresponds to 
iron (11) 

n(F-04) = Co(l + x)  -1 m . 10-3 [a1 

The number of mols of Fez03 remaining a t  the end of 
the experiment is thus 

From relations [8] and 191 it is possible to deduce the 
proportions of oxides formed during the experiment; 
they are equal to (x  - 2)x-1 for ferric oxide and to 
21-I for magnetite. 

Case of x < 2: formation of F-03 and then Fez04 
and FeO: The number of mols of Fez03 produced dur- 
ing reaction [5] is given by Eq. [71. However, reaction 
[6] leads to the total transformation of ferric oxide 
into magnetite. The quantity of Fe304 formed is there- 
fore given by the same relation [7] 

n(FesO4) = 0.5xC0(1 + x )  -1 m . 10-8 
and 

n (Fez03) = 0 
The quantity of ferrous oxide subsequently obtained 

depends on the number of mols of Fez+ remaining 

n(Fe0)  = 4s' Co . m -10-3 
and thus 

The proportions of oxides are therefore the follow- 
ing: 0 . 5 ~  for magnetite and 1 - 0 . 5 ~  for ferrous oxide. 
poz- at the beginning of precipitation as a function of 
x, Co, and the solubility products of the oxides.-Case of 
x > 2: Ferric oxide precipitates from the value of 
poz- given by 

where pFel3+ is obtained from Eq. 131. 
The beginning of the precipitation of FqO4 takes 

place at  a value of poz- equal to 

where the value of pFeP+ is deduced from relation 
[4]. (The constant K corresponds to reaction [GI, where 
the partial pressure of carbon dioxide is very low.) 

Case of x < 2: As in the preceding case, ferric oxide, 
Fez03 precipitates first at a value of p02- given by Eq. 
[lo], then magnetic oxide at  a value of p02- given by 
expression [ I l l ,  and finally ferrous oxide when the 
value of poz- attained is given by 

posz-, = pK, (FeO) -pFez+ 
where 

pFe2+ = - log IF@+ 1, = 
- log [ ( I  - 0.52) Co( l+  +)-'I 

Diagnostic criteria.-The same calculations carried out, 
taking as a hypothesis that FeaO4 precipitates first, give 
different results, which are presented in Table 111, 
along with those just established above. These results 
depend on the hypothesis used to obtain them. They 
can thus be used, by comparison with experimental 
values, to "choose" the most realistic hypothesis con- 
cerning the reactions that really take place. These 
quantities (Table 111) thus serve as "diagnostic criteria" 
and are used in the following way. 

Criterion (n) shows that the quantity mc depends 
only on the value of x; its expression is independent 
of the hypothesis which is postulated, and it remains 
valid whether the value of x is greater than, less than, 
or equal to 2. It thus, permits unambiguous determina- 
tion of the value of x corresponding to a given titra- 
tion; this value permits determination of the equiva- 
lence points corresponding to the different hypotheses 
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Table Ill. Interpretation of the titration curves of iron (11) and (Ill) solutions. Criteria corresponding to hypothesis I and I I .  
- 

Hypothesis I Hypothesis U 

A-x > 2 

1. Precipitation of FeBs(s )  1. Precipitation of FesOd(s) 
(a)  a1 = 1.5s (1  + x)-1 (1) a1 = 4 (1  + x)-1 

1 1 
(b) PolL = - IPK. (Fe.0~) + 2 log {XCO ( 1  + x)-')I (j) pola = - IpKs (FeaOa) + 2 log { z C o  (1  + s)-1) 

3 4 

2. Precipitation of Fe%O&(s) 

(C) aa = (1 + Z)-' 
(4) peas = pK + Log (CO (1  t .%)-I) 

and IpK = pK. (FeaO.1 - PK. (FeQa)l 

+ log {CO (1  + s)-=)l 

2. Precipitation of FeBa(s) 

(k) a0 = 1.5 ( s  - 2) ( 1  + XI-' 
1 

(1) p o ~  = - CpK. (FeQa) + 2 log {CO (x,-  2) (1  + s)")l 
3 

B-2 C 2 

1. Precipitation of FeBa(s)  1. Precipitation of FeaOd(s) 

(a)  ax = 1.5s ( 1  + r)-1 (m) ax' = 2s  ( 1  + x)-I 
1 1 

(b) p%L = - IpK. (FaOa) + 2 log {rCo ( 1  + r)-')I (j)  pols  = - IpK. (Fee.04) + 2 log (rCo (1  + x)-%} 
3 4 

2. Precipitation of FeaO.(s) 

(e)  ad  = 0.5s (1  + 2)-1 
( f )  was' = pK + log {CO (1  + s ) ' )  

2. Precipitation of FeO(s) 

(g )  ma' = (1-0.52) (1 + 33-1 

( h )  PO?-' = pK. (FeO) + log {CO (1-0.5s) (1  + x-') 

3. ~ rec ip i t i t ion  of FeO(s) 

(g)  m' = (1-0.5s) (1  + x)-1 
(h )  poaa' = pK. (FeO) + log ((14.5s) CO ( 1  + o ) d )  

(n )  V hypothesis and V s , a ~  = (1.5s + 1 ) ( 1  + s)-I 

D-Percentages of oxides precipitated 

V Hypothesis, they depend only on x 

x > 2 x < 2 

and, consequently, comparison of them with experi- 
mental values. The order of the precipitation of oxides 
is thus determined and their solubility products are 
calculated from the values of poz- at  the beginning of 
precipitation. 

Results: The different characteristics of the curves 
shown in Fig. 2 were interpreted according to the 
previously defined criteria.-Farst experiment.-The 
equivalence point corresponds to aT = 1.20 (Table I) ,  
that gives, for the ratio x of the concentrations of iron 
(111) and iron (II), the value 0.67 (Table IV). The 
order of precipitation of the oxides is known from 
comparison of the two criteria (a) and (m) .  The value 
0.80 of ul' obtained by means of criterion (m) (Table 
IV) corresponds to the experimental value 0.76 (Table 

Table IV. Interoretotion of the titrotion curves of iron (11) and (Ill) 

I). I t  is thus established that magnetic oxide, Fes04, 
precipitates first. Its solubility product (38.0) is ob- 
tained by applying criterion j. The solubility product 
of ferrous oxide, which is then formed, is estimated 
by means of criterion h: its value is equal to 5.6. Finally 
criteria q and r give the following proportions of these 
two oxides: 33.5% for Fe301 and 66.5% for FeO. 

Second experiment.-The value aT = 1.25 corresponds 
to x = 1.0. Determination of the first equivalence point 
by criteria a and m indicates, in this case as well, that 
magnetic oxide precipitates first (al' = 1.0 and aexp = 
0.92). 

Thus, as previously, the solubility products of the 
two oxides are obtained: 38.3 for FesO4 and 4.8 for FeO. 

By employing the same criteria as were used for the 
first experiment, it is shown that equivalent quantities 
of oxides were formed. 

solutions (obtained by adding KFeC14 a t  the concentration Co Third titration, carried out with the 
(mol . kg-') into LiCI-KC1 eutectic a t  470°C). = 1,lFe2+ 1; the text for the definition of highest concentration of tetrachloroferrate, corresponds 

to the value WT = 1.42 or x = 5.25 (criterion n). 
Application of criteria a and i indicates that ferric 

Experi- 
ment 1 Experi- Experi. oxide precipitates first (WI calculated: 1.26; ul mea- 

Cri- cu = ment 2 ment 3 sured: 1.25). The solubility product of this oxide is 
Quantities teria 7.6 . lo-* C. = 0.63 C, = 1.00 given by criterion b: 26.6. The latter value is used to 

determine the solubility product of magnetic oxide by 
z n 0.67 1.00 
m a 0.60 0.75 :;;: applying criterion d: 32.8. The percentages of these 

i 0.64 two oxides (criteria o and p) are: 61.9 for Fez% and 
m' m 0.80 1.00 
PK. (FesOa) b 

26,6 38.1 for FeaO4. 
PK d 6.2 
pK. (FeaOt) d 32.8 Conclusion.-X-ray diffraction analysis of the prod- 
pK. (FesO.) j 38.0 38.3 
pK. (FeO) h 5.6 4.8 

ucts formed during titration corroborates the preced- 
%Fez08 o 61.9 ing treatment of the titration curves with regard to the 
%FerOb P 38.1 

9 33.5 50.0 
identification of the oxides formed and their respective 

%Fez04 
%FeO r 66.5 50.0 proportions. 
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The percentages of ferric oxide and magnetite ob- 
tained during the third titration were, in fact, identical 
aocording to the different means of determining them 
(see Tables I and IV). In the case of the first titration, 
the proportion of magnetic oxide determined with 
x-ray diffraction is higher than that obtained from the 
titration curve. This seems to be due to partial oxida- 
tion of ferrous oxide to magnetic oxide by the carbon 
dioxide used at  the end of the experiment (under a 
pressure of 1 atm) to realize a supplementary standard- 
ization of the zirconia electrode. 

The variation of poz- obtained a t  the beginning of 
the second titration might suggest the transitory for- 
mation of oxychloride, but this seems improbable. Such 
a variation was not, in fact, observed during the first 
experiment, nor does the titration curve 02- by tetra- 
chloroferrate (Fig. 3) suggest this formation. It there- 
fore seems more probable that this variation is due 
either to the slowness of the precipitation reaction or to 
the reaction of dissolved chlorine (produced by oxida- 
tion of C1- by potassium tetrachloroferrate introduced) 
with CO$- ions 

Solubility Product of Ferric Oxide ond Formation of Ferrote (111) 
Solubility product of Fez03.-X-ray diffraction anal- 

ysis showed that hematite precipitates during titration 
of oxide ion by potassium tetrachloroferrate (Fig. 3). 
After the equivalence point corresponding to the for- 
mation of this oxide (a = 0.66), redissolution equilib- 
rium can be envisaged by the formation of oxychloride 

However, it should be noted that no equivalence 
point is observed for the value a = 1 (which corre- 
sponds to the formation of 0.8 mol . kg-' of oxychlo- 
ride). Furthermore, the values given in Table V show 
that the equation 

corresponding to the sole dissociation equilibrium of 
F4O3 into Fe3+ and 0 2 -  is confirmed. This permits a 
precise determination of the solubility product of fer- 
ric oxide 

pKs(Fez03) = 29.6 (with the standard deviation of 0.2) 

Contrary to the case of alumina (8), it is the most 
stable form of ferric oxide, according to x-ray diffrac- 
tion analysis, that precipitates and the solubility prod- 
uct obtained is, thus, that of hematite, a-FezOa. 

Formation of ferrate (Ill).-In Fig. 3, the equivalence 
points corresponding to the possible formation of 
LiFeOz and LiFesOs and then to the formation of FeeO3, 
according to the reactions 

have been indicated by letters a, b, and c. 

Table V. Determination of the solubility product of Fe2O3 by 
analysis of the end of the titrotion curve of the oxide ion 

(concentrotion C,) by iron ( I l l )  introduced in the form of KFeCI,. 
The concentrotion of Fe3+ is given by IFe3+I = (a - 0.66)C,. 

pFeS+ Pos pXs = 2pFeJ+ 
a calculated measured + 3p02- 

X-ray diffraction analysis of the product obtained for 
or = 0.42 showed the presence of LiFeOz and LiFesOs, 
which suggests that the three reactions given above 
take place during titration. Nevertheless, LiFesOs can 
also be produced, during partial washing of the recov- 
ered precipitate, by hydrolysis of LiFeOz according to 

In this case, the reactions corresponding to the begin- 
ning of titration are reaction 1131 and the reaction 

which seems more probable because of the value of a 
corresponding to the second equivalence point (0.66). 
Thus, for a = 0.50, the equilibrium to be considered is 

for which the corresponding constant is 

Since the concentration of ferrate(II1) ion is virtually 
equal to half the concentration of oxide ions initially 
added and the measured poz- is 2.7, it is possible to 
calculate this constant 

log K (FeOz-) = 1.9 

which is comparable to the value previously estimated 
(1.7) for the formation of aluminate (8) .  

Solubility Product of Ferrous Oxide 
Evaluation of the solubility product by ferrous oxide, 

assumed stoichiometric, and determination of the stan- 
dard potentials E"1 and E"s of the electrochemical sys- 
tems Fe/FeO and FeO/FesOa.-The equilibrium con- 
stants of the oxide ion exchange reactions permit deter- 
mination of the so~ubility products of metallic oxides 
by taking, as a reference, an oxoacidobasic couple of 
known constant such as HCl/HzO (17, 18). 

The solubility product of ferrous oxide, for example, 
can be obtained from the constant of the exchange re- 
action 

FeO (s) + 2HCl(g) % FeC12(dissolved1) + Hz0 (g) 

C171 

-- P(H20) . [FeClz (dissolved) 1 

This constant K can be determined from the variation 
of standard free enthalpy AC* of reaction 1171, but em- 
ploying pure FeClz (s) instc ad of FeClz (dissolved) and 
of the activity coefficient of ferrous chloride, which is 
related to the variation of standard free enthalpy, AGSO'V 
of the dissolution reaction 

FeClz (s) + FeClz (dissolved) 

by the equation 

~Gsolv = 2.3RT log f (FeC12) 
which gives 

AG* 
pKs(FeO) = pK(HzO/HCl) + - 

2.3RT 
+ log f (FeClz) 

The activity coefficient of ferrous chloride is calcu- 
lated from the electromotive force AE" of the cell 
Fe (s)/FeClz(dissolved) /Clz (g) and the variation of 
standard free enthalpy A G ~ *  of the formation of solid 
ferrous chloride, by means of the equation 

log f (FeClz) = ( -2FAE0 - AGr* ) /2.3RT 

where AE" = E" (Cl-/Clz) - E0,(Fe/Fe2+ ) = 1.447V, 
and AG*f = -249.2 kJ (19). 

1 Which is generally noted as F*. 
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The experimental value of pK of the H20/HC1 couple 
(8), the logarithm of the activity coefficient of ferrous 
chloride thus determined ( -2.1), and AG * obtained 
from the data in the literature (35.0 kJ)  lead to the 
value pKs(FeO) = 5.4, which is close to the experi- 
mental sum poz- + pFez+ = 5.3, which is observed 
during titration d ferrous ions by oxide ions (20). 
Furthermore, this value is in good agreement with the 
value experimentally determined by Molina (7), viz., 
5.0 at 480°C. 

The variation of the standard free enthalpy, AG, of 
the reaction 

Fe (s) + Fe304 (s) -, 4FeO(s) 

in related to the difference of standard potentials E"1 
and EOs (Table VI) of the electrpchemical systems 

Fe(s) + 0 2 -  + FeO(s) + 2e- El81 
and 

3FeO(s) + 02- + FgOa(s) + 2e- 

The standard potential E". of the Fe(s)/Fez+ elec- 
trochernical system, -1.447V, and the solubility prod- 
uct of FeO(s), 5.3, give the standard potential, E"1 = 
-1.839V, from which i t  is possible to obtain E 0 s  (Table 
VI), knowing AG = -22.8 kJ)  

The precision of this value depends largely on the 
value of the chemical potential of FeO, which is known 
with a lower precision since the variation of standard 
free enthalpy of formation of FeO from iron and mag- 
netite is small. 

The different standard potentials of the electrochem- 
ical systems using Fez+ and FeOz- ions and the solids 
Fe, FeO, and Fez04 are collected in Table VI that also 
gives the variation of equilibrium potential correspond- 
ing to these various systems as a function of poz- and 
the different ionic concentrations in solution. 

On the basis of these values, one can establish the po- 
tential-poz- equilibrium diagram represented in Fig. 7 
that shows in a very oxobasic medium (high 02- ion 
activity) that magnetite and ferrous oxide necessarily 
disproportionate according to 

Fe304(s) + 0 2 -  -+ 2FeOz- + FeO(s) 
and 

3FeO (s) + @- + 2FeOz- + Fe (s) [201 

For sufficiently low values of poz-, Fe3Q is dispropor- 
tionated, yielding metallic iron directly, through the 
formation of ferrate FeOz- 

The diagram in Fig. 7 is a simplified representation 
of the phenomena that presuppose a full range of ex- 
istence of ferrous oxide. Not only is this oxide well 

Fig. 7. Potential-poz- equilibrium diagram of iron in LiCI-KC1 
eutectic at 470°C: range of the most negative potentials. (The 
lines shown in this diagram correspond to the following concen- 
trations: -, ---: 1 mol . kg-'; - . -: 4.88 . 10-3 
mol . kg-1. 

known to be unstable at temperatures below 580°C, but 
the temperature at  which our experiments were car- 
ried out is in the neighborhood of that (480°C) which 
corresponds to the maximum rate of disproportionation 
of pure ferrous oxide into magnetic oxide and metallic 
iron (21). It can thus be deduced that the presence of 
LiC1-KC1 eutectic has a stabilizing effect on ferrous ox- 
ide. It has, indeed, been shown that it is possible to re- 
place, in the ferrous oxide structure, two Fez+ ions by 
an Fe3+ ion and a lithium ion (22), thus leading to 
solid solutions Fel -2,2+Feu3 + Li,+ 02- whose composi- 
tion [ ( I  - 2y)FeO + yLiFeOzl can vary continuously 
from the oxide FeO (y = 0 )  to lithium ferrate (111) 
LiFeOz (y = 0.5). 

~aking- these  considerations into account, it is thus 
likely that what is precipitated is not pure ferrous ox- 
ide, but a stable solid solution according to the reac- 
tion (20) 

Interpretation of Results Obtained by Cyclic Voltammetry 
"Neutral" medium.-Part b of curves 1, 2, and 3 in 

Fig. 4 corresponds to the formation of intercalation 
compounds of lithium inside the carbon of the electrode. 

Table VI. Expressions of the equilibrium potentiols of the electrochemical systems of iron in LiCI-KC1 eutectic melt at 470°C 
(2.3RT/2F = 0.074V; concentrations are expressed in the molality scale). 

Electrochemical systems Equilibrium potentials Standard potentials/V (vs. CI-/Cle (1 atm) ) 

Fe(s) - 2e- = F@+ E = Eo' + 0.074 log IF@+[ Eo' = -1.447 
Fe(s) - 2e- + 0% = FeO(s) E = Ez' + 0.074p@- El' = Eo" - 0.074pK. (FeO) = -1.839 
FeU - e- = F@+ E = Ea' + 0.148 log (IFe3+l/lF#+l) Ea' = -0.212 
2F@+ - 2e- + 3 0% = FeaOa(s) E = EJ' t 0.222~0" - 0.148 log IFe2+l Es' = Ez' - 0.074pKs (FelOa) = -2.402 
3FeU - 2e- + 4 0%- = FesO&(s) E = Ed" + 0.296pff- - 0.222 log IF&! El' = EI" - 0.074pK. (FesOd = -2.898 

3FeO(s) - 2e- t 0" = FesO<(s) E = Es' + 0.074~0" Es' = Es" + 0.074 [3pKs (FeO) - pKa (FeOa) I 
= -1.721 

FesOi(s) + 2 0% = 3FeOa- + e- E = Er' + 0.296po?- + 0.444 log IFeOa-l Eva = Ee" t 0.222pK (FeOr) = -1.837 

FeO(s) t 02- = FeOr + e- E = Es' + 0.148p02- + 0.148 log IFeOa-l Es" =En' + 0.074 [pK (FeOr) - PK. (FepOs) + 
2pKs (Fe0) l  = -1.759 

Fe(s) t 2 Ox- = FeOh t 3e- E = Ev" + 0.990~0'- + 0.049 log IFeOrl Eo" = (2E1' + Eae)/3 = -1.812 
Fez+ t 2 0% = FeOa- + e- E = Elo' + 0.296~~;- + 0.148 log (IFeOrl/ Em' = EI" + 0.074 [PK (FeOa-) - PK. (Fea0n)l 

IFe-I) = -2.543 
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These compounds have been studied by Fondanaiche 
(23), James (24), and Selman (25). Their formation 
can be written schematically 

They are reoxidized to give the oxidation peak c. 
In the presence of Fe2+ ions (curves 4, 5, and 6) the 

cathodic peak is due to the reduction of these ions into 
metallic iron. The observed potential of reduction is in 
good agreement with that given by the previously de- 
termined Eq. [I]. The peak potential (-1.671V) is in- 
dependent of the rate of variation of the potential; the 
difference between the peak potentials and the half- 
peak potentials (0.032V) is close to the theoretical value 
0.773 RT/nF = 0.025V at 743 K (26-28). Consequently, 
given the accuracy of reading the voltammograms, the 
Fe/FeZ+ electrochemical system can be considered 
reversible on the glassy carbon electrode. The intensi- 
ties corresponding to the peaks on the voltammograms 
in Fig. 4 are thus expressed theoretically by (26, 27). 

where the number of electrons exchanged n = 2, the 
concentration C = 8.0 . 10-6 mol . ~ m - ~ ,  and the area 
of the electrode A = 7.07 . 10-2 cm2. From this rela- 
tion, the following equation can be deduced 

The values of the product AD112 thus obtained are 
3.17 3.42 . and 3.71 . 10-4 cm3 . sec-I/z for 
the rates of the variation of the potentials, 0.121, 0.143, 
and 0.199 V sec-1, respectively. These values exhibit a 
significant shift between the value corresponding to the 
first curve scanned and the third. This difference is ex- 
plained by the increase of the area of the glassy carbon 
electrode during successive cycles as a consequence of 
the formation of intercalation compounds C,Li [this 
phenomenon has been used to obtain large-area elec- 
trodes (29) 1. 

Using the value corresponding to the first voltammo- 
gram and supposing that the real area of the electrode 
was then close to the geometric area, it is possible to 
determine the diffusion coefficient of the Fez+ ions. Its 
value of 2.0 . cmz . sec-I, is in good agreement 
with the value obtained at  500°C by Inman et at. (5b) 
by chronopotentiometry with a tungsten electrode 
(average value 2.2 . 10W5 cmz . sec-1) ; this is never- 
theless slightly higher than the value at 470°C deduced 
from the results of Poignet and Barbier (30) obtained 
as a function of the temperature, by chronopotentiom- 
etry with an iron electrode (1.2 - 10-5 cm2 . sec-I). 

After reduction of the Fez+ ions, part b of the vol- 
tammetric curve (Fig. 4) cannot be due to the forma- 
tion of lithium-iron alloys. James (24) has shown that 
lithium deposits on the iron electrode and that the po- 
tential then takes the value corresponding to the elec- 
trochemical system Li/Li+. Since this phenomenon was 
not observed here, it is probable that the iron deposit is 
not uniform (powdery or dendritic); i t  permits the 
lithium to attain the glassy carbon and form the com- 
pounds of intercalation previously mentioned. This for- 
mation is independent of the activity of oxide ions, as 
is shown by comparison of Fig. 4 and 6. Peak c thus cor- 
responds to the reoxidation of C,Li compounds, as in 
the absence of iron (11) ions, but nevertheless with 
lower intensity, which may be due to more difficult dif- 
fusion of Li+ ions toward the carbon electrode to form 
C&i compounds. Peak d corresponds to the reoxida- 
tion of deposited metallic iron. The small peak (e') is 
not observed in the absence of previous reduction of 
Fez+ ions and does not depend on poz-; it is probably 
due to reoxidation of metallic iron which has diffused 
into the glassy carbon. 

Oxobasic medium.-During the experiment corre- 
sponding to Fig. 6, iron (II), which has been intro- 

duced, was disproportionated upon addition of car- 
bonate ions, according to the overall reaction 

Thus a solution is formed of FeOz-, whose concen- 
tration equals 2/3 of the concentration of F@+ ions ini- 
tially introduced, viz., 5.34 . 10-6 mol . cm-3. 

With cathodic sweep, ferrate (111) is directly re- 
duced to metallic iron, as is indicated by the potential- 
poz- diagram in Fig. 7, according to the electrochemical 
reaction 

F a -  + 3e- + Fe(s) + 2 0 2 -  

The corresponding peak shows a difference between 
potential ED and the half-peak potential which is 
clearly greater than the theoretical value for a reversi- 
ble system with three electrons, i.e., 0.017V. Effectively, 
the experimental values obtained are, for curves 2, 3, 
and 4 in Fig. 6, -0.070, -0.083, and -0.090V, respec- 
tively. Since the Fe/FeOz- electrochemical system is 
thus not reversible on the glassy carbon electrode, it 
was not possible to calculate the diffusion coefficient 
of ferrate (111) ions from the current of the peak. On 
the other hand, the limiting value ml of the semi-inte- 
gral of the current, which is independent of whether 
or not the electrochemical system is reversible (31, 32), 
permits an estimation of the diffusion coefficient offer- 
rate (111) ion by means of the equation 

In the case of curve 3 (Fig. 6) the value of ml was 
determined. The residual current was assumed to be 
identical to that obtained by linear extrapolation of the 
existing current before reduction of ferrate (111) ion. 
Since ml is 4.7 . 10-4 As1/2, we deduce an approximate 
value of the diffusion coefficient of FeOz- (1.8 - 
cm2 . sec-I), which is slightly weaker than the diffusion 
coefficient of Fez+ [or, in reality, FeClL- (33) 1. 

The standard potential of the Fe (s) /FeOz- electro- 
chemical system can be calculated from the constant 
of formation of ferrate ion and from the solubility 
products of ferric and ferrous oxides (Table VI). The 
equation for the equilibrium potential is thus obtained 

E/V = -1.812 + 0.099 poz- + 0.049 log IFeOz-1 [241 

The values poz- = 0.1 and IFeOz- / = 3.25 . 10-3 mol . 
kg-1 permit calculation of the value -1.924V, which is 
slightly lower than that determined from the voltam- 
mograms, in Fig. 6, but close to the peak potentials 
(-1.887, -1.895, and -1.947V). This shift and the fact 
that the electrochemical system is not reversible may 
be explained by the influence of the reduction of fer- 
rous oxide (in solid solution), which is formed trans- 
iently and which might be not fully disproportionated. 
Therefore, only the value determined by relation [241 
was taken into consideration. 

Determination of the Solubility Product of FesOc and the 
Standard Potential of FeZ+/Fe?+ Electrochernicol System 

It is possible, as in the case of ferrous oxide, to esti- 
mate the solubility product of magnetic oxide by con- 
sidering the exchange reaction of 02- 

However, the activity coefficient of ferric chloride 
is not known and would have to be evaluated. Thus, it 
is preferable to determine both the solubility product 
pKs(Fe3O4) and the standard potential E"z of the Fez+/ 
Fe3+ electrochemical couple, as follows. 

Table VI provides the expressions of the equilibrium 
potentials of the iron electrochemical systems that can 
be considered on the basis of the existence of different 
iron oxides and of ferrate (111). One notes that the 
standard potential E05 of the FeO (s) /Fe304 (s) elec- 
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trochemical system depends on the standard potential 
E0z and the solubility products of ferrous oxide and 
magnetic oxide. In addition, the standard potential E06 
of the Fe304 (s) /Fez03 (s)  electrochemical system de- 
pends on the standard potential E0z and the solubility 
products of magnetic and ferrous oxides. 

The standard potentials E's and E"6 were obtained 
from the standard potential E"1 of the Fe(s)/FeO(s) 
electrochemical couple [which is deduced from the 
solubility product pK,(FeO) and the potential Eoe of 
the Fe (s) /FezL couple] and from the values of the va- 
riations of standard free enthalpy of the reactions 

FesOa(s) + Fe(s) -r 4FeO(s) 1251 
and 

3FezOs(s) + Fe (s) + 2Fes04 (s) + FeO(s) 1261 

which permits calculation of the differences of standard 
potentials E05 - E'I and E"6 - E"1. 

The solubility product of magnetic oxide and the 
standard potential E"z are then obtained by means of 
the following two equations 

E05 - 0.222pKS(Fe0) = E02 - 0.O74pKs(F@4) 
and 

Eoe + 0.222pKS(Fe2%) = E0z + 0.148pKs(F%04) 

The experimental values E", = -1.447V, pK,(FeO) 
= 5.3, and pK,(FezOs) = 29.6, as well as the variations 
of standard free enthalpies of reaction [25] (-22.79 
kJ) and [26] (-81.83 kJ) ,  give 

The solubility product of magnetic oxide is close to 
the estimation based on titration curves of iron (11) and 
(111) solutions. Furthermore, the position of the Fe304/ 
F e a 3  electrochemical system in relation to that of 
oxygen (20), in the potential-poz- diagram (Fig. 8),  
clearly shows that there is no decomposition of ferric 
oxide into magnetic oxide and oxygen in this molten 
salt (stability of hematite). 

Fig. 8. Potential-poz- equilibrium diagram of iron in LiCI-KC1 
eutectic a t  470°C: range of the most positive potentials (the lines 
shown in this diagram correspond to the following concentrations: 
-: 1 mol . kg-'; -. -: 4.88 . 10-3 mol . kg-l. 

The standard potential of the Fez+/Fer+ electro- 
chemical system is in good agreement with that found 
in the literature ( I ) ,  which is -0.236V, with regard to 
the chlorine electrochemical system at 450°C, while 
ours was determined at  the slightly higher temperature 
of 470°C. The latter value corresponds to that which 
can be obtained from voltammetric curves scanned with 
glassy carbon electrodes (Fig. 5) and explains the 
strong oxidizing strength of ferric chloride which is 
expressed by oxidation of LiC1-KC1 eutectic according 

to (5b) 2F$+ + 2CI- C12(g) + 2FZ+ [271 

The kinetics of this reaction has been studied by 
Slhma and MBla (34) between 400" and 500°C. The con- 
stant K of equilibrium [271, K = P(C1z) . IFe2+I2 - 
IFe3f 1-2, can be calculated from standard potentials of 
the two electrochemical systems involved 

The relation which gives the partial pressure of 
chlorine as a function of the ratio of the concentrations 
of iron (11) and iron (111) is thus 

logP(C12) = - pK + 2 log {IFe3+ //IF@+(] 

If one postulates a residual pressure of loMS atm of 
chlorine in LiC1-KC1 eutectic, the addition of iron (111) 
leads to the formation of iron (II), until one obtains a 
ratio IFe3+ I/IFez+/ = 0.85, which corresponds, at  equi- 
librium to reduction of 54% of the iron (111) added. 

Conclusion 
The existence of oxidation states (11) and (111) of 

iron in LiC1-KC1 eutectic at 470°C complicates the 
chemical and electrochemical behavior of this element 
in this molten salt. The potential-poz- equilibrium 
diagram of iron which has been established permits 
summing up, in an  easily comprehensible form, the 
properties founded. 

Without oxide ion, iron (111) is highly oxidizing and 
can oxidize the LiC1-KC1 eutectic into chlorine, with 
the simultaneous formation of ferrous chloride. This 
reaction is very favorable for the formation of chlorine 
since more than 50% of the ferric chloride that is in- 
troduced into the eutectic is reduced. Thus the FeS+ ion 
is stable only at  high values of poz- and in the presence 
of a large quantity of ferrous ions that are necessary 
in order to lower the potential of the FeZ+/Fe3+ elec- 
trochemical system. 

It has also been shown that the presence of lithium 
oxide, even in small quantities, leads to the precipita- 
tion of ferric oxide, FezO3. This oxide is stable and does 
not decompose into oxygen and magnetic oxide in the 
fused bath. In addition, the oxide formed in-situ is 
hematite, i.e., the most stable oxide of iron (111). One 
thus notes the different behavior of iron (111) and alu- 
minum (111) in this eutectic; in the second case, it 
had been shown that it was possible to obtain a more 
reactive oxide than the a-alumina (8). 

In a sufficiently basic medium (low value of poz-) 
the oxide Fez03 redissolves, forming ferrate (111) ions, 
FeOz-. The existence of this ion plays a very large role 
in the chemical and electrochemical properties of iron 
in the eutectic. 

I t  has been shown that in basic medium, iron (11) 
leads to the formation of ferrous oxide which is prob- 
ably stabilized by the presence of the lithium of the 
eutectic. The ferrous oxide becomes unstable in highly 
basic media in which it disproportionates to give me- 
tallic iron and ferrate (111) ion in solution. Thus, in 
these media, metallic iron oxidizes directly to the oxi- 
dation state (111) (FeOz-). 

In addition, it has been shown that the simultaneous 
presence of iron (11) and iron (111) can lead to the for- 
mation of magnetic oxide, Fe304. This oxide, which is 
stable when the activity of oxide ions is weak, dispro- 
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portionates into FeO and FeOz- in basic media, and 
even into metallic iron and FeOy  when the basicity 
is high enough to provoke also the disproportionation 
of the ferrous oxide. 

Finaliy, it should be noted that a ferrate (11) of the 
type LizFeOz, corresponding to the LizFeSz phase which 
has been shown in particular by Saboungi et al. (2c) in 
the case of sulfides, cannot be considered here accord- 
ing to our experimental results. Furthermore, while it 
was possible to determine unambiguously the solubility 
products of iron oxides, nevertheless, there exists an 
uncertainty concerning the value of the constant of 
formation of ferrate (111) ion. 
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ABSTRACT 

Synthetic, single crystal, n-type semiconducting WS, (bandgap = 1.3 eV) has been characterized as a photoanode 
in aqueous and nonaqueous electrolyte media. The WS, was synthesized from the elements by bromine and chlorine 
transport to yield plates up to 3 x 3 mm in dimension. Interface characterization includes (i) cyclic voltammetry in 
the presence of a large number of fast, one-electron redox couples in CH,CN/O.lM [n-Bu,N]C1O4 solutions; (ii) steady- 
state photocurrent-voltage properties in aqueous and nonaqueous solutions of X- (X- = C1-, Br-, I-); (iii) tests of 
durability; (iv) wavelength dependence of photocurrent and photovoltage; and (v) high resolution (-5 pm) laser map- 
ping of the surface to reveal surface inhomogeneity with respect to output photovoltage. Highlights of the results are: 
(i) n-type WS, is durable in aqueous electrolytes containing high concentrations of X- to yield efficient visible light- 
assisted oxidation of X-; e.g., C1- + 112 ClZ has up to 6.9% and Br- + 112 Br, up to 12% efficiency at a 632.8 nm input 
power of 16 mWlcmz; (ii) in aqueous, but not nonaqueous, solutions I- adsorbs such that the onset of photocurrent is 
shifted several hundred millivolts as for other metal dichalcogenide photoanodes; the shift is sufficient that visible 
light can be used to sustain the conversion of 2HI to H, and I, with no other energy input; (iii) cyclic voltammetry in 
CH.,CNIO.lM [n-Bu,NlC10, for a number of redox couples shows that a photovoltage of up to -0.7V is possible; 
photovoltage varies from 0.0 to -0.7V for redox couples having E,,, from -0.OVvs. SCE to -+0.8V while the photovol- 
tage is fixed at -0.7V for E,,,'s more positive than - +0.8V us. SCE; (iv) efficiency for halogen generation in aqueous 
solutions generally exceeds efficiency in CH,CN solutions; and (v) the diffusion length of holes parallel to the surface 
is -200 pm which explains the dramatic influence of the steps on the recombination of carriers on layered compounds. 

Metal dichalcogenides have been shown to be rela- apparently capable of sustaining the photoelectrolysis 
tively durable and efficient photoanode materials for of HI represented by Eq. 111 with no energy input 
use in photoelectrochemical cells for conversion of 
visible light to electricity or  to chemical energy in the 2hv 
form of oxidation and reduction aroducts (1-7). The 2HI ---+ Hz + 12  [I] 

~ - .~ - - ~ - ~ -  . - . , . -. . - 

MoS2, WSe2, and MoSez have received other than visible light (3 ) .  This is important, in part, 
most attention, but there are a number of other metal because H~ and can be separated, stored, and used 
dichalcogenide materials that might serve as durable in a fuel cell for the generation of ~h~ 
and efficient photoanodes. One of the intriguing find- E=-(H+/H~) - EC ( I~ / I - )  difference is -0.5~ (8).  very 
ings concerning WSez is that  i t  is a n  anode material few illuminated photoelectrode materials have been 

* Electrochemical Society Active Member. found that are capable of sustaining such photoelec- 
t Electrochemical Society Student Member. 
Key words: photoelectrolysis, solar energy, laser mapping, sur- 

trolyses without additional energy input in  the form 
face photovoltage. of electricity ( 9 ) .  
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In general, the ability to drive an uphill electro- 
chemical reaction such as that represented by Eq. 121 
requires the set of interface energetics 

represented by Scheme I. The key feature is that the 
bottom of the conduction band at  the interface, ECB, is 
more negative than the En of the cathode couple, B+/B, 
and the top of the valence band at  the interface, EVB, 
is more positive than the Eo of the anode couple, A+/ 
A (9). Under these conditions the electrons available 
at  ECB are sufficiently reducing that the B+ + B re- 
duction is possible, while the holes available at  EVB 
are sufficiently oxidizing that the A + A+ oxidation 
is possible. The differences in potential between ECB 
and En (B+/B) and EVB and E" (A+/A) can be regarded 
as the excess driving force needed to have sufficient 
rate (current density) for the electrode reactions. 
These differences need to be minimized in order to 
achieve high energy conversion efficiency, since they 
represent losses in output. For solar energy conversion 
applications it is important to seek a bandgap, E,, that 
comes close to 1.4 eV to achieve high efficiency in a 
single photoelectrode cell (10). 

Part of the difference between ECB and En(B+/B) 
for an n-type semiconductor [or between EVB and 
Eo (A+/A) for a p-type semiconductor] must be used 
to inhibit the recombination of photogenerated elec- 
tron-hole pairs by appearing as a potential drop across 
the semiconductor, EBB, to create a region near the 
surface where the bands are bent. The band bending 
region near the surface is depleted of majority charge 
carriers and provides the field that inhibits electron- 
hole recombination. The field drives the hole to the 
interface and the electron into the bulk such that a 
full cell in operation would have the energetics repre- 
sented by Scheme I1 where Ef and Er' are the photo- 
electrode and counterelectrode potentials, respectively. 
Note that since the two electrodes are short-circuited 
they are at  the same potential, Ef = Ef', but when cur- 
rent passes to produce A+ and B optical energy is con- 
verted to chemical energy with an efficiency, q, that is 
proportional both to the quantum yield for electron 
flow, .P,, and to the ratio of the photon energy, hv, to 
the difference in E,d, (A+/A) and EreaaX (B+/B). 
Generally, EBB must be -0.3V in order to achieve iP, 
near 1.0. Further, Er is generally -0.1V below the 
bottom of the conduction band in the bulk. This leaves 
only (E, - 0.4V) as the available photovoltage. In 
order to achieve a good rate for the cathode and anode 
processes, we can conservatively add another 0.3V to 

(+I  
Scheme 1. Interface energetics required to drive the reaction 

A + B +  + A +  + B with no other energy input other than light 
of >E,. 

Scheme II. Full cell energetics for an n-type semiconductor-based 
photoelectrochemical cell in operation for the light driven reaction 
A + B +  -, B + A+. 

the loss of photovoltage. This 0.3V is partly the dif- 
ference in EVB and E0(A+/A) needed to drive the 
oxidation and partly the extra voltage needed to drive 
the B+ -, B reduction at  the cathode, E,,. This leaves 
only -(E, - 0.7V) as the available photovoltage when 
good photocurrents (high iP,) result. This means that 
a 1.4 eV bandgap material will, at best, only be able to 
efficiently drive processes represented by Eq. [21 where 
Eo(B+/B)  and E0(A+/A) differ by no more than 
about 0.7V. These considerations illustrate, in part, 
why it is difficult to find photoelectrochemical processes 
to store chemical energy that can be efficient. Not only 
must an appropriate bandgap semiconductor be found, 
but the half-cell reactions must have En's properly 
disposed relative to the interface energetics of the 
semiconductor (9). 

In addition to the issues already raised, there are 
two other practical problem areas. First, photoelec- 
trodes, and particularly photoanodes, are thermo- 
dynamically unstable when illuminated with Eg 
light in the presence of the electrolyte solution (11). 
Tl;us, even when all energetic problems are solved, the 
photoanodic decomposition of the photoanode may be 
kinetically competitive with the desired A + A+ pro- 
cess. Second, recent studies, from several groups on a 
number of small bandgap materials, reveal that the 
maximum available photovoltage from the photoelec- 
trode is smaller than might be expected (12-14). The 
low photovoltages have been attributed to surface 
states situated between ECB and Eva or to carrier in- 
version. It should now be apparent why we attach 
special significance to being able to effect the photo- 
electrolysis of HI, requiring a photovoltage exceeding 
0.5V, with visible light as the only energy input. 

We now report the full characterization of n-type 
WSz, a visible light responsive (E, - 1.3 eV) photo- 
anode material. A prior report (15) has described the 
application of n-type WSz in cells for the process 
represented by Eq. [3] using no energy input other 
than light 

2hv 
2H20 + SOz - Hz + HzSO4 I31 

6M HzSO~ 

and where E,do,(S042-/S02) and E,,d, (HzO/Hz) 
differ by -0.3V. The ability to oxidize SO2 to HdO4 
requires the use of I- as a mediator, suggesting that 
photoelectrolysis of HI can also be sustained. Much of 
the present characterization relates to the studv of the 
WS2/electrolyte solution interface without regard for 
the counterelectrode process, except for the HI system. 
In particular, we set out to (i) establish the ECR, EVB 
positions of WSz as a function of the contacting me- 
-dium to determine whether there is an important role 
for surface states or carrier inversion, (ii)establish the 
conditions where illuminated WS2 is durable, (iii) 
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establish factors influencing the emciency of optical to 
electrical energy conversion, and (iv)  identify combi- 
nations of halccell reactions that might be useful in 
photoelectrochemical energy storage or electricity gen- 
eration. 

Experimental 
Preparation of WS2 crystals.-Tungsten powder (Ma- 

terials Research Corporation, 99.999%) was reduced in 
a dry 15% H2/85% Ar atmosphere for 8 h r  at  800°C to 
remove oxygen impurities. Sulfur (Gaillard-Schles- 
inger, 99.999%) was resublimed in vacuo a t  80°C be- 
fore use. Large single crystals of WQ were prepared 
by chemical transport using a concentration of 5 mg/ 
cms of bromine as the transporting agent. A melting 
point capillary containing the calculated weight of 
bromine was sealed at a pressure of 10-3 Torr and 
placed in an H-tube filling apparatus (161. 

Stoichiometric quantities of tungsten and sulfur were 
added, and the apparatus was evacuated to Torr 
and sealed off. The bromine capillary was then opened 
and the bromine distilled onto the charge. The silica 
transport tube was then sealed off. The dimensions of 
the completed transport tube were 1.2 cm diam x 28 
cm long. This tube was then placed in a transport 
furnace. The furnace was operated so that the empty 
portion of the tube, or growth zone, was heated to 
110O0C, while the charge end was heated to 700°C. This 
temperature profile was maintained for 15 hr, allow- 
ing the charge powder to react, and for back transport 
to clean the growth zone of unwanted nucleation sites. 
The charge zone was then raised to 1100°C over a 5 
hr period. The temperature of the growth zone was 
then programmed to 1050°C at l0C/hr. Crystal growth 
was allowed to proceed for 4 days, after which the 
furnace was turned off. The transport tube was re- 
moved when cold, opened, and the crystals washed 
with CC4 to remove the bromine. Crystals in the 
form of plates up  to 3 x 3 mm were grown using this 
technique. In an analogous manner WS2 crystals were 
grown by chlorine vapor transport except that the 
concentration of chlorine was 0.2 mg/cms. 

Electrode preparation and testing.-Flat, plate-like 
crystals of n-WSz were peeled apart using fine tweezers 
to give paper-thin crystals, 0.01-0.1 cm2 in surface 
area. Crystal supports were made by hammering the 
end of heavy gauge copper wire flat and sanding with 
emery paper to give a smooth, oxide-free surface; the 
remainder of the wire was passed through -10 cm of 
4 mm Pyrex tubing. One side of the crystal was rubbed 
with Ga-In eutectic to insure ohmic contact, then at- 
tached to the support using conducting silver epoxy 
and cured in an oven at  -100°C for -1 hr. Electrodes 
were completed by sealing in two part epoxy [leaving 
only the WS2 (001) face exposed] and curing at  
-100" for -15 min. Each electrode was tested in the 
dark and under illumination by observing the cyclic 
voltammetry for 1 mM TCNQ in C%CN/O.lM [n- 
Bu4NJC104, 25°C at  100 mV/sec. Leakage, photovolt- 
age, and peak shapes were considered in selecting 
electrodes for use in further experiments; Fig. 1 is 
representative of the voltammetry for a good elec- 
trode. 

Electrochemical procedures and equipment for cy- 
clic voltammetry and current-voltage data.-Cyclic 
voltammograms were recorded in Ar- or N2-purged 
C&CN/O.lM [n-BhN]C104 solutions with redox re- 
agents present at  1 rnM (current-voltage curves under 
conditions indicated elsewhere) using a PAR Model 
173 or ECO Model 551 potentiostat controlled by a 
PAR Model 175 programmer; scans were recorded with 
a Houston Instruments Model 2000 X-Y recorder. Ex- 
cept where otherwise stated, a single compartment, 
three-electrode cell was used with a P t  counterelec- 

L I t I 1 r l l  - 0 4 + 0 4  -0 .2  v l  0 t o 2  , I  
POTENTIAL. V vs. SCE POTENTIAL. V vs. SCE 

Fig. 1. Comparison of the cyclic voltammetry of wl  mM tetra- 
eyanoquinodimethane and chloranil a t  Pt and n-WSz (dark, - - -; 
and illuminated, -) in deoxygenated solution at  25°C. For the 
illuminated situations the irradiation is at  632.8 nm, -20 mW/cm2. 

trode and saturated calomel reference electrode (SCE) . 
Measurements were made at  25°C. 

Light sources included a 5 mW He-Ne laser (632.8 
nm, 500: 1 polarized; Aerotech Model LS5P) and a 5W 
Ar ion laser (514.5 nm; Spectra Physics Model 164). 
Intensities were varied using a beam expander and/or 
polarizing filter in the case of the He-Ne laser and by 
adjusting the power control for the Ar ion laser. A 
Tektronix J16 digital radiometer equipped with 56502 
probe was used to measure intensities. For the elec- 
trolysis of HI, a 500W tungsten-halogen lamp served 
as a light source. Efficiency data are uncorrected for 
reflection losses or losses from electrolyte/redox 
couple/solution absorption. 

Photoelectrolysis of HI with a platinired single crys- 
tal of n-WS2.-A single crystal of n-WS2 (-3 x 3 X 
0.1 mm) was mounted over a hole drilled in a 2 X 2 
in. piece of plexiglass. The crystal was sealed to the 
plexiglass with ordinary epoxy such that the top and 
bottom faces of the crystal were each exposed on 
different sides of the plexiglass sheet. Two additional 
holes were drilled in the plexiglass and these were 
covered with Nafion film. A cell was constructed by 
clamping the plexiglass sheet containing the crystal 
and Nafion between two glass vessels with O-ring 
connector joints. One side of the cell was filled with a 
solution of 1M NaI in 50% &PO+ The n-WS2 crystal 
was platinized on its second side by filling that side 
of the cell with a solution of -1 mM K2PtCla in 5% 
&Po4 and then irradiating the opposite side with a 
5 mW He-Ne laser for 45 min. After platinization the 
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cell and crystal were rinsed four times with distilled 
water. The cell half containing the naked n-WSz crys- 
tal face was filled with a fresh solution of 1M NaI in 
50% HsP04. The cell half containing the platinized 
face of the crystal was filled with 50% Hap04 and 
fitted with an inverted pipette for gas collection. The 
naked face of the crystal was irradiated with a 500W 
tungsten-halogen source. Gas evolution was monitored 
during a 100 hr period. 

Surface photovoltage measurements.-Surface photo- 
voltage measurements were obtained in both "dry" 
and "wet" cell configurations using both stationary 
(wide beam) and scanning (narrow beam) procedures. 
In the "dry" cell configuration, the crystals were il- 
luminated through a semitransparent metallic oxide 
film (Corning Pyrex Infrared Reflecting Glass) 
counterelectrode which was separated from the crystal 
by a transparent (2.5 pm) "Mylar" polyester film 
(du Pont IOc). In the "wet" or electrochemical cell 
configuration, the measurements were made in dry, 
deoxygenated CHsCN/O.lM [n-Bu4N]BF4 with Pt  as 
the counterelectrode (no active redox couples). 

For spectral measurements, the optical systems con- 
sisted of a tungsten light source and a double prism 
Zeiss monochromator. The mapping arrangement util- 
ized a 5 mW He-Ne laser (632.8 nm) that was focused 
to give a -5 rm diameter spot on the crystal. The 
crystal was moved by means of a motor-driven dual 
axis translation stage. The intensity of the incident 
light was reduced with neutral density filters so that 
the photovoltage signal was directly proportional to 
the photon flux (@) and reciprocally proportional to 
the chopping frequency. The photon flux incident on 
the crystal was chopped at  a frequency of 45 Hz and 
measured with a spectrally flat pyroelectric detector 
(Oriel 7089). Adjustments in the experiments were 
made to account for cell absorption and reflections, 
but no corrections were made for the reflectance at  
the crystal surface. 

The system that was used to measure the photo- 
voltage consisted of a high input impedance source 
follower, a PAR Model 124A lock-in amplifier, and 
Hewlett Packard Model 7047A X-Y recorder. 

Photoacoustic spectroscopy.-The photoacoustic spec- 
tra of n-W& crystals (from the same batch used for 
preparation of photoanodes) were recorded on a PAR 
Model 6001 photoacoustic spectrometer employing 
three gratings and order filters under microprocessor 
control to cover the 200-2600 nm wavelength range. A 
beam splitter reflects -10% of the light to a pyroelec- 
tric detector, providing continuous compensation for 
light intensity fluctuations; nonidealities in the optical 
system were corrected by dividing the spectra by a 
carbon black reference spectrum. Using the sample 
cell supplied with the instrument (air as the coupling 
gas), 1.0 V/W sensitivity is attained by modulation of 
the 1 kW xenon arc lamp source at 40 Hz. A 1.0 mm 
slit width provided 4.0 nm resolution; scan rate was 
100 nm/min. 

Photoaction spectroscopy.-Photoaction spectra 
were obtained by interfacing the photoacoustic spec- 
trometer with a potentiostat. The photoacoustic sam- 
ple cell was replaced by a single compartment, three- 
electrode electrochemical cell with n-WSa photoanode 
positioned in the light beam. While maintaining the 
photoanode at a fixed potential on the plateau of the 
appropriate current-voltage curve (Fig. 6), the wave- 
length was scanned and the output of the potentiostat, 
a signal proportional to photocurrent, sent to the 
microprocessor. Because the photoacoustic spectrom- 
eter provided constant intensity illumination, i t  was 
possible to obtain relative quantum yield spectra by 
dividing the photocurrent spectra by a signal (stored 
in the reference channel) proportional to wavelength. 

A modulation frequency of 100 Hz and scan rates of 
20 and 50 nm/min were used; 1.0 mm slit width gave 
4.0 nm resolution. Spectra were recorded under con- 
ditions given in Table V for n-WS2; similar conditions 
were used for the photoaction spectra of n-MoSz and 
n-MoSez. 

Chemicals.-HPLC grade C&CN (Baker) was fur- 
ther purified and dried by distillation from Pz05. The 
HzO was deionized and distilled. The [n-BuNIC104 
electrolyte was obtained from Southwestern Analytical 
Company and dried at  70°C under vacuum for 24 hr 
prior to use. All other electrolytes were obtained 
commercially in reagent grade and used without puri- 
fication after ensuring the absence of electroactive 
impurities in the potential range of interest. Most 
redox reagents listed in Table I were commercially 
available or have been synthesized and used previously 
in related studies (5, 12); these were used without 
additional purification, and cyclic voltammetry at  P t  
confirmed the absence of electroactive impurities. 

Results and Discussion 
Classification of redox couples i n  CHsCN/O.IM [n- 

Bu4N]C10r.-Cyclic voltammetry of fast, one-electron 
redox couples at  semiconductor electrodes allows 
establishment of the essential interface energetics 
without the complication of poor electrode kinetics 
(5, 17). We adopt the redox couple classification 
scheme used in the study (5) of MoSez where the 
redox couples are put into one of five classes accord- 
ing to their behavior at  the n-type semiconductor 
electrode: 

Class I: En more negative than ECB; reversible elec- 
trochemistry in the dark unaffected by 2 E, illumina- 
tion. 

Class 11: E" near ECB such that dark redox behavior 
appears sluggish kinetically; r E, illumination moves 
the anodic current peak more negative and improves 
kinetics. 

Class 111: No dark oxidation of reduced fonn of the 
couple; 5 E, illumination gives anodic current peak 
that is more negative than a t  a reversible electrode 
to an extent that depends on En; more positive En's 
give larger photovoltages. 

Class IV: En sufficiently positive that photovoltage 
is independent of Eo. 

Class V: E" so positive that photoelectrode decom- 
position precludes study of the couple. 

In our studies we typically employed P t  as a re- 
versible electrode to compare with n-type WSz photo- 
anodes. All couples were studied in dry, deoxygenated 
C&CN/O.lM [n-BuN]CI04 at  -1 mM concentration 
and the En's ranged from 1. -0.5 to +1.8V. For redox 
couples belonging to Classes 11-V, illumination at  632.8 
nm, 20 mW/cm2 or 514.5 nm, 200 mW/cmz and 1 W/ 
cmz was used. Table I and Fig. 1-5 summarize the 
significant findings from a wide range of redox re- 
agents. 

The redox reagent tetracyanoquinodimethane, TCNQ, 
has proved to be particularly useful, inasmuch as 
E112(TCNQ-/Z-) falls at  a potential where reversible 
electrochemical behavior is found, Class I, while 
E1/2(TCNQO/-) is in a region where the oxidation is 
essentially blocked in the dark, Class 111. Thus, these 
two redox levels straddle the E ~ B  position and allow a 
rather definitive measure of the value of EFB, the value 
of Ef where the bands are not bent. As shown in Fie. 1, 
the onset of photocurrent is close to -0.2V vs. SCE as 
is found for the other redox couples for Eltz no more 
positive than - +0.7V us. SCE. We thus take -0.2V 
us. SCE as EFR in CH3CN. The TCNQ svstem has been 
our routine "test" couple for n-type WS2 electrodes. 
Good, nonleaking electrodes show essentially reversible 
behavior for the TCNQ-12- couple and no dark oxi- 
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Table I. Comparison of n-WSz with Pt: anodic current peaks, photovoltages, and classification of a range of redox couples* 

Potential. V vs. SCE 

AU data are for CILCNIO.1M [n-BuaNIClO< solutions at 25°C 100 mV/SeC .. Redox couples present at -1 mM. Abbreviations: MV is ~,h"-dimethyl-i.4'-bipyridinium; TCNQ is tetracyanoquinodimethane; TMPD 
Is N,N,N',N'-tetramethyl-p.phenylenediamine; TCNE is tetracyanoethyiene. Numbers are keyed to Fig. 5. 

* * *  Eln's were calculated from cyclic voltammetric data according to Elis = (EPA + E P O ) ~ ~ ,  where EL,.), E1.c are the anodic and eath- 
odlc purrent peaks, respectively. 

I Illumination of n-WS2 was with 514.5 nm light from an Art laser, -200 mW/cmP, with the exception of the four most positlve redox 
couples, where 632.8 nm llght from an He/Ne laser, -20 mWlcm2, was used. 

t Ev = Era.rt - E P I . ~ ! I U ~ .  W S ~ .  

I See text for explanation of classes. 

dation of TCNQ-. A photoanodic peak at  -0.OV vs.  
SCE for the TCNQ- + TCNQO process typifies good 
electrodes. The lower left portion of Fig. 1 is repre- 
sentative of the characterization of electrodes used in 
this study. Electrodes showing dark current, poorly 
developed photoanodic waves or a photoanodic wave 
significantly positive of O.OV us. SCE were found to 
give poor energy conversion efficiency with respect to 
X2/X- systems (vide infra)  and were not used in 
these studies. 

For redox couples having El& in the range - +0.1 
to +0.8V us. SCE we find Class I11 behavior. For such 
couples we find that the photoanodic peak for the oxi- 
dation of the reduced form of the couple is in the 
range 0.0 to +0.2V us. SCE. Taking the photovoltage, 
Ev, to be the difference in the anodic peak at Pt, 
E P A , ~ ~  and the photoanodic peak at  n-WS2, Ep~.ii~,~.w~,, 
Eq. C41, we find that EV depends on E I / ~  in a linear 
fashion for the Eltz's in the - 4-0.1 to +0.8V vs. SCE 

metry response. This tends to rule out significant 
problems from adsorption of a given redox couple. 
Figure 5 summarizes all of the EV measurements for 
several electrodes and light intensities for a wide range 
of redox couples. The extrapolation of the plot of Ev 
us. El12 is consistent with the value of EFB of -0.2V V S .  
SCE assigned above based on the onset of photocur- 
rent in the cyclic voltammetry. The data show three 
regions of behavior: ( i )  reversible electrochemistry, 
Ev = 0; (ii) Ev depends on Elm; and ( i i i )  Ev fixed at  
-0.7V. independent of E112. Photovoltage is observed 
for a range of Ells values that exceeds the separation 
of ECB and EVI, which is E, = 1.3 eV (vide infra) .  
Thcse results are very similar to those reported earlier 
for n-type MoSz and MoSea, except that the values of 
Em are somewhat different, and most importantly, the 

- - 

range 
Ev = IEPA,P~ - E~~.~ilum.wszl 

TMPD o l  Pt 
CH3CN/OiM[o-Bu4N1C20q 

1 0 0  rnvl lec 

Even for the two-electron reductants, TMPD and bi- 
ferrocene, Fig. 2, we find that nearly ideal semicon- 
ductor/liquid interface considerations apply in that 
the two-electron oxidation TMPD + TMPD2t or bi- 
ferrocene -* biferriceniumzt occurs in the 0.0 to +0.2V 
us. SCE range. For an ideal semiconductor/liquid in- 
terface there should be one, two-electron photoanodic 
wave, not two, one-electron waves as a t  Pt. The 
n-type WSz comes close to this ideal for Class I11 redox 
couples. 

For the E~rz's that are more positive than - +0.8V 
vs. SCE we find that Ev is nearly constant at  -0.7V. 
Figure 3 shows behavior of a representative couple in 
this range. Photoanodic decomposition current does not 
onset significantly until - +1.5V. Thus, couples having 
El12 in the range - +0.8 to +1.8V us. SCE still give 
reliable cyclic voltammetry data and are given the 
Class IV designation, since EV is fixed. Redox couples 
more positive than - +1.8V us. SCE cannot be studied 
owing to the significant photoanodic decomposition and o t o 4  + O B  0 + a 4  t o 8  

such couples would be assigned to Class V. POTENTIAL. v ur SCE WTENTIAL, v vs SCE 

Figure 4 illustrates that the presence of more than Fig. 2. Cyclic voltammetry at Pt.and n-WSz as in Fig. 1 except 
one redox reagent does not affect the cyclic voltam- data are for TMPD and biferrocene. 
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Ev for the Class IV couples is -0.7V for WSz, somewhat 
higher than for MoSz (5, 14) and MoSez (5, 14) or 
WSep (3,141. This means that n-type WSp-based 
cells could have significantly higher efficiency for the 
conversion of optical energy than would MoSp- or 
MoSez-based cells when using Class IV redox couples. 

The establishment of a wide range of redox couples 
that belong to Class IV and the finding of significant 
Ev's for Ell is  spanning a range greater than E, indi- 

Fig. 5. Plot of photovoltage ogainst the El12 value of the assa- 
ciated redox couple. Photovoltage is as defined in text. Individual 
number entries are identified in Table I. Where several data points 
are included these reflect variotion in WSz samples and light in- 
tensity. 

0.8 

I > 0.6 

W " 

cate that there is an important role for surface states 
and/or carrier inversion. A similar conclusion has been 
drawn for other n-type metal dichalcogenides (14). 
Whether the effect is due to surface states or to car- 
rier inversion is not easily determined from the ex- 
perimental results presented. Phenomenologically, the 
Class I1 and I11 couples give nearly ideal semicon- 
ductor/liquid interface behavior, Scheme 111, in that 
EBB changes with variation in Eli2 while the ECB and 
EVB positions remain fixed, while Class IV couples 
have a fixed value of EBB and variation in El12 changes 
the ECB and EVE, positions. For Class IV the variations 
in potential drop across the semiconductor/liquid in- 
terface occur across the Helmholtz double layer at the 
interface, while for the Class I1 and I11 couples the 
variation in potential drop occurs across the semi- 
conductor. Either carrier inversion or a low density of 
surface states situated below ECB will accommodate the 
findings. Despite the fact that WSp might be expected 

- PhOlovolt~pe e l 0  Functlon I 6 rn 
0' El,? I I 

fa. n -WSz 
1 1-  

- 

( a )  IDEAL SEHICONDUCTOR/LIQUID INTERFACE BEHAVIOR 

( -1 
I I 

,! !/ KEY. 

0.4 - ,, 20 mw/cm2 
.I 200 m ~ / t m 2  
o I w / . ~ ~  

" .,/ 

O 0.2 0 4  0 6  d8 ' I:O ' lj2 ' ;4 ' 1:6 ' 

El,.Vvs SCE 

(b) FERMl LEVEL PINNED SEMICONDUCTOR/LIQUID INTERFACE 
(-)  

(+) 

Scheme Ill. Effect of variation of solution redox couples in Class 
II and I l l  (a) and Class I V  (b) on the potential drop across the 
semiconductor, EBB. For Class I I  and I l l  the ECB and EVB positions 
are fixed and EBB varies, while for Class I V  the EBB is fixed and 
the ECB and EVB positions vary. 
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to be relatively free of surface states, we prefer to 
invoke a role for surface states, because we find that it 
is possible to reduce the oxidized form of Class I1 and 
I11 redox couples at  potentials that are significantly 
positive of EFB. The fact that such reduction can occur 
more positive than EFB has been previously interpreted 
as due to surface states below ECB (17). It is especially 
noteworthy that dark reduction positive of EFB occurs 
for couples whose El12 value is such that EBB is less 
than one-half of the bandgap where effects from car- 
rier inversion would not be important. Thus, we at- 
tribute the nonideal interface behavior to surface 
states, although they may be present only in low den- 
sity (18). When EV is independent of El12 the semicon- 
ductor is said to be Fermi level pinned (12a), meaning 
that the Fermi level of the semiconductor, Ef, is pinned 
at the surface to a certain value relative to ECB inde- 
pendent of the contacting medium. We have taken Ev 
at high light intensity to be a good measure of EBB as 
has previously been done for both solid-state Schottky 
barrier devices and for liquid junction systems. Gen- 
erally, we regard a particular Ev determination to 
have an error of k0.05V. 

As we have pointed out, the data here for WSa are 
qualitatively similar to those for MoSz (5,14) and 
MoSe (5,14). Additionally, WSez (3,14) is similar to 
WSz even in quantitative terms: The maximum value 
of Ev and the value of EFB in CHaCN solution are quite 
similar in the two cases. For the Most, MoSez, and 
WSez though, other authors (14) attributed the Class 
IV region to carrier inversion. While carrier inversion 
may be important when EBB exceeds one-half the 
bandgap, it is expected to be unimportant when EBB 
is small where, at least with WSZ, MoSez (51, and 
MoSz (5), we are able to detect reductions positive of 
EFB in the dark. In any event, WSZ and WSez appear 
to yield quite similar output parameters in CH3CN 
solutions with respect to EV and have a very similar 
value of EFB. 

Photoelect~ochemical oxidation of halides in aque- 
ow and nonaqueow media.-Figure 6 and Table I1 
summarize the findings concerning the photoelectro- 
chemical conversion of optical energy in CH3CN or 
Hz0 electrolyte solutions of XdX- (X = C1, Br, I). In  
all cases the solution contains sufficient XZ and X- to 
poise the solution and the full cell chemistry consists of 
oxidizing halide at  the WSz photoanode and reducing 
halogen at  the counterelectrode. The nature of the 
species actually present ( Is-, Brs-, C12, etc.) depends 
on X and the amount of added Xz and X-. Since no 
net chemistry occurs in the cells summarized by the 
data in Table I1 and Fig. 6, the output from the cells 
is electricity. With reference to Scheme 11, the full cell 
is one where the anode and cathode half-cell couple 
are the same. In such a case the efficiency, q, for the 
generation of electricity is given by Eq. [5] 

(Ev x i) 100% 
q in  % = 

Input Optical Power 
151 

where Ev = photovoltage in volts, i = photocurrent in 
amperes, and Input Optical Power is in watts. The 
maximum efficiency, wmax, occurs when (Ev x i) is 
maximized and the associated value of Ef of the photo- 
electrode is the so-called maximum power point. The 
value of EV is the extent to which Ef is more negative 
than Eweox of the solutio? and is expected to depend 
on light intensity and the El12 of the particular redox 
couple used. In general, the Ev in C-CN at high light 
intensity should be predictable from the data in 
Table I for the fast, one-electron redox couples where 
the Ev's correspond closely to the high liqht intensity 
value. However, the X2/X- couples are two-electron 
systems and are known to interact strongly with elec- 
trode surfaces. Adsorption effects from 13-/I- on 

-0.4 0.0 +04 +08 -04 00 r0.4 40.8 
POTENTIAL. V vs S C E  POTENTIAL. V vs. SCE 

Fig. 6. Steady-state photocurrent-voltage curves For n-WSz elec- 
trodes in CH3CN or H z 0  containing Xz/X-. Data in Table I I  are 
culled from these and other curves: upper left is run 1, middle left 
is run 2, lower left is run 3, upper right is run 4; middle right is run 
5; lower right is run 6 in Table II. 

metal dichalcogenide electrodes are particularly strong 
(15) in Hz0 solutions. Thus, the energetics and ki- 
netics associated with the Xz/X- couples at WSZ are 
not necessarily a straightforward extrapolation of the 
data for the fast, one-electron, outer-sphere couples 
used to establish the interface properties in C&CN/ 
0.1M [n-Bu~N] C104. 

In CH3CN solution the Xz/X- couples do give a 
value of Ev (max) , the open-circuit photovoltage, that 
accords well with expectation based on Eilz values: 
The value of Ev(max) varies in the order X = C1 > 
Br > I. Further, the C12/C1- couple apparently yields 
the highest energy conversion efficiency in CH3CN 
solution and L-/I- the lowest efficiency. The poor effi- 
ciency for Ia-/I- in CHsCN is attributable to the low 
value of Ev(max). The Clz/Cl- couple exhibits the 
lowest visible absorption of the three couples and rep- 
resents a potential practical advantage. All of the 
combinations of WS~/XZ/X- are durable in C&CN 



1468 J .  Electrochem. Soc.: ELECTROCIIEMICAL SCIENCE AND TECHNOLOGY July 1982 

Table II. Representative output parameters for the n-WSz-based photoelectrochemical cells in halogen/halide media 

Input Ev (max), mV 
Run power, 9 ,  at,, (EI at  nmax, Fill 
No* WSn No:. SolventIX~IX- (E..~.x, V vs. SCE) *'* mWt Er<.,iux! 8 mV) t t t  nu~ax, %t  factorft 

* Run No. 1-6 are glven in Fig. 6. Data in all cases are from steady-state (10 mV/sec) photocurrent-voltage curves. 
'* WSs No. refers to the particular electrode sample used. 

* * *  Electrolyte solutions were prepared and Xz was added to the concentration necessary to bring the solution potential, EPVO.X, to the 
value indicated. 

t Input power is at  632.8 nm. Multiply by 32 cm-3 to obtain power density. 
T i  Quantum yield for electron flow measured at E,.~.x.  Data are 3 3 %  and are uncorrected for reflection or solution absorption. 

f l t  Photovoltages. Ev(max) is difference in onset of photocurrent and Ercdu.. EY at  nmlx is difference between maximum power point 
and Eredo=. 

t nmax, % defined as 
Input power 

f t  Fill f r~tnr  is 
(*a at  n m a d  ( E v  at nm.~) 

under the conditions indicated. The low absolute effi- 
ciencies appear to be attributable to the fact that EBB 
> 0.3V is required to achieve good 9, values. For ex- 
ample, in run 1, the Ev(max) at  the highest intensity is 
-610 mV meaning that Er - EFB - +0.22V US. SCE, 
since Eredm is at  0.83V us. SCE. At the maximum 
power point EV is only -150 mV meaning that Ef = 
+0.68V us. SCE where EBB is thus Z0.36V. The o. a t  
the maximum power point is significantly less than 
9, at Eredox. The poor current-voltage behavior is quan- 
titated by the fill factor that is given in Eq. [6] 

(*e a t  qmaX) (Ev a t  rlmax) 
Fill Factor = 

(Ev (max) ) (9, at  Emdox) 
[el 

The data in Table I1 show that the fill factor is G0.25 
for input power of >16 mW/cm2. Phenomenologically, 
poor fill factors mean that recombination of photo- 
generated e--hf pairs is important even though there 
may be a significant value of EBB as for the Clz/Cl- 
couple. When EBB is sufficiently large, as when Ef = 
Eredox for the CWC1- and Brz/Br- couples, the value 

of 9, is -0.6, uncorrected for a significant reflection 
loss. For I.?-/I- the value of EBB, even at Er = Emam, 
is too small to give good values for 9,. In most re- 
spects, the output parameters from n-WS2 in CHsCN/ 
X2/X- solutions are similar to those for n-MoSez in 
the same solutions (5). The WS2 does give a somewhat 
larger value of Ev(max), but this is offset by the 
higher fill factors for the MoSee. 

In Hz0 the highest efficiencies significantly exceed 
the highest efficiencies obtained in CH3CN. As for 
other metal dichalogenides, there appears to be ad- 
sorption of Is- in HzO, but not in C&CN that results 
in a good value of Ev(max) for the Is-/I- couple in 
HzO. However, light absorption of the Is-/I- does at- 
tenuate the uncorrected values of *,. Correcting for 
light absorption would improve the *,'s and give effi- 
ciencies that are similar to those for the Brz/Br- 
couple. The efficiency for the Brz/Br- couple ap- 
proaches 13% in the best case, significantly exceeding 
the efficiency previously reported for the n-MoSez or 
n-MoSz under similar conditions (19). The lower effi- 
ciency for the Clz/Cl- couple in Ha may be due to 
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a weaker interaction of the Clz/Cl- couple with the to the diffusion of 1s.- to the cathode compartment 
MY2 surfaces as reflected in the diminished fill factors where 13- + 31- can compete with Hz evolution. But 
com~ared to those obtained with the Bm/Br- couple. more importantly, we typically find that the E,, re- 

The n-WS2 is durable in the high concentration LiBr 
or LiCl as we previously reported for MoSz and MoSe2 
(19). Data in Table I11 show some representative ex- 
amples for Clz generation from 15M LiC1. In  no case 
do we observe deterioration of properties for the time 
periods and current densities reported. Similarly, the 
durability of n-WS2 in 1ZM LiBr/O.lM Brz is good: At 
-40 rnA/cmz the output is constant, &5%, for a 
0.002g n-WSe electrode held at  +0.2V us. SCE for a 
period of time long enough to pass 90C. At low con- 
centrations of Br- or C1- the n-WS2 is photocorroded 
in Hz0 but not in CHoCN, a result that again parallels 
earlier findings for MoSz and MoSez (19). Thus, the 
main difference between WS2 and the materials studied 
earlier is that the efficiency of WSz is significantly 
- -LA-. .  

Photoelectrolysis of HZ in aqueous solution.-The 
data in Table I1 and Fig. 6 show that the onset of pho- 
toanodic current for the 31- + 4- reaction occurs at  - -0.4V us. SCE for high light intensity. This nega- 
tive onset in aqueous solution indicates that n-WSz can 
be used to effect the photoelectrolysis of HI, Eq. [I], 
in acid medium, since E" (H+/Hz) = -0.24V us. SCE 
under standard conditions. With the good fill factors for 
the h-/I- couple and the knowledge that platinized 
Pt  requires only a small value of E ,  (20), Scheme I, 
for Hz evolution, the efficient photoelectrolysis of HI 
should be possible in a photoelectrochemical device 
consisting of an n-WSz photoanode, a platinized Pt  
cathode, and an  aqueous acid electrolyte. 

The photo-oxidation of 31- to Is- and simultaneous 
reduction of 2H+ to Hz can be  effected using an 
n-WSz-based photoelectrochemical device with visible 
light as the only energy input. The cell was configured 
in a number of different ways as detailed in Table IV. 
In all cases the initial current efficiency for Hz genera- 
tion was unity. After significant photoelectrolysis, 
though, the cells generally decline in efficiency owing 

quired at Pt goes up with time to a value that sig- 
nificantly attenuates the photocurrent when the n-WSz 
is merely short-circuited to Pt. We established that 
the E,, for Pt  changes during photoelectrolysis experi- 
ments by running the steady-state current potential 
curve for Hz evolution before and after photoelectrol- 
ysis. By way of contrast, the photocurrent-voltage 
properties for the n-WSz were constant during such 
experimentation. For example, potentiostating the 
n-WSz at - -0.2V us. SCE, the maximum power point, 
results in no change in photocurrent during a 100 h r  
period whereas cells where the WSz and P t  are just 
short-circuited show significant photocurrent decline 
during the same time period. 

One final experiment concerning the photoelectrol- 
vsis of HI is worth describine. We   re oared a two- - A - 
compartment cell separated by a Nafion membrane and 
a single crystal of n-WSZ as described in the Experi- 
mental. One side of the WS2 was platinized by photo- 
electrochemically reducing PtCle2-. The cell was then 
used to effect the simultaneous generation of Hz and 
I:$- using visible light generation from a 500W tungsten 
halogen lamp to excite the n-WS2. The solution con- 
tacting the naked n-WSZ was 50% HRPOI/IM NaI and 
the platinized side was contacted only by 50% &PO4 
initially. During 100 hr of irradiation approximately 
5 ml of Hz gas was collected above the illuminated 
crystal and the generation of gas was linear in time up 
to 100 hr. During the 100 hr the generation of 13- in 
the other compartment was obvious from change of 
the colorless to red-orange solution. After 100 h r  the 
yellow color began to appear in the compartment 
where H2 is generated and net Hz production ceased. 
This result again shows that WS2 is capable of sustain- 
ing the photoclcctrolysis of HI, but separator problems 
may ultimately be a limiting factor. In H20 splitting, 
whkre the HZ and  0 2  products are not too soluble in 
Hz0 and where 0 2  does not poison the Hz electrode, 
such separator problems may not be as severe. 

Table Ill. Durability of N-vpe WSg for the generation of Clz* 

Initial wt. of Charge Volume Current Turnover Current den- 
Exp. No. WSa Xtal ( p  mols) passed, C Ck, ml*. efficiency, % t  No.tt sity, mA/cma 

Data are for n-WSI photoanodes potentiostated at + 0.8V vs. SCE in 15M LiCl in a two-compartment cell with an ultrafine glass frit 
separator. Electrodes were illuminated with a 632.8 nm He-Ne laser providing -1 W/cma, Exp. No. 1 and 2, or with a 514.5 nm Ar ion laser 
providing -4 WlcmS Exp. No. 3. 

.* Chlorine was collected in a graduated cylinder over the photoanode. 
t Efficiency for generation of Ck based on number of electrons passed 

t Mols of chlorine produced per mol of n-WSa; m all cases electrode 1s inchanged after the experiment. 

Table IV. Experimental data relating to the photoelectrolysis of HI 

1. mA/cmZ: 
Experl- Q. 
ment* coulombs Na, mol' Vnp. mlt NB~,  moltt Max Min. Mean t, h r t t  nl. %$ 

I 60.77 6.30 x IW 6.79 3.03 x 10-4 8.4 3.9 6.7 28.7 96 
ll 117.4 12.2 x 104 12.4 5.54 X 10-r 9.2 4.6 7.2 51.6 91 
III 61.00 6.32 X 10-1 6.68 2.98 x 1 0 4  11.1 1.9 4.0 44.3 94 
IV 43.11 4.47 x lW 4.75 2.12 x 104 2.3 1.2 1.9 64.0 95 

I: n-WS4 #2/Pt separated by Nafion membrane. WS. side contains 2M N a I / m .  P t  side contains 30% HSO4. 11: n-WSa #2/Pt =Pa- 
rated by Nafion membrane. Both sides contain 1M NaI in 25% Hi301 111. n-WSI #47/Pt 0.65M HI in 6.5M HC1. The In product was extracted 
from cell with cyclohexane which was introduced through a fr i t  a i  thb bottom of the cell and pumped through with a peristaltic Pump. 
IV: n-WSI #47/Ru plated P t  0.65M HI in 6.5M HCI. HIlHCl solution is constantly renewed from a reservoir of fresh solution by pumping. 

'* Mols of electrons passed through circuit during operation. 
t Volume HI gas collected in inverted pipette. 

ttMols of HI gas collected. 
t Maximum, mmimum, and mean current densities at  n-WSt electrode during operation. 

t t  Time of operation 
I Current efficiency for IL collected 
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The data for the b-/I- couple in Table I1 and Fig. 6 
likely reflect optimistic values for the photoelectrol- 
ysis of HI using WS2, except for the optical absorption 
of 13-/I- that could be reduced further by smaller 
path lengths. Thus, photoelectrolysis efficiencies for 
HI are probably in the range of -5% for 632.8 nm 
light and considerably lower for solar light that is 
polychromatic. 

Optical properties of WSZ and surface inhomogene- 
ities.-Several different techniques have been used to 
determine the wavelength response of the n-WS2 
samples used in this study. Photoacoustic spectroscopy, 
photoaction spectra, and surface photovoltage mea- 
surements as a function of wavelength have yielded 
internally consistent information concerning the onset 
of the indirect transition of the WSZ samples. 

The photoacoustic spectrum of a typical WSz sample 
is shown in Fig. 7. Consistent with published properties 
of WSz (21), the onset of the photoacoustic signal oc- 
curs in the vicinity of 950 nm (1.3 eV). The signal 
more or less flattens at wavelengths shorter than 700 
nm. The photoaction spectra under various conditions 
also show onsets in the vicinity of 950 nm. Figure 7 
includes two different experiments where the effect 
from absorption of the Iz-/I- couple is plainly obvious 
at the wavelengths shorter than -600 nm. Even the 
C12/C1- couple absorbs some, but the attenuation of 
the relative o, is not as severe in this case. The photo- 
action spectra clearly show that the high values of 
o, are for wavelengths shorter than -700 nm despite 
the onset in the 950 nm. 

The onset region of the photoaction spectra and the 
photoacoustic spectra are consistent with a region of 

Spectrol Response i'{ 

400 600 800 1000 
W A V E L E N G T H ,  nm - 

Fig. 7. (a) Photoacoustic spectrum of n-WS2 (right scale). (b) 
Relative quantum yield for electron flow, 9,, vs. wavelength meo- 
sured at  +1.3V vs. SCE in H20/15M UCI/CIZ (sat'd.) (left scale). 
(c) Relative 9, measured at +0.2V vs. SCE in H*0/5M Nol/l RIM 
12. Note that the relative loss in O, at shorter wovelengths is due 
to light absorption by the l z / l -  redox couple. 

relatively low absorptivity associated with indirect 
transitions as reported earlier for MOSS, MoSen, and 
WSez by other workers (22). A plot of (relative signal 
x hu)'/* in the photoaction spectra in the onset region 
vs. (hu) is a straight line with an intercept on the 
energy axis that should correspond to the indirect gap 
(23), E,. Data from photoaction spectra give E, = 
1.3 k 0.05 eV and these data are summarized in Table 
v. 

For the region of strong absorption, a plot of (rela- 
tive signal x 12,)z us. (hu) should give a straight line 
with an energy axis intercept corresponding to the 
onset of the direct transition(s) (23). Such plots give 
values of 1.78 eV. The assignment of this as the true 
direct gap is doubtful and we simply use the designa- 
tion "direct" to refer to the onset of relatively high 
absorptivity.1 

Another technique used to evaluate the optical prop- 
erties of the n-WS2 samples is the surface photovoltage 
measurement us. wavelength. These results accord well 
with the photoacoustic and photoaction spectra. At low 
intensity wide beam illumination, the absolute magni- 
tude of the photovoltage signal for a crystal (24) 
under depletion conditions is given by the relation 
given in [7] 

14nL 
[TI 

where W is the width of the space charge depletion 
region, a is the absorption coefficient, and L,, is the 

I1 
parallel component of the diffusion length of the minor- 
ity carriers (along the c-axis). The sign of SV, de- 
pends on the doping type of the crystal. In all mea- 
sured crystals (both n-and p-type) the signs of SV. 
coincide with the type of the crystal expected from the 
growth procedure. The signs of 6Vs were not observed 
to change during surface photovoltage mapping, and 
hence, no domains of opposite type were observed in 
any of these samples. 

Spectral dependencies of the 6V, were used to de- 
termine the bandgap of WS2. Near the onset of the in- 
direct absorption both aW and m L  will be much less 
than unity. In this case, [71 can be simplified to ex- 
pression [8] 

I6V.l a +/a (L + W) w 
I I  

181 

Thus, 16V,I can be used to determine spectral depend- 
ence of the absorption coefficient. As shown in Fig. 8, 
photon energy dependence of the absorption coefficient 
(a )6Vsl/+)  can be described by the relation given 
in 191 

which is characteristic of indirect transitions (22, 23, 
25). Similar results are reported from photocurrent 
measurements of other transition metal dichalcogen- 
ides (26). The bandgap value derived from photovol- 

'Ref. (21) and (23) discuss the nature of the transitkons in the 
low energy region of strong sbsorption as due to excitons. 

Table V. Bandgap of WSz electrodes from photoaction spectra* 

Bandgap, eV 
Elec- 
trode Electrolyte1 Poten- Indi- 
No. Solvent redox couple tial Direct rect 

12 H20 15M LiCllCL (satd.) +1.3 1.78 1.33 
9 H20 5M NaI/l mM L + 0.2 1.77 1.34 
9 CHsCN 1M IEt:NICI +1.2 1.78 1.35 
5 CHaCN 0.1111 En-BurNII/l mM L +1.0 1.77 - 

Data taken from plots of *. vs. A as in Fig. 7. Data are plotted 
using equations in text to give the direct and indirect bandgaps. 
N-tvnr WS, ~hotoanode was irradiated in the indicated solvent/ 
i l i ~ i r ~ l v t ~ r ; d o x - i i u ~ i e  combination at the potential indicated. 
The is V vs.- SCE. 
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pWS2 (Nb, C12, "Dry" 

o pWS2 (Nb, C12. "Wet") 

E a n.WS2 (-, Br2, "Dry") 5 3.0 - 
>. 
a 
d 
k 
m 
a 
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>* 
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a Eg = 1.30 +. 0.03 eV 

1.0- 
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Fig. 8. Surface-photovoltage spectra near the absorption threshold 
of p-(Nb doped) and n-type W k  grown by Clz and Br2 vapor trans- 
port techniques. The intercept with the energy axis is taken as the 
indirect bandgap (E,). 

tage measurements is independent of the donor type 
and sample configuration (wet and dry). The value of 
1.30 (a0.03 eV) compares favorably with the results 
from photoaction spectra shown in Table V. Table VI 
summarizes the results for WSZ and other MY2 samples 
that have been evaluated. 

In order to assess the role of surface inhomo- 
geneities, mapping of the crystals was performed at 
short wavelength illumination, i.e., at high absorp- 
tion coefficient. Under this condition the dependence of 
8V. on aW and aL (described by [?I) can be ne- 

I I 
glected. Therefore, the height of the photovoltage signal 
will be a measure of the width of the space charge 
depletion region (W). The width of 6V, peak us. dis- 
tance is determined by either the size of the light spot 
or the perpendicular component of the diffusion length 
(L ), whichever is larger. A typical result for n-WS2 
I 

is shown in Fig. 9. The photovoltage signal increased 
at the steps. This demonstrates that the width of the 
space charge is larger at steps. For an n-type crystal 

Table VI. Summary of bandgap data for group VI  metol 
dichalcogenides 

Bandgap, eV 

"Direct" 
Semicon- 

Indirect 

ductor This work Literature This work Literatureti 

MOSS 1.n (1) 1.75. 1.22 (4) 1.17 (3) 
MoSe 1.38 (1) 1.4.. 1.10 (2) 1.06 (3) 
WSI 1'78 Not  1.34 (2) Not 

available available 
WSea Not det'd. 1.57t Not det'd. 1.16 (3) 

H. Tributsch, 2. Naturforsch., Teil A, 32, 972 (1977). 
*OH Tributsch Ber Bunsenges Phys Chem. 82 169 (1918) 
t J.' ~ o b r e c h t , ' ~ .  ~er ischer,  &d ~ . ' ~ r i b u t l c h , '  ibid., 82, i33i 

,,n10, 
\A".",. 

tt W. Kautek, H. Gerlscher, and H. Tributsch, This Journal, 121, 
2471 (1980). 

P 
w 
0 

2 
a 8h 2 o 200 DISTANCE 400 hrn) 600 800 

DISTANCE brn) - 
Fig. 9. (a) Optical micrograph of n-WS2 showing steps on the 

surface. (b) Single surface-photovoltage scon. Horizontal line in 
(a) indicates path of this scan. The photovoltage maxima A, B, ond 
C coincide with points A, B, and C in (a). (c) Three dimensional 
surface photovoltage micrograph over the some portion of crystal 
shown in (a). 

this increase of W at the steps can be connected with 
either a high negative charge at  the step and/or with 
lower net doping concentrations (No - NA) in this 
region (24). The width of the peaks at  the steps is 
much larger than the size of the spot (5 pm). There- 
fore, we attribute this broadening of the peaks to the 
large values of the perpendicular component of the 
diffusion length (L , )  at the surface. Measurements 

I 
of the width of oV, peaks corresponding to a single 
edge lead to L , 11 200 pm which is much larger than 

I 
typical values of L found for transition metal di- 

l l  
chalcogenides (for MoSz, L N 1 pm) (22). The large 

I I 
ratio of L , /L,, is partly associated with the anisotropy 

I II 
of the hole mobility perpendicular and parallel to the 
c-axis of the crystal as well as with the local electric 
field generated around the step. The latter is due to 
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the large negative charge (n-type materials) a t  the 
steps. Similar effects were also observed for p-type 
crystals. Thus, as other workers have found (27), the 
surface quality of the layered semiconductors is an 
important parameter in determining recombination 
rates. Surface steps can account for the variation in 
efficiencies observed from sample to sample. 

In terms of efficiency for photoelectrochemical ap- 
plications the weak response in the 950-700 nm wave- 
length region seriously undermines the expected effi- 
ciency for solar applications. Apparently, holes created 
by light in this wavelength range simply do not come 
to the field region near the surface, paralleling the 
frustrations encountered in attempting to use indirect 
bandgap semiconductors in any photovoltaic applica- 
tion. The indirect gap limits the photovoltage, and ab- 
sorptivity and/or hole mobility is not sufficiently great 
that good a. values are possible until the onset of the 
"direct" transition that is -0.5V away from the in- 
direct gap of 1.3 eV. 
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ABSTRACT 

Galvanostatic transients arising from multi-step processes of the type: u,,O + ne = v& are treated mathematically 
for systems subjected to both activation and diffusion control. Analysis ofsrror based on the error matrix is presented. 
The galvanostatic method is characterized by the information contents [I@,,) and I(C )] for a single-estimate analysis 
(i.e., estimate of i,, for known C,, or the reverse) and that for a two-estlmate analysis (fimultaneous determination of i. 
and Cdl). The correlation between the estimates of i,, and C,, is given as a function of the dimensionless scale T/rC. 
Information contents for i,, and C,, in single and two-estimate systems are given and this permits the determination of 
the accuracy and the limits of the method as well as the choice of optimal experimental conditions. The optimal full 
time scale for estimation of i,, depends on the value of T ~ I T ~ .  For T,./T, between 0.5-500, T,,,,/T,, varies from 6 to 18 
(single-estimate system) and from 4 to 25 (two-estimate system). The upper limit for i,, in a single-parameter estimation 
is 3-12 A cm-' (for C,, 10-40 pF cm-') and the upper limit for k,(ol, = a,. = 0.5) is 8 cm sec-'. This is three times greater 
than k, for the coulostatic method. For a given value of k,, the accuracy of the galvanostatic method is better than that 
of the coulostatic for systems when TJT, > 0.6, but 1s not as good when T,./T, < 0.6. The upper limit of k ,  and the 
accuracy of the galvanostatic method for two-estimate analysis (i,, and C,,) are considerably lower than those for 
single-estimate analysis. An iteration method is developed with which a large improvement is achieved. Estimation of 
i,, and C,, with a computerized curvilinear regression analysis is proposed. 

The galvanostatic method is one of the oldest tech- application of statistical methods in this work per- 
niques employed in electrochemistry and is currently mitted the extension of that treatment to the case of 
used in the study of fast electrochemical reactions. the simultaneous estimation of i, and Cdl. 
Equations describing the galvanostatic potential-time 
relationship have been derived by Berzins and Delahay Computation of Parameters 
(1) for a simple redox system of the type 0 + ne = R Potential-time relationship for the galvanostatic 
subjected to both activation and diffusion control (and method at small perturbation (lql 6 RT/oF) for a 
with double-layer-charging currents taken into ac- redox system 0 + ne = R subjected to both activa- 
count). More complex cases incluing coupled chemical tion and diffusion control with accounting for double 
reactions or adsorption of reactants have been also layer charging has been derived by Berzins and 
treated (2). Delahay ( I ) ,  Eq. [I]. Treatment for multi-step pro- 

Sluyters et al. have done a thorough analysis of the cesses of the type v,O + ne = VRR results in identical 
method: nomograms, tables and a complex plane anal- expressions in terms of s, and Td. The relaxation con- 
ysis for treatment of experimental data were proposed stants s, and t d  contain the parameters VO, VR, and v 
(3-6) ; the accuracy of the approximation methods was of the multi-step process. AlJ discussions about the 
discussed (3) and optimal experimental conditions applicability of those equations are identical to those. 
were proposed (4). in previous work on the coulostatic method (7) 

[ $ [ exp (~ t l e r f c ( f i " )  + 28 (:)% - 1 ] 1 

In this work we treat some of the problems en- where 
countered in the study of fast electrode reactions by ,9 = [ta" + (sd - 4%) HI/%, [21 
the galvanostatic method. 

1. Mathematical expressions are developed for multi- -/ = [zd. - (ta - 4%) "=1/2tc [31 

step reactions v,,O + ne = VRR, where V, and VR differ v RT Gal 
from unity. te=--- 141 

2. Simple criteria for optimal experimental condi- n F i ,  
tions ar' given. 

3. The accuracy of the method and its limits are 
estimated on the basis of error analysis. The analysis 
is extended to cases in which i ,  is a single estimate 
(known Cdl) and to cases in which io is estimated 
simultaneously with Cdl. 

4. The correlation between the estimates i. and Cdl 
is given. 

5. An iteration method for the simultaneous deter- 
mination of i, and Cdl based on measurements at dif- 
ferent parts of the transient curves is proposed. 

6. Estimation of i, and Cdl with a computerized 
curvilinear regression analysis, based on the method 
of least squares, is proposed. 

The approach applied in this work is similar to that 
used previously for the coulostatic method (7, 8). The 

Key words: diffusion, galvanostatic method, regression analysis. 

There are two common methods of data handling 
for the estimation of parameters (e.g., i,, Cdi) from a 
transient q/t: 

(i) Selecting a single point along the transient and 
calculating p from the relation p = p (q, t ) .  For an 
implicit p-q relationship (as in the case of the gal- 
vanostatic method), p cannot be easily isolated. Kooij- 
man et al. have facilitated this problem by the nomo- 
gram method (4). 

(ii) Fitting the experimental points from given sec- 
tions of the transient to the theoretical function by 
the least-squares method. This method is well suited 
for implicit relationships; it is important in cases of 
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two-parameter estimation (e.g., io and Call and serves 
as the basis for all discussions in the present work. 
Sluyters et al. (6) have elaborated a transformation 
procedure by which transients are converted into 
impedances and subsequently treated by the complex- 
plane method. 

Our approach for the estimation of the parameters 
is to use direct parameter fitting of the analytical q-t 
expression (Eq. [I]) to the experimental data (from a 
section of the transient) by means of computerized 
curvilinear regression analysis. By this method, the 
estimates of i and Cdl are those which minimize the 
sum of squares 

for t = 0, AT ... (N - l)AT, T. Equally weighted 
points from the experimental q-t curve are fitted to 
the analytical expression of q-t (Eq. [31), by the use 
of the library program MINUIT (10). The same ap- 
proach was applied to the coulostatic method (8). 

Analysis of  Error 

Our approach in the analysis of error is based on 
the use of the concept "information content," I. This 
has been defined in a previous paper, where it was 
applied to the analysis of the coulostatic method (8). 
The quantity I is a dimensionless parameter, which 
determines quantitatively the amount of information 
on a calculated parameter, p, contained in a measured 
quantity, q. It characterizes the power of the method, 
independently of the precision of the instrumentation 
or of the accuracy by which measurements are made. 

The higher the information content of a parameter 
the better is its characterization. The power of different 
methods or of the same method under different condi- 
tions can be compared on the basis of information con- 
tent. It also enables an immediate calculation of the 
standard deviation of the estimated parameter p. pro- 
vided the standard deviation of q is given (Eq. [lo]). 
The instantaneous information of the parameter p (all 
other parameters exactly known) at time t along the 
transient, is defined as 

where qmax is the maximum value of the measured 
quantity, q. In the galvanostatic method, qm,, is the 
value of q at the end of a given transient (at t = T), 
because the overpotential rises with time. However, in 
the coulostatic method, qma, is the value of q at t = 0, 
since in the latter method the overpotential decays 
with time. 

As stated above, the computation of parameters is 
made with data taken from sections of the transient, 
and thus the integrated information1 I (p ) ,  contained 
in that section is relevant 

The limits for i ( a s  for I )  are 0-1. A zero value for 
n p )  means that the measured parameter q is inde- 
pendent of p (does not provide information about p).  
n p )  = 1, corresponds to a first-power relationship 
q = const pit, where p is the only parameter that 

*In previous work (8) the expression "average information" was 
used for this function. 

determines q.T(p) = H corresponds to q = const t - 
p". 

A knowledge of I (or3) allows the estimation of ( i)  
the optimal experimental conditions, (ii) the limits of 
the method, and (iii) the standard deviation of the 
estimate of the parameter p under given experimental 
conditions [with known variance of the overpotential 
a (q) 1. The relation between the information content 
I (p)  and the population standard deviation U, is ob- 
tained by replacing by (a(q)/N'/a)/r(p) (see 
Appendix A) 

The quantity of interest is not the absolute value of 
n(p), but its coefficient of variation, e(p) = o(p)/p, 
since for a given ratio ~,/rd,2 ~ ( p )  [as well as I ( p ) l  is 
a single-valued function of t / s .  In most measurements 
~ ( q )  is independent of q, for a given sensitivity of the 
measuring device. Furthermore, we idenitfy a(q)/ 
(qmaxN%) by t(qmax), which represents the instru- 
mental precision of the measurement. With the use 
of this parameter, Eq. 191 becomes 

where ~ ( p )  is the relative error in the determination 
of p at a confidence level of 68.3% (1 standard devia- 
tion unit). Given the instrumental precision s(qmax) 
it enables us to predict the precision by which p can 
be measured. Equation [lo] correlates the instru- 
mental precision with the power of the method. 

Error analysis based on the error matrix.-In the 
case of the coulostatic method, i ( p )  was calculated 
according to Eq. [8] for different values of -c,/rd over 
a wide range of time (8). By this method only iva lues  
for single-estimate systems can be acquired. Here, we 
have applied a more general method, based on the 
error matrix (Eq. [lo] ). It allows determinatin of Fin 
a two-estimate system which is of importance in the 
simultaneous determination of i, and Cdl. 

The error matrix E [called also variance-covariance 
matrix (Ref. 11, p. 62)] contains the variances of the 
parameters io and Cdl as diagonal elements, and the 
covariance, p[2a(io) 1 [w (Cdl) ] as the off-diagonal ele- 
ments. p is the correlation coefficient between the two 
parameters 

The prescript stands for the number of estimated pa- 
rameters. The principle of the method is to calculate 
the population variances and population covariances 
of the estimated parameters (i, and Cdl) in the func- 
tional relationship q = f (t; i,, Cdl), where q has a 
known analytical expression (Eq. [I])  ; q is a depen- 
dent variable with a standard deviation ~ ( q ) ;  t is an 
independent variable, bearing no error of measure- 
ment, i.e., the errors are practically negligible as com- 
pared with the error of q; the respective 21 values are 

2 It will be noted that the ratio rr /ra  is a measure of the relative 
contribution of the activation and of the diffusion control. Sys- 
tems with identical rc/ra behave identically when compared on 
a dimensionless scale t / r c  (regardless of individual values of i. 
and C d t )  ( 4 ) .  re/r,r can be coiveniently estimated from T C / T .  - 
n3CJ/(iuCal) for C = Coo = CE"; Do = Dn = 10.' cm2 sec-', v = vo 
= vn = 1, C in mM, io in A, C ~ I  in F cm"). For orientation pur- 
poses it will be added that systems with r r / r a  > 1000 have low 
diffusion contribution, and systems with ~ ~ l r d  < 10 have a high 
degree of diffusion control. 



Vol. 129, No. 7 GALVANOSTATIC METHOD 1475 

calculated according to Eq. [9]. 17 values are calculated 
from ziand p as shown later? 

The error matrix E is calculated by inverting the in- 
formation matrix G. Since the least-squares estimator 
is used in the estimation of the parameters io and Gal, 
the elements of the information matrix G are [Ref. 
( l l ) ,  pp. 126 and 1691 

T 2T (N-  l ) T  
for t = 0, -, -, . . . , T a n d N +  m 

N N  N 

The limits of the summation are 0 and T, since for 
calculating the integrated information T(p), the popu- 
lation variances ~ ( p )  for entire sections of the tran- 
sient are needed. 

The quantities zu(i,), ~ u ( C d i ) ,  and p appearing in the 
matrix E thus calculated are the integrated values cor- 
responding to a given time scale T. Calculations were 
made for various time scales with different values of 
rJrd and these yielded the parameters of interest, 
summarized in Fig. 1, 2, and 3. The graphs of these 
three parameters f ( i o ) ,  i (Cdl ) ,  and p plotted vs. T/r, 
depend on .c,/rd only (as mentioned before). 

If one of the parameters is "fixed" at  the correct 
value, the standard deviation of the estimated pa- 
rameter is always smaller than is the case when the 
estimation is carried out for the two parameters (Eq. 
[Ill ). This is so, since by fixing one of the parameters, 

' d i p )  calculated according to the statistical method may in 
some cases differ from that calculated according to Eq. 181. The 

statlsticall~ calculated Z ~ P )  is given by j = ( I iT)  (fdedt)yl 
-"  

(Appendix a, while the nonstatistlcal one is xi = ( l l T ) l d d d l  

(Eq. 181). The difference Leween them stems from differences in 
estimators: the statistical I 1s calculated with the least-squares es- 
timator, while the latter can be derived by minimizing the square 
of the sum of the absolute values of the deviations (not  the sum 
of squares of the deviations). The difference depends on the type 
of relation between the2arametei-s P and 7. They may not differ 
at all, as in the case of I ( i o )  or may differ by several percent as 
in the case of I(Cd1). While the correct function is the statistically 
calculated one the differences between them are negligible in the 
application to khich they are put here. 

- 
Fig. 1. ~l(i,) and aio) 0s function of T/zc a t  various rc/z,j. 

- 12i,) [single-estimate system (i,-estimate, Cdl-fixed)]; - - - -  *I(;,,) [two-estimate system (i,, and Cdl-estimates)]. 

04 - 

0.2 - 

"O "'6'1 " """I " " ' " "  " "- 
10 KX) 

T /r, 

- 
Fig. 2. l i(~dl)-and ~ l ( C a ~ )  as a function of T/T, a t  various 

rc/ra. - lI(Cal) [single-estimate system (Gal-estimate, i,- 
fixed)]; - - - - , r (~a l )  [two-estimate system (i,  and Cdi-estimates)] 

Fig. 3. Correlation coefficient between io and Cdl as function of 
T/rc. 

one is supplying information about the other. This in- 
formation is transmitted by means of the correlation 
between io and C ~ I  [Ref. ( l l ) ,  p. 1981 

The relation between the information content for a 
system with two estimates [ z ( p ) ]  and that for a sys- 
tem with one estimate [XI (p)] (with a frozen param- 
eter) is derived from Eq. 191 and [I21 

Concerning the form of the information curves (Fig. 
1 and 2) : For T << r,, the double layer is charged and 
the overpotential increases linearly with time (q =it/ 
Cdl). In this region, v is a function of Cdl only, but 
not of i, and thus l ( i , )  = 0 and 7 (Cdl) obtains its 
maximum value. In an intermediate range of T/r, 
(5-30 depending on %,/%d), maximum values for 1 (i.) 
are reached. At T >> r,, the influence of the diffusion 
is increased, and thus i(i,) decreases. For the specific 
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case %/rd + oo (negligible diffusion contribution), 
the overvoltage reaches a constant value, independent 
of time and of capacitance [q = (i/io) (Jn)  (RT/F)]. 
Thus a limiting value for i ( io)  is obtained: I(io) = 1. 
(This is the maximum information that is obtained in 
a linear relationship between measured value and cal- 
culated parameter.) In the coulostatic method (8) the 
limiting value for i(i,) (obtained for rCr/d + oo) is 
only 0.30. 

The time scale, on which the maximum value of 
i(i,) is reached (see Fig. 1) depends on ~c/rd. The 
larger rC/rd, the larger the value of the dimensionless 
time scale T/r, (Fig. 4). The optimal time scale, 
T/rc, varies from 4 to oo for rc/td varying from 10-2 
to oo. The importance of Fig. 4 is that it supplies in- 
formation on how to choose the optimal scale for mea- 
suring the galvanostatic transient. 

In fact, optimal results for each q/rd can be obtained 
for quite a wide range of time scales. For example, 
for r,/rd = 5, T/r, -- 5-15 (for a single-estimate sys- 
tem) and T/r, 5-20 (for a two-estimate system) can 
be used (Fig. 1). For r,/rd = 100, the respective t i e  
scales are 5-20 and 9-30. Sluyters et al. (4) also esti- 
mated the optimal time for single parameter estima- 
tion. However, their calculations correspond to single 
point determinations and not to determinations based 
on entire sections from the transient, as it is in our 
case. One can see from Fig. 1, Ref. (4), that the opti- 
mal time is shifted to larger values with the increase 
of rC/rd. The extent of the shift in the range shown 
0.2 < ri/rd < 100, is small, which is in good agreement 
with our results (cf., Fig. 4, solid line). According to 
the case we consider, T/r, is 6 for 0.1 < rC/rd < 5; for 
r,/rd > 10, the optimal full time scale increases rapidly 
with rC/r+ 

While the optimal time scale for the galvanostatic 
measurements increases with re/rd. that for the coulo- 
static measurements is independent of r,/q and is 
T/T, = 2 (8). The reason for this difference stems from 
the fact that for a galvanostatic transient, q increases 
with time (or reaches a constant value for rc/rd + oo) 
while for a coulostatic transient, q decays to zero (that 
is, after a certain time, the information content de- 
creases to zero even for cases without diffusion con- 
tml) ----, . 

The values of li(i,) and J(i,,) at  which the in- 
formation curves (Fig. 1) reach maxima are plotted as 
functions of r,/td in Fig. 5. There is a considerable loss 
of information in the two-estimate system. As will be 
shown in a future publication, in the coulostatic method 
this loss is much smaller. 

01 a ' ' r , a L L 1  ' ' l " a " l  ' " s " a ' l  ' ""J 
0 .  I I 10 100 1000 

'c I ' d  

Fig. 4. Optimal time scale for estimotion of i, as function of 
tc/rd. - Single-estimate system (io-estimate, Cdl-fixed); - - - - two-estimate system (i, and Cdl-estimates). 

Fig. 5. Maximal values of and a3i.J as function of r,/rd. 
- Single-estimate system (i,-estimate, &fixed); - - - - 
two-estimate system (i,  and Cdl-estimates). 

Conditional dependence between parameters.-In the 
case of single-estimate analysis, an error Apz of the 
"known" (fixed) parameter brings about an error 
P ( ~ ( p l ) / ~ u  ( p ~ )  ) Ap2 in the estimated parameter [Ref. 
( l l ) ,  p. 631. Thus 

The negative sign of the correlation coefficient (Fig. 
3) indicates that a positive error in Cdl causes a nega- 
tive error in i, (and vice versa). General presentation 
of the conditional dependence is achieved by the use 
of relative rather than absolute variations in Eq. [I41 

The rhs of Eq. [15] depends on r,/rd only when com- 
pared on a dimensionless time scale T/rc, while the rhs 
of Eq. [411 depends also on i,, Cdl, and concentrations. 
Plots of (Ai,/i,)/(ACdl/Cdl) us. T/T, for different r,/rd 
values are given in Fig. 6 and are used to calculate the 
relative error in i, as result of an error in Cdl and vice 
versa. 

The larger the diffusion contribution (the smaller 
re/rd), the larger the systematic error Ai,/io caused by 
error in Cdl. This error increases with decrease of the 
time scale. 

I t  should be stressed that although the accuracy in 
the estimation of a parameter is conditionally depen- 
dent on the error of the "known" parameter, the pre- 
cision is independent of it. The precision, and thus the 
information content are those for single-estimate anal- 
ysis with a precisely known value of the fixed param- 
eter [Ref. ( l l ) ,  p. 631. 

Iteration Method for Simultaneous Determination of 
i, and C ~ I  

The precision achieved in the single-estimate deter- 
mination of i, is substantially higher than that for the 
case in which ia and Cdl are both estimated parameters 
(compare full lines with dotted lines in Fig. 1 and 2). 
The usual technique in the latter case is the determina- 
tion of Cdl from the initial part of the transient, in 
which q us. t is linear (Cdl = i (&/at)  -1). But when 
dealing with fast electrode reactions, the linear region 
is shortened to such an extent that this method is 
impractical. For example, if it is desired to estimate 
Cdl with an error of 5% in a system with Cdl = 20 
pF/cmZ and i, = 0.5 A/cm2, measurements must be 
carried out at  a full time scale T - 0.1 psec. Noises at 
the beginning of the pulse (due to unmatched im- 
pedances, stray capacitance, and inductance) may last 
about 50 nsec) make the use of a full time scale 
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0.1 I 10 100 
T I T ,  

Fig. 6. Conditional dependence of relative error of estimated 
parameter on relative error of fixed parameter (i,-estimate, Cdl- 
fixed or Cdl-estimate, i,-fixed) as function of T/t,. h = I(Ai,/ 
io)/(ACdl/Cdl) 1. 

shorter than 0.5 rsec impractical. In such a case, i, and 
Cdl must be determined by the two-parameter fitting 
procedure proposed here. 

The precision in the simultaneous determination of 
i, and Cdl is greatly enhanced by using an iteration 
procedure, in which the two parameters are deter- 
mined for several time scales. Due to the fact that the 
optimal time scale for the determination of i, and Cdl 
differs greatly (cf., Fig. 1 and Z ) ,  the following itera- 
tive method is proposed. 

Initial step, n = 0:  Simultaneous estimation of i, 
and Cdl. The two parameters are estimated by the 
curve-fitting procedure from several arbitrarily chosen 
time scales. The mean value of each parameter is 
calculated. 

nth iteration step, Cdl single estimate: i, is fixed at  
a value calculated from the (n - 1) iteration step. 
Data from the transient with the shortest full time 
scale are used. 

nth iteration step, i, single estimate: Cdl is fixed at  a 
value calculated from the nth step above. The optimal 
time scale for this estimation is chosen on the basis 
of Eq. [20] as will be discussed in the next paragraph. 
The last two steps are repeated until io and Cdl remain 
unchanged, within the expected error as estimated 
from Eq. [20] and [21]. 

The enhancement of the accuracy achieved by the 
iteration procedure will be demonstrated by following 
the decrease of the relative error of the estimates. 
The errors are calculated at the 68.3% confidence level, 
corresponding to one standard deviation. 

At the initial step, n = 0, i, and Cdl are simultane- 
ously estimated with relative random errors Oe(i,) 
(= zu(i0)/i.) and Oe(Cd1) (= zu(Cdl) /GI). According 
to Eq. [lo], Os(i,) = e(qrnaX)/zei,) and oe(Cdl) = 
€(~max)/Zii~dl) where z(i ,)  and Z ( C ~ I )  are the in- 

formation contents for a two-estimate system (the re- 
spective average values over the time scale used). 

The relative error in the determination of Cdl,ne(Cdl), 
at  a fixed value of i, at the nth iteration step, comprises 
two terms. One is a random error, arising from un- 
certainty in q, which is incorporated in the single- 
parameter estimation and is lo(Cdl)/Cd~ = e(q,,)/ 
i ( ~ d l ) ,  where l i ( ~ d 1 )  is the information content corre- 
sponding to the data from the shortest time scale used 
in the initial step. The second term is an error con- 
ditional on the error of the fixed parameter and is 
equal to n=l~(i,)/h(T,), where h(T) = I (Aio/&)/ (~Cdl/  
C ~ I )  1. The value of b(T) varies with T/tc (Fig. 6).  
h (TI, is the value of 1 (T) corresponding to the time 
scale used for the determination of Cdl. 

For the total relative error, nc(Cdl), we have 

In the case of n = 1, the first term on the rhs of 
Eq. [I61 will be Oe(i,)/h (T,) = (zi(i,)h (T,) ). 

The total relative error of i, at  the nth step is 

where h (Ti) is the value of h (T) at  the optimal time 
scale for the determination of a,. 

Combining Eq. L161 and 1171 and substituting 
e(llmax)/zi(io) for %(io), one obtains (See Appendix 
C 1 

I - -  
1 (Tc) 

and 

It is seen from Eq. [I81 and 1191 that the smaller 
the ratio h(Ti)/h(T,), the smaller the errors in i, and 
Cdl and the sooner the minimal values of the error are 
reached. At an infinite number of iterations 

Optimal time scale for estimation of i, with the 
iteration procedure.-When a single-estimate deter- 
mination of i, is made with Cdl known from indepen- 
dent measurements, the optimal time scale is the one 
at which i(i,) reaches its maximum value (Fig. 1). In 
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cases in which the interation procedure is applied, the 
precision depends on the values of i ( p )  and 1(T) (Eq. 
[20)), and the choice of time scale for the estimation 
of i. is a bit more complicated (there is no doubt that 
the time scale for estimating Cdl is the shortest time 
scale that the instrumental setup permits). In the case 
of i. there are two contradictory requirements: maxi- 
mum Ii(i,) and minimum h(Tj). Since the first re- 
quirement has a larger weight than the second, the 
optimal time scale is largely determined by it. As a 
rule of thumb, a time scale 10-50% larger than the 
one at  which li(i,) reaches its maximum value is 
suitable, and in most cases, any time scale in this range 
is suitable, since the information curve of i, (Fig. 1) 
has a broad peak. Data from Fig. 1, 2, and 6 can be 
used in Eq. [20] to ensure that for a given system, the 
best time scale is chosen. 

Example of the efficiency of the iteration procedure. 
-The enhancement of the accuracy is exemplified by a 
system with Tc/Td = 0.5 and T, = 1 ~ e c .  The experi- 
mentalist who has no previous knowledge of the sys- 
tem will record transients, say in three full time scales, 
0.5, 5, and 50 psec. If we choose the following typical 
values for each transient: qmax = 5 mV, a,, = 0.1 mV, 
and N = 10, then r(qmax) = 0.6% (according to Eq. 
[93). 

In order to follow the iteration procedure theoreti- 
cally, i t  is necessary that i(i,), f(Cdl), h(Ti ) ,  and 
I(T,) be known. Data extracted from Fig. 1, 2, and 6 
are given in Table I. At the initial step (n  = O), io 
and Cdl are simultaneously estimated from data of the 
three time scales. The average information content 
zi(i,) over the three scales is low (0.01), and corre- 
sponds to a relative error s(i,) of 60%. The respective 
value for Cdl is os(Cd1) = 10%. The errors in i, and Cdl 
at each iteration step are calculated according to Eq. 
1161 and [17] and presented graphically in Fig. 7. 
After the fifth iteration step, r(i,) has decreased from 
60 to 20% and ~(Cdl) from 10 to 3%. Better accuracy 
could be achieved if a shorter time scale for the de- 
termination of Cdl were chosen. For the sake of com- 
parison, if i, (or Cdl) were determined for an exactly 
known C ~ I  (or i,), 4,) = 7% [or r(Cdl) = 1% would 
be obtained]. 

Limits of the Galvonostatic Method 
The upper limit for i, in a single-parametex estima- 

tion is determined as follows. The shortest full time 
scale to be used is limited by instrumental problems 
and is T - 0.5 @ec. Since at the lower range of ?,/td 
the optimal dimensionless full time scale T/T, is 6 
(Fig. 4). the smallest of T, is 0.08 psec, which in terms 
of i, is 3-12 A cm-2 (for Cdl 10-40 pF cm-q).  The same 
limits for T, and i, are reported by Sluyters et al. (3) 
with considerations based on ohmic drop miscompen- 
sation. The galvanostatic method enables determina- 
tion of exchange currents six times larger than those 
determined by the coulostatic method (8). 

The upper limit for k, in a single-parameter esti- 
mation &calculated for the case of a simple electrode 
reaction for which k. = i,[nF   COO)^^ (C~O)a*1-1. Com- 
bining this expression with Eq. [4] and [5] and sub- 
stituting COO = CRO; aa + % = 1; DO = DR = 106 cm2 
sec-1, an expression of k, as function of T, and rc/rd 

Table I. Data for a system with F / T ~  = 0.5 

T/rc 5'3 ( 3  ~ ( c a s )  ~ ( ~ a l )  A 

Fig. 7. Variation of c(i,) and dCdl) along iteration procedure 
for a system with G/T* = 0.5, -cc = 1 psec, and s(qmsx) = 0.6%. 

(T, in sec) is obtained 

The highest value of k, is obtained for the smallest 
possible value of T, that can be measured (0.08 psec 
as estimated above) and the corresponding smallest 
value of T = / T ~ .  The estimation of the minimal value of 
?,/rd may be carried out in the following manner. T,/Td 

depends on the value of 7- (cf., Fig. 5), which in turn 
is dependent on the required accuracy a t  which the 
exchange current is determined and on the experi- 
mental error s(nmax) = r(q)/(qmaxNM) (cf., Eq. 191). 
Assuming a maximum relative error of 10% for io 
[a (i,) /i, = 0.1 at  a confidence level of 68.3%1 and an 
experimental error ~(qmax) = 1% (~(q)/qmax = 0.03 
and N = lo),  i i s  determined to be 0.1. This value of 
icorresponds to t.c/Td - 0.5 (cf., Fig. 5 ) .  Substituting 
q/zd = 0.5 and t, = 0.08 psec in Eq. [221 one obtains 
that k, as high as 8 cm sec-1 can be measured. Sluy- 
ters et al. (3) have estimated under similar conditions 
that the limitina value of k. is 5 cm sec-1. - 

Concentration limits of electroactive species.-In- 
crease in concentration of the electroactive species in- 
creases T J T ~  (cf., Eq. 141 and 151) and thus brings 
about an increase in accuracy in the determination of 
i, (Fig. 5). However, the concentration can be in- 
creased only up to a certain limit, determined by the 
instrumental limitations on i,. For the simple case of 
Coo = CRO = C and a. + a, = 1, the upper limit of 
concentration [C (up. lim)] and of exchange current 
[i, (lim)] are related as follows (i, = nFCk,) 

Thus for a system with k. = 1 cm sec-I, C(up. lim) = 
10/n mM and for k, = 0.1 cm sec-1, C(up.lim) = 
600/n mM [i, (lim) has been assumed to be 6 A cm-2, 
calculated as shown above for Cdl = 20 pF cm-21. In 
general, for different reasons (keeping constant activ- 
ity coefficients and avoiding adsorption of electroactive 
species), the concentration is kept lower than 50 mM. 

The lower limit of the concentration is determined 
from the minimal value of r,/rd for which reasonable 
accuracy can be achieved. It was shown above that 
the smallest acceptable value of is about 0.5. 
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Combining that requirement with Eq. [5] and [22] one 
obtains 

k. 
C (low. lim) = lo-# - [mol ~ r n - ~ l  

n2 

For k, = 1 cm sec-1, C(1ow. lim) = l/nz mM and for 
k ,  = 0.1 cm sec-1, C(low, lim) = O.l/nz mM. 

The higher k,, the narrower the concentration limits. 
Sluyters et al. (3) point out that for a system charac- 
terized by limitingly small values of the parameters 
zc and z,/rd, the concentration can neither be de- 
creased, nor increased from an "optimal" value of 
about 10 mM (for n = I ) ,  since either of those changes 
bring about a decrease of one of the parameters below 
its limiting value. 

The accuracy of the galvanostatic method in a single- 
parameter estimation is superior to that of the coulo- 
static method for systems with ze/zd > 0.6 [compare 
solid line in Fig. 5 with Fig. 6 in Ref. (a)]. For t,/zd 
< 0.6, a somewhat lower accuracy is obtained. 

The limit and the accuracy of the galvanostatic 
method for the determination of io in a two-estimate 
analysis (io and Cdl) are considerably lower than those 
for single-estimate analysis (Cdl known) (zI(io) < 
li(i,) ). Application of the iteration method for the 
simultaneous determination of i, and Cdl results in 
considerable improvement. It is estimated that k ,  as 
high as 2 cm sec-1 can be measured (see example in 
section "Iteration Method"). Comparison with the 
coulostatic method cannot be made at  that stage since 
zT(io) values were not calculated in the earlier coulo- 
static work (8) (and their presentation here is be- 
yond the scope of this work). It will be only men- 
tioned that in two-parameter analysis, better accuracy 
is obtained with the coulostatic method. Comprehen- 
sive comparison of several transient methods will be 
the subject of a future paper. 
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APPENDIX A 
The matrix of error E for a single-estimate system 

contains a single element, the population variance 
1r(v)2. The error matrix E is the inverse of the infor- 

mation matrix G. 1G = 1 s. Thus 
2 apz 

for N measurements taken at  time t 

[6] into Eq. [A-11 and for an. infi+te large n e r  
of observat~ons along the transient, in the tlme hmits 
0-2'. 

t=T  
1 -- 1 

Vmax by i ( p )  . - (analogous to Substituting - - 
NH in(p) P 

~ q .  1111 and a d a p  by i (Eq. 171 

APPENDIX C 
The recursion equations for calculating ne(io) and 

"e(Cd1) are 

e n l e o  h(T1) h(Td 1 -- _-.- +-+- 
~ ( ? m a )  e(?max) h(Tc) lI(C111 IT(%~) 

LC-11 
"~(Cdl) 1 -- _-.- 1 + - LC-21 
€(%ax) e(~max) &(To) I I (C~I )  

Combining Eq. [C-11 and [C-21 

Substituting for the sum of the geometric series, Eq. 
[I81 is obtained. Combining Eq. [C-11 and [I81 yields 
Eq. [19]. 

LIST OF SYMBOLS 
Cal double layer capacity 
Coo, [CRO] bulk concentrations of oxidized [reduced] 

form 
Do, [DRI diffusion coefficients of oxidized [reducedl 

Combining Eq. [A-11 and [A-21 and for N + m 
T 

form 
E; G error matrix; information matrix. The Dre- 

subscript when present stands for the nim- 
ber of estimates 

, i 1; i exchange [faradaicl current density; ap- 
plied current density 

I(P) instantaneous inforination in respect to pa- 
rameter p 

zi(p), [ t i  (p) 1 integrated information in respect to 
parameter p for a two-estimate [one esti- 
mate1 system. The presubscript stands for 
the number of the estimates in the system. 
In case no presubscript is specified, the 
number of estimates is either one or two 
depending on the meaning of the other pa- 
rameter in the equation 

N number of points along the transient used 
for the computation of the parameters. The 
points are equally spaced in a given time 
scale T and orieinate from zero . -. . 
parameter (i, & Cdl). estimated or fixed 
difference between estimated and true 
value of p 
time elapsed from the start of the potential 
transient 
full time scale reading 
optimal value of T for the determination 
of i, 
defined bv Ea. r81 

Thus d p )  relathre errof cn-the determination of p at  
a confidence level of 68.3% (1 standard de- 

[A-41 viation unit), Eq. [I21 
%(p) relative error of parameter p. The prescript 

APPENDIX B 
n stands for the number of the iteration 
steps 

The integrated information i p )  for a one-estimate e(qmax) = ~(.tlmax)/,(~max NH) 
system is given by Eq. [a]. Substituting Q2 from Eq. q, [qmax] overpotential [overpotential a t  t = TI 
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nt (exp), [qt (calc) 1. experimental (calculated) value 
of q at tlme t 

I I (Aidio)/(ACdl/Cd~) I 
&(TI), [l(Tc) 1 value of A a t  the optimal t i e  scale for 

measuring io[Cdll 
stoichiometric number 
stoichiometric coefficients of 0 IR1 in the - - 
overall electrode reaction 
correlation coefficient between io and Ca 

( p ) 2 ]  population variance of parameter p 
in a two-estimate (single-estimate) sys- 
tem. The presubscript stands for the num- 
ber of estimates. In case no subscript is 
specified, the number of estimates is either 
one or two depending on the meanings of 
the other ~arameters  in the eauation 

s(q)2 populatiofi variance of n 
s, [rd] charge-transfer [diffusional] relaxation 

conshnt 
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Modeling of Porous Insertion Electrodes with Liquid Electrolyte 
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ABSTRACT 

The dynamics of porous insertion electrodes during charge or discharge is described by a simplified mathematical 
model, accounting for the coupled transport in electrode and electrolyte phases. A numerical method to evaluate the 
response of this model to either controlled potential or controlled current is outlined, and numerical results for the 
discharge of a porous TiS,-electrode in an idealized organic electrolyte are presented. It is demonstrated how electro- 
lyte depletion is the principal limiting factor in the capacity obtained during discharge of this electrode system. This 
depletion is a consequence of the mobility of the ions not inserted, hence the performance of this type of electrode is 
optimized by choosing electrolytes with transport number as close to unity as possible for the inserted ion. 

One of the consequences of the energy crisis is a 
renewed interest in secondary batteries for traction 
purposes. As a partial electrification of the transport 
sector would make the energy consumption pattern of 
the community more flexible, and thus less sensitive 
to changes in the availability of the different fuels, 
much effort is invested in development of battery sys- 
tems for this purpose. 

Parallel to the continuous development of existing 
battery systems, much research is devoted to alkali 
metal batteries because of the high energy density 
offered by these systems. One of the systems con- 
sidered to have potential application as a high rate 
battery is a negative lithium or lithium alloy elec- 
trode couple with a positive insertion electrode' (1, 2). 
The insertion materials under investigation for this 
purpose are primarily layered transition metal di- 
chalcogenides [e.g., TiSz (3), VSe2 (4)l and oxide 
framework structures like V205 (5), VaOll (6), and 
recently (Mo, V)zOs (7) ,  but also amorphous chalco- 
genides (8) have received some interest. 

Until now no entirely satisfactory comlbination of 
electrodes and electrolytes has been found, although 
it has been demonstrated (9) that a lithium/oganic 
electrolyte/titanium disulfide battery could be adapted 
to electric vehicle propulsion. In any case, the develop- 
ment of new electrode and electrolyte materials is pro- 
ceeding very fast, and it is of importance to obtain a 
better understanding of the transport processes in this 

type of batteries in order to anticipate the combina- 
tions of electrode and electrolyte properties that can 
meet the requirements corresponding to a given set 
of battery specifications. 

In a previous paper (10) thin, nonporous insertion 
electrodes were treated in detail. In the present paper 
a mathematical description of porous insertion elec- 
trodes is presented to extend these calculations to 
more realistic electrodes. 

Porous electrode theory has been reviewed by 
deLevie (11) and more recently by Newman and Tiede- 
mann (12). The porous insertion electrode is, however, 
different from the electrode types treated previously, 
as it involves transport in both electrolyte and elec- 
trode phases. These two transport systems are coupled 
both through mass balances and through the variation 
of the electrode potential with the surface composition 
of the electrode phase. This variation is typically large 
for intercalation compounds (hundreds of millivolts) 
and current distribution in the pores due to charge 
transfer resistance is of minor importance compared 
to the effect of the varying surface composition. The 
transient behavior of porous electrodes with low 
charge transfer resistance has been treated by Pollard 
and Newman (14) for the case where the equilibrium 
electrode potential is not a function of the utilization 
of the electrode material. 

Model Formulation - - - 
An electrode with irregularly shaped pores and 

Electrochemical Society Active Member. 
Key words. intercalation battery capacity simulation. cavities will be difficult if not impossible to describe 
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calation of a "guest" species in a "host" lattice as the formation the porous insertion electrode systems of much of solid solutions during the electrode procesd. 
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simpler geometry, but still possessing the important 
functional features of the real electrodes. The geom- 
etry of these models is shown in Fig. 1 and 2. 

Each of these model systems consist of a porous 
slab of electrode material of high electronic conductiv- 
ity and of thickness 1. On one side (z = 0) this slab is 
contacted by a metallic conductor serving as current 
collector, and on the other (z = 1) by an electrolyte 
also filling the pores of the electrode. This electrolyte 
is considered to be liquid with mobile anions and ca- 
tions. 

The three model geometries consist of equally sized 
particles uniformly distributed in the electrode and 
of one of the following shapes: parallel sheets (Fig. 1) ; 
long cylinders (transport across the ends of the cylin- 
ders should be negligible) (Fig. 2a); and spheres (Fig. 
2h\ --, . 

The packing of the cylinders or the spheres should 
ensure that all particles are in electronic contact with 
the current collector, and they should be evenly dis- 
tributed so the porosity does not change significantly 
in any directions within the electrode. There are no 
restrictions on the orientation of the cylinders, but as 
the concentration will be taken to be constant around 
a cross section of the particles, the diameter of the 
cylinders or the spheres should be small compared to 
the thickness of the electrode. 

In order to keep the transport equations from getting 
too involved and to keep the computational work at  
a reasonable level, the model systems are simplified 
further by the following assumptions: 

1. The particle-particle distance (the width of the 
pores) is so small compared with the thickness of the 
electrode that the potential and concentrations in the 
pores can be considered as varying in one dimension 
only (i.e., along the length of the pore). 

2. The ionic conductance of the electrode phase is 
low compared with the conductance of the electrolyte, 
so diffusion in the electrode phase parallel to the sur- 
face of the electrode particle will not contribute sig- 
nificantly to the overall transport. Solid-state diffu- 

Fig. 1. Schematic diagram of electrode model (plane geometry). 
Arrows indicate directions of fluxes considered. 

Fig. 2. khematic diagrams of electrode models: (a) cylindrical 
geometry; (b) spherical geometry. 

sion in the electrode phase thus only removes the in- 
serted species from the electrode/electrolyte interfaces 
as indicated in Fig. 1. 

3. Space charge accumulation is negligible. This 
implies that the electroneutrality principle can be ap- 
plied in the derivation of the transport equations in- 
stead of the more involved Poisson-Boltzmann equa- 
tion. 

4. Charge transfer overvoltages are negligible. 
5. The electronic conductivity of the electrode phase 

is so high that the Fermi potential (n) in this phase 
is constant. 

6. The electrolyte salt considered is mono-mono 
valent. 

7. Volume flow due to expansion of the solid matrix 
and concentration changes in the electrolyte are neg- 
lected. 

Basic Equations 
On the basis of these assumptions the equations 

governing transport in the model pore system can be 
formulated. As there is no significant transport parallel 
to the surface of the electrode particles, the diffusion 
equation for the solid phase will be one-dimensional 
in the coordinate system belonging to the symmetry 
class of the electrode particles (cartesian, cylindrical, 
or spherical, respectively). The electric field in this 
phase is small, and the diffusion can be treated ac- 
cording to the Fick laws. With concentration and 
chemical diffusion coefficient of the inserted species 
designated by cs and D, and the time by t, the diffu- 
sion equation is 

where V ,  is the nabla-operator for the direction per- 
pendicular to the particle surface. The boundary con- 
ditions in the center (y = 0) and at the surface of the 
electrode particles (y = r )  are 

where i ,  is the current density across the particle/ 
electrolyte interface. 

The transport in the electrolyte will be treated as 
one-dimensional diffusion and migration according to 
the Nernst-Planck equation. For the cations an addi- 
tional term must be included in this equation to ac- 
count for the flux of cations across the particle/electro- 
lyte interface (given by the transfer current density 
i,). Due to electroneutrality the anion and cation con- 
centrations are equal (cl) 

where D+ and D- are diffusion coefficients of cations 
and anions, respectively, and 9 is the electric potential 
in the electrolyte. The geometric factor g is the aver- 
age ratio between the circumference and the cross- 
sectional area of the pore. 

The boundary conditions for these equations a t  the 
bottom of the pore (z = 0) and a t  the electrode sur- 
face (z = 1 )  are 
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where ~1.0 and +* are constants or specified functions 
of time. Furthermore it is assumed that the electrode 
initially is in equilibrium 

t=O=>cl=c~,, ,and + = p  (allz) 

C. = CS,O (al ly and z) 181 

where is given by the equilibrium electrode poten- 
tial (n - +o) corresponding to the composition c1.0, 
cs,o. 

The last constraint necessary to couple the electrode 
and electrolyte systems is the potential relation 

(x -+ (z ) )  = ~ ( c ~ * ( z ) , c I ( z ) )  191 

where c,*(z) is the local surface concentration of the 
inserted ion. As local electrochemical equilibrium at  
the electrode/electrolyte interface is assumed (no 
charge transfer overvoltage), h is a single valued func- 
tion of c,* and cl only. The exact form of this func- 
tion h will depend on the electrode material chosen. 
In many instances, however, a function of the follow- 
ing type will give a reasonable good approximation 
(13) 

where c,o is the saturation concentration of the in- 
serted species in the electrode phase. (n - + ) @  and f 
are characteristic constants of the electrode material. 
Applying this expression implies that the insertion 
process is equivalent to an adsorption process with 
linear interaction term (Frumkin isotherm). 

As n is constant in space, a+(z)/Jz in Eq. 141 and 
[5] can be replaced by -a(% - +(z))/az, and the 
space and time variations of concentrations and poten- 
tial in the model pore system are thus determined by 
[I], [41, [51, and [91 together with the appropriate 
boundary conditions. 

Dimensionless Parameters 
In the limited universe of a numerical model i t  is 

often inconvenient to measure quantities relative to 
standards (e.g., SI-units) which are not part of the 
model. Often i t  is an advantage to measure the quan- 
tities relative to some of the characteristic parameters 
of the system and transform the equations into dimen- 
sionless forms. With a proper choice of reference pa- 
rameters, the dimensionless variables can give a 
simpler description of the state of the system than the 
corresponding dimensioned variables. 

A dimensionless form of Fick's laws where time is 
measured relative to a time constant of diffusion and 
length relative to the dimension of the diffusion re- 
gion is often used (15). Considering diffusion in the 
electrode phase, this transformation gives the di- 
mensionless time and length 

where D.0 is a characteristic value of the diffusion co- 
efficient of the inserted ion. 

Measuring the concentration of the inserted ion rela- 
tive to its saturation concentration X = c,/c,o, the 
transport equation for the electrode phase [I], assumes 
the following form 

where Us is a dimensionless mobility 

The dimensionless electrode current density or ca- 
tion flux density across the electrode/electrolyte in- 

terface corresponding to this transformation is defined 

Noting that the surface to volume ratio of the three 
types of electrode particles considered is nJr, where 
n, is 1, 2, or 3 for planar, cylindrical, or spherical 
geometry, respectively, it can be seen that I ,  is the 
transfer current density measured relative to the spe- 
cific charge density available in the electrode phase 
and to the time constant of diffusion. 

The transport equations for the electrolyte [4] and 
151 must be transformed in a slightly different way, 
utilizing the dimensionless time T alreadv defined in 
Eq. [ l l j .  Introducing the dimensionless variables 

and the dimensionless mobilities 

the equations governing transport in the electrolyte 
assume the following nondimensional forms 

and 

The dimensionless geometric factor G = g . r . cso/ 
(c],~ ng) contains information on the, "shape" of the 
pores. For the simple geometries described above, g is 
equal to n,(l - P ) / ( r  . P) ,  and G's dependence on 
system parameters is given by G = (1 - P)c,O/(P . c1.0). 
Parallel to the definition of I,, the dimensionless over- 
all electrode current I, is defined as the total electrode 
current relative to the stoichiometric capacity of the 
electrode and the time constant of the electrode par- 
ticles 

[ I ,  is identical to 1/Q as defined in Ref. (lo).] 
Length is measured in different units for directions 

parallel and perpendicular to the pore surface in order 
to obtain length parameters that always vary between 
0 and 1, regardless of the physical dimensions of the 
pore system. Also concentration is measured relative 
to different standards in the electrode and the electro- 
lyte phases. 

The porous insertion electrode is thus described by 
the local variables C(Z),  E(Z) ,  I,(Z) and X(Y, Z),  
and transport in this system is governed by Eq. LIZ], 
[17], and [I81 together with an expression for the 
dependence of E on C and X* 

The transport equations are subject to the following 
boundary equations: 

where E* is the (dimensionless) potential difference 
between the electrode phase and the electrolyte just 
outside the pore. 
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Computational Methods 
This set of coupled, nonlinear differential equations 

cannot be solved analytically in the general case. Nu- 
merical approximations to the solution can, however, 
be obtained by finite difference methods (16,17), 
where the continuous variables are replaced by a set 
of approximate values defined a t  certain mesh points, 
and where the differential operators are replaced with 
difference operators. 

A linearization of X* (Z) on T and I , ( Z )  is obtained 
at  each time step from the numerical solution of Eq. 
[12] together with the boundary conditions specified 
above. The resulting set of coupled, nonlinear equa- 
tions in C, X*, E, and l, is solved simultaneously with 
no further decoupling or linearizations, following the 
iterative scheme proposed by Brumleve and Buck (18). 
Using this technique, very stable numerical solutions 
are obtained, which are only slightly affected (less 
than 2%) by changing the number of discretization 
points between 10 and 100 in any dimension. 

The boundary condition 1251 used above, represents 
the potentiostatic case, where the charge or discharge 
of the electrode proceeds at  controlled potential. In 
practice, however, batteries are operated a t  conditions 
more similar to the galvanostatic case, where the elec- 
trodes are charged or discharged with a controlled 
current. To account for this case, an iterative loop is 
added to the calculations at  each time step, in which 
the potential just outside the pore (E*) is adjusted 
until the specified value of the electrode current (I,) is 
obtained. 

Results 
The salient features of the model electrode system 

under load are illustrated with results from constant 
current simulations. The material properties used in 
these simulations are those of a porous titanium disul- 
fide electrode filled with an ideal organic electrolyte. 

Lithium transport in TiSz crystals is anisotropic as 
there is virtually no mobility for lithium ions in the 
direction of the crystallographic c-axis (23). Con- 
sequently, transport in the typically disk shaped TiSz 
particles is adequately described by the cylinder 
model, as they fulfill the requirements of no sig- 
nificant transport across the ends of the cylinders, even 
though the "cylinders" are very short. 

A reasonable approximation to the emf of LizTiS2 
us. a lithium reference electrode (cl = cp) as mea- 
sured at  this laboratory is given by 

This expression does not reproduce the fine structure 
of the emf curve [see (19) and (20)1, but the overall 
approximation is satisfactory for practical purposes. 

The values of the transport parameters used in the 
simulations are listed in Table I. D= and t +  are ex- 
perimental values for a 1M solution of LiC104 in pro- 
pylene carbonate. All transport parameters are taken 
to be independent of the composition of the phases 
although this condition is hardly ever met by prac- 
tical electrode systems. Detailed experimental deter- 
minations of the variation of these parameters with 
concentration are, however, not available at present, 
and as this variation is only considered to introduce 
second-order effects, the idealized case is chosen to 
illustrate the behavior of the model. 

The magnitude of the geometrical parameters also 
listed in Table I are characteristic values of a battery 
optimized for traction purposes (9). 

On Fig. 3 the equilibrium emf curve is compared 
with a simulated constant current discharge. The con- 

Table I. Simulation pawmeters 
-- 

Transport data, electrolyte: 
Transport number: t .  = 0.20 Ref. (21) 
Salt diffusion coefficient D- = 2.58 x 10-6 cm21sec Ref. (22) 

D+ = 1.61 x 10-6 cmz/sec 
D. = 6.45 x 1W cmVsec 

Transport data, electrode: 
Chemical diRusion coefficient of Li In LLTiSl 

D.0 = D. = 10-10 cm21sec Ref. (23) 
Geometrical data:' 

Electrode thickness = 0.1 cm ( L  = 0.05 em) 
Particle diameter = 1 . 10-a cm (r = 5 . 1OS em) 
Porosity = 0.35 
Discharge current density = i. = 5 mA/cm* 
Electrolyte concentration (start) = cx.a = 1 x 103 mol/cma 
Saturation concentration of elec- 

trode = elo = 2.5 x 10-2 mollcm~ 

The geometrical data correspond roughly to those of Ref. (9). 

stant current load chosen, 5 mA/cm2, is equivalent to 
a stoichiometric discharge time of 4:21 hr, which is 
reasonable for traction purposes. The maximal coulom- 
bic efficiency predicted for this load is 80%. The rea- 
son for this limitation is the evolution of an electrolyte 
depletion region during discharge, as shown in Fig. 
4, where some of the dimensionless parameters of the 
model are depicted as functions of the length co- 
ordinate (Z) at the three different degrees of dis- 
charge indicated on Fig. 3. Figure 4a shows how the 
electrolyte concentration in the center of the electrode 
approaches zero during discharge, as the transport of 
lithium ions from the bulk electrolyte cannot keep 
pace with the lithium ion consumption. This is a con- 
sequence of the relatively high anion mobility. Simul- 
taneous with this electrolyte depletion, the surface of 
the electrode particles in the outer parts of the elec- 
trode gradually becomes saturated with lithium (Fig. 
4b). When the surface concentration cannot be in- 
creased further, the discharge current in this region is 
limited to a value just large enough to support the 
equilibration process until all the underlaying elec- 
trode material eventually becomes saturated. The elec- 
trode current is thus limited both in the depletion re- 
gion, due to the low lithium ion concentration, and in 
the saturation region. As these regions approach each 
other during the discharge, the major part of the elec- 
trode reaction is confined to a narrowing zone (Fig. 
4c), until i t  finally becomes impossible to discharge the 
electrode further with the chosen current. 

The charge transfer resistance of a titanium disul- 
fide electrode in LiC104/PC electrolyte is less than 
150 O cmz for vaules of X between 0 and 1 (23). From 
the current distributions of Fig. 4c, it can be seen that 

Fig. 3. Equilibrium emf curve (broken line) as  given by Eq. [261 
compared with a simulated constant current discharge curve. 
Simulation parameters ore given in Table I. 
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Fig. 4. Spatial variation of: (a) electrolyte concentration (C), 
(b) surface concentration a t  electrode/electrolyte interface (X*), 
and (c) current density at electrode/electrolyte interface (I,). The 
cuwes correspond to the different degrees of discharge indicated 
on Fig. 3 (ti 1: lo%, tr r 50%, t3 1: 79%). 

inclusion of charge transfer resistance in the model 
would change the electrode polarization less than 20 
mV, which is in agreement with the initial assumption 
of negligible influence of the charge transfer over- 
voltage on the electrode performance. 

For low current loads or thin electrodes this deple- 
tion phenomenon will not occur, but still the electrode 
utilization can be limited due to the loading of the 
electrode particles as described in Ref. (10). This is 
illustrated in Fig. 5, where the electrode utilization is 
shown as function of the electrode thickness ( 1 )  and 
the constant current load ( i , ) .  The loci of 90%, 50%, 
and 10% maximal coulombic utilization is shown both 
as they emerge from the porous electrode simulations 
and as predicted from plane insertion electrode theory 
(10). For a fixed electrode current density it can be 

Fig. 5. Maximal electrode utilization as function of electrode 
thickness (I), and electrode current (iZ). All other parameten are 
as given in Table I. The dashed lines ore utilizationc predicted 
from plane electrode theory (10). 

Fig. 6. Simulated discharge curves for varying anion diffusion 
coefficients [D- = 6.45 X lo-' cmZ/sec (a); 1.79 X lo-' cm2/ 
sec (b); 1.63 X 10-8 cm2/sec ( d l .  Electrode thickness I = 0.1 
cm, electrode current ia = 4.2 mAIcm2, all other parameters as 
given in Table I. The cation transport numbers are: t +  = 0.2 (a); 
0.9 (b), 0.99 (c). 

seen that increasing the electrode thickness first in- 
creases the electrode utilization as the average loading 
of the individual electrode particles decreases. Later, 
when electrolyte depletion limits the electrode utiliza- 
tion, further increase of the electrode thickness only 
decreases the average utilization, as the added material 
is not utilized. 

As mentioned above, changes in the cation transport 
number ( t  + ) are expected to influence the maximal 
electrode utilization. This is illustrated in Fig. 6, where 
three simulated discharge curves are compared. The 
only parameter varied between the simulations is the 
anion mobility, whereas the cation mobility, geometri- 
cal parameters, and cunent load are kept constant. I t  
can be seen that even though the overall electrolytic 
conductivity is decreased, a substantial increase in 
electrode utilization can be obtained when the cation 
transport number is raised toward unity. From these 
examples it is concluded that the porous insertion elec- 
trode with conventional organic electrolyte is mainly 
limited by diffusion either in the pore or in the elec- 
trode particles. Optimization of these electrodes there- 
fore requires careful consideration of the coupled 
transport in both the electrode and the electrolyte 
phases. Furthermore it can be concluded that better 
utilization can be obtained using electrolytes with 
unity transport number of the active cation (e.g., solid 
electrolytes), if a satisfactory solution to the contact 
problems between a solid electrode phase and a non- 
liquid electrolyte can be found. 
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Use of Liquid Chromatography for Studying Interfacial Properties of 

Inorganic Solutes Relevant to Reverse Osmosis Separations 
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ABSTRACT 

High performance liquid chromatography (HPLC) offers a means of investigating the properties of inorganic 
solutes at polymer (cellulose acetate)-aqueous solution interfaces. Equilibrium constants of solutes distributed between 
interfacial- and bulk-phases and restricted diffusion of solutes in the interfacial region can be evaluated using reten- 
tion volume and half-width data from HPLC experiments. These data offer a means of correlating and predicting the 
differences in free energy parameters governing the reverse osmosis separation of inorganic solutes. 

The study of the properties of water at  the polymer- 
solution interfacial region (interfacial water) is funda- 
mental for understanding the transport of solute and 
solvent water in a reverse osmosis membrane. This is 
particularly so since the properties of water in the 
membrane pore are practically the same as those in 
the interfacial water, as long as the membrane pore 
size is sufficiently small. It is considered that high 

Key words: reverse 
interfacial properties, 

osmosis, 
HPLC. 

cellulose acetate, inorganic solutes, 

performance liquid chromatography (HPLC) in which 
solvent water flows through a column packed with a 
polymer material simulates the interfacial phenomena 
taking place during the reverse osmosis transport in- 
volving membranes made of that polymer material. By 
applying the already well-established theories of 
chromatography to the analysis of the experimental 
retention time and related data, quantities characteriz- 
ing interfacial properties, such as the equilibrium con- 
stant for the solute distributed between the bulk and 
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interfacial waters and the mobility of the solute in the 
interfacial water region, can be easily obtained. 

I t  has already been shown that HPLC data for re- 
tention times of selected reference solutes in aqueous 
solutions can be used for quantitatively characterizing 
the polar and nonpolar nature of polymeric membrane 
materials (1). The thickness of the interfacial water 
layer was also estimated for several cellulosic mate- 
rials, such as cellulose diacetate (Eastman E-398 and 
E-383) and cellulose triacetate (2). A parameter, 
called the p-parameter, was generated as a measure 
of the relative adsorption capability of a polymeric 
material to organic and inorganic solutes (3), which 
was further related to the parameters associated with 
solute transport through membranes made of various 
polymer materials (4). Equilibrium constants for 
organic solutes evaluated by HPLC experiments were 
also used to determine the form of the interfacial po- 
tential function expressed by a Lennard-Jones type 
equation (5). HPLC retention volume data and/or the 
ratio of the amount of solute eluted from the column 
to the total amount of solute injected were used as a 
measure of pregel or gel formation during the separa- 
tion of high molecular weight solutes by a membrane 
(6). 

All the works described above indicate that HPLC 
data are useful for providing information on the prop- 
erty of water at  the solution-polymer (membrane ma- 
terial) interfacial region and thus offering a unique 
method for understanding the reverse osmosis mem- 
brane transport, which is strongly governed by the 
nature of the interfacial water. 

This paper is a further extension of the application 
of the HPLC method to the study of cellulose acetate 
(Eastman E-398) reverse osmosis membranes, for 
which chromatographic data were obtained with aque- 
ous solutions of 32 inorganic solutes and the results 
are discussed in conjunction with reverse osmosis 
separation data obtained in earlier work (7-9). While 
retention volume data of HPLC experiments were of 
primary importance in the analysis of chromatographic 
data in all of the earlier works, the use of data for the 
half-width of chromatography peaks was tried in this 
work for the first time, in order to evaluate the relative 
mobility of solutes in interfacial water compared to 
that of sodium chloride, which was chosen as the ref- 
erence solute. Quantities representing the properties of 
interfacial water thus generated from HPLC experi- 
ments were then used for the prediction of the mem- 
brane performance in reverse osmosis with respect to 
the inorganic solutes studied in this work. 

Experimental 
HPLC ezperiments.-The liquid chromatograph 

model ALC 202 of Waters Associates fitted with a 
differential refractometer was used in this work. The 
method of the column preparation and the general ex- 
perimental technique used were the same as those re- 
ported earlier (1).  All experiments were carried out at 
the laboratory temperature (23"-25°C). The solvent 
(water) flow rate through the column of 0.6m length 
was fixed at 0.275 cm3/min. The pressure drop through 
the column was 2068 kPa (=300 psi). The 32 inorganic 
solutes including various combinations of alkali metal-, 
alkaline earth-, and ammonium-cations and halides-. 

retention time was the least among all of the solutes 
studied was used as the unretained component to es- 
tablish the position of the solvent front. Both the re- 
tention volume and the half-width measurements were 
duplicated and the average values obtained were used 
for computations; in most cases, the results of dupli- 
cated measurements were identical. 

Reverse osmosis data.-This work makes further use 
of the reverse osmosis performance data for aqueous 
solutions of various inorganic solutes and the data for 
free energy parameters, -AAG/RT, for ions with 
respect to cellulose acetate (Eastman E-398) mem- 
branes obtained in earlier work (7-9). 

Theoretical 
Analysis of liquid chromatography data.-Chroma- 

tography theory in terms of the solute distribution be- 
tween the interfacial and bulk water phases was de- 
veloped in an earlier work (2). The analysis stems 
from the experimental result that the retention vol- 
umes of many inorganic solutes and polyfunctional 
organic solutes such as sugars are less than that of 
heavy water, which is assumed to be the same as that 
of solvent water. This phenomenon can be explained 
by the existence of two water phases, one the inter- 
facial water phase and the other the bulk water phase. 
While the former phase has less dissolving power for 
the solutes mentioned above than the latter ( lo),  
heavy water may be assumed to be equally soluble in 
both phases. It is further assumed that the interfacial 
water phase and the bulk water phase constitute the 
stationary phase and the mobile phase of liquid chro- 
matography, respectively. This assumption is justi- 
fied since the interfacial water is necessarily less 
mobile than the bulk phase water (11). 

According to liquid chromatography theory (12), the 
retention volume is given by 

VR = Vm + KAI'V~ 
where 

Dl 

concentration of solute A in the stationary phase 
KA~'  = 

concentration or solute A in the mobile phase 

[21 

Since the experimental data for retention volume, VR', 
include an amount of dead space, Vd,  (caused by con- 
necting tubes, fittings, refractometer cells, etc.) Eq. 
[I] can be written as 

VR' = VR + Vd = Vm + K~i'va + Vd C31 

The following assumptions were made in order to 
calculate V, and KA~' using Eq. [3]. 

(i) KA~' = 1 for water (which is the same as for 
D20). This value is justified on the basis that the 
probability of a water molecule existing in the mobile 
or in the stationary phase is the same. When KAI' = 1, 
let VR' = [V~'lwater. 

(ii) KA~ '  = 0 for a reference solute with the lowest 
retention volume. This value is justified on the basis 
that such a reference solute is repelled mostly from 
the polymer surface and hence the concentration of 
the solute in the interfacial water is close to zero. 
When KAI) = 0, let VR' = [V~']min.. From Eq 133 

nitrite-, nitrate-, chlorate-, bromate-, iodate-, and sul- [VR'lwater = Vm + VS + Va 
fate-anions were injected into a column which was 

[41 

packed by the powder (diameter 38-51 pm) of cellu- [VR'Imln. = Vm + Vd 151 
lose acetate (Eastman E-398) polymer. The sample Therefore 
solution of 10 pl (solute concentration in the range of Vs = [VR'lwater - [VR'Imln. [Sl 
1 +- 0.2%) was injected into the column, and the re- 
tention volume as well as the half-width of the chro- combining Eq. L3], [*], L5]9 and C61 
matography peak for each solute were determined. 
DzO was also injected to give the retention time for VR' - [V~'lm~n. 

KA{ = 
water, which was used as the solvent. Raflinose whose [VR'] water - [V~'lmin. [TI 
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Using raffinose as a reference solute (whose reten- 
tion volume was the least), the values of KA~' for vari- 
ous solutes were calculated using Eq. [71 and they 
are listed in Table I. 

Some of the KAI' values in Table I were compared to 
literature values. Using the cation partition coefficients 
and the water contents reported in the work of Heyde 
et al. (13), the coefficient of the solute distribution be- 
tween the water contained in  a cellulose acetate 
(E-398) membrane and in the bulk water can be cal- 
culated. The result was 0.1-0.3 for NaCl solute and 0.4- 
0.7 for NaN03 solute. Considering the difference in 
the two experimental methods, one that uses the poly- 
mer particle in a chromatography column and the 
other that uses a polymeric membrane for the parti- 
tion measurement, and the large errors involved in 
both experiments (- 225%) the agreement of the 
above distribution coefficients with those in Table I is 
fair. 

According to the theoretical plate height concept, 
the equivalent height of a theoretical plate is con- 
tributed from each of several components involved. 
For these components, one may consider those from the 
flow patterns and the eddy diffusion (H,), the longi- 
tudinal molecular diffusion (Hd), the diffusion in the 
stationary phase (H,), and the diffusion in the mobile 
phase (H,). With respect to a particular solute A, 
the total plate height (HA) can be written as the addi- 
tive sum of all these components (12) 

(see Appendix A). All of the symbols are defined in 
the List of Symbols. R is the retention ratio (the frac- 
tion of the solute in the mobile phase) and is given by 

v m  
R = 

v m  + KdVs 
[91 

Since 
Vm = [V11'1mtn. - Vd [lo1 

Eq. [9] becomes 

Table I. Chromatography data and some 

Vd was determined by the retention volume measure- 
ment without an attached column. V, and V, were 
evaluated by using Eq. 1101 and [4] from data for the 
retention volumes of raffinose as the reference solute 
and DzO. The results were 0.360, 1.257, and 0.363 cma 
for Vd, Vm, and V,, respectively. As pointed out earlier, 
at  the polymer-solution interfacial region under con- 
sideration, the interfacial water phase is regarded as  
the stationary phase in the chromatography system, 
while ordinary water in the bulk water is regarded 
as the mobile phase. Therefore, the diffusion coeffi- 
cients DAB and DAI, denoting those for mobile and 
stationary phases, respectively, are in effect quantities 
in the bulk and the interfacial waters. 

Let us calculate the approximate magnitude of each 
component involved in Eq. [8]. Assuming h = 8, 
d - d ,  = 46 x lO-sm, r = 0.6, DAB = 10-9 mZ/sec, 
v = 14 x 10-2 m/sec, q = 0.1, R = 0.9, D A ~  = 10-11 
mz/sec, and w = 1, H,, Hd, Hs, and H, were calculated 
to be 7 x 10-4, 8 x 10-9, 3 x 10-1, and 3 x 10-lm, 
respectively. The object of this model calculation is 
simply to show that in Eq. [81, the quantities H, and 
and Hd can be ignored as compared with Hs and H,, 
and the latter two quantities contribute almost equally 
to HA. 

Among all quantities involved in Eq. [8], only R, 
DA~, and DAB depend on the solute; the rest are con- 
stants as long as a constant flow rate is maintained 
during the chromatography experiment. Besides, 
though DAB changes from solute to solute, the ratio of 
the largest to the smallest value of DAB can be as- 
sumed to be far less than that for DAI. This assumption 
will be justified later in the calculation of DAI from 
the chromatographic half-width data. Therefore, as a 
practical approximation DAB is regarded as a con- 
stant in Eq. [81. This is particularly true, since ac- 
cording to the above approximation the last two terms 
of Eq. [8] (Hs and Hm) involving D A ~  and DAB con- 
tribute equally to HA. 

Since R and DAI are dependent on the solute, Eq. [El 
can be written as 

HA = ~ R A  (1 - RA) 

D Ai 
+n ~121 

where 
a = qd2v 1131 

and 

physicochemical properties of solutes 

DA I DAI K A ~ '  
Solute ~d H x ioa ] I n [ - . ]  D A B X ~ O ~  

number Solute (em*) (m)  KAI'  (DAI )NICI (KAI')N.CI (m2/sec) 

LiF 
LEI 
LiBr 
Lil 
LiNOa 
NaF 
NaCl 
NaBr 
NaI 
NaNOs 
NaNOs 
NaCIOs 
NaBrOs 
NaIOs 
N&O* 
NHaCl 
KF 
KC1 
KBr 
KI 
KNO. 
KC108 
Cscl 
CsBr 
Cs1 
RbCl 
MgCl. 
MgBn 
Mg(NO.), 
CaCI. 
SrCL 
BaCL 
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n = components of HA other than H, [I41 

HA, RA, and D A ~  are all quantities which correspond 
to solute A, and a as well as n are both constants for 
a given column at  a given flow rate of the solvent 
water. Rearrangement of Eq. [I21 gives 

Further, dividing DAI by that for sodium chloride 
(chosen as a reference solute) 

where subscript NaCl denotes the quantities that cor- 
respond to those for sodium chloride. 

R is calculated from Eq. [9], and H is obtained from 

(see Appendix B) where L is the column length and 
w and VR' are the chromatographic data for the half- 
width and the retention volume (121, respectively, and 
the ratio (DA~)/  (DA~)  ~ ~ c l  can be calculated from Eq. 
[16], if the value for the constant is known. 

The values of H obtained from Eq. [I71 for the 
different solutes are included in Table I, which shows 
that the value of HA = 1.083 x 10-2m for both potas- 
sium bromide and cesium chloride is the least. Since 
HA is more than from Eq. [121, a must be less than 
the value of HA mentioned above. After a trial and 
error calculation, we finally adopted the quantity 
1.080 x 10-2m as the constant a, which value is used 
in this paper. It has to be noted, however, that the 
essential conclusion obtained in the analysis pre- 
sented in this paper remains valid, even when the nu- 
merical value for n is changed. 

Free energy parameters of inorganic solutes in re- 
verse osmosis systems.-The transport phenomena of 
reverse osmosis membranes can be described by the 
following fundamental equations 

Equation [I91 describes the effect of osmotic pressure 
on the solvent water flux. Equation [20] is the expres- 
sion for the boundary concentration increase due to 
concentration polarization. Equation [21] describes the 
solute flux by pore diffusion due to the concentration 
difference on both sides of the membrane, where 
(l /K) is the equilibrium coefficient of the solute dis- 
tribution between the membrane pore and the bulk 
solution, DAM is the diffusion coefficient of solute in 
the membrane pore, and 6 is the effective thickness of 
the membrane. DAM/K~ as a single quantity plays the 
role of the mass transfer coefficient with respect to the 
solute transport in the membrane (14). 

At a specified operating temperature and pressure, a 
reverse osmosis membrane can be specified in terms of 
its performance data with respect to a reference solute 
in an aqueous solution (in this case NaCl is taken as 
a reference solute). A single set of experimental re- 
verse osmosis data on (PWP), (PR), and f (solute re- 
jection) for a reference NaC1-Hz0 feed solution under 
known operating conditions is enough for use in Eq. 
[la]-[21] to obtain the required data for the specifica- 

tion of A, (DAM/KG)N~cI, and k ~ ~ c l  (14). The mem- 
branes used in the experiments were all specified by 
the parameters stated above and the results are given 
in Table 11. 

For dilute solution systems, Eq. 1181-[21] can be 
reduced to 

1 - f  
(DAM/K~)  = vs - [exp (v,/k)]-1 [22] 

f 
where v, equals AP/c and indicates the linear velocity 
of the product solution through the membrane (15). 
Applying Eq. 1221 to the experimental solute separa- 
tion and the product rate data for dilute solution sys- 
tems of various inorganic solutes, (DAM/K~)  for each 
solute can be obtained. 

For completely ionized solutes, (DAM/K~)  can be 
further split into contributions from constituent ions. 
Thus, (DAM/KB) can be written as 

where In CN.C~* is a measure of the average pore size 
on the surface of the membrane, no and na are the 
number of mols of cation and anion, respectively, in 
one mol of ionized solute, and - AAG/RT represents 
the contribution of each ion constituting the electro- 
lytic solute to (DAM/K~) ,  whose numerical value 
characterizes the solute transport through the porous 
membrane. 

The quantity MG was originally defined as the en- 
ergy required to bring an ion from the bulk water 
phase to the interfacial water phase and it may be 
expressed as the difference in the free energy of hy- 
dration in the bulk phase (AGB) and in the interfacial 
phase (&GI) (7 ) .  

The numerical values of - AAG/RT were obtained 
experimentally from reverse osmosis data in previous 
work (7-9). Though - AAG/RT values so obtained are 
based on experimental data with the dilute aqueous 
solutions they are also applicable to the concentrated 
solution systems (8). It has to be noted that the value 
of - AAG/RT so obtained is an experimental quantity, 
set on a relative scale, representing the interfacial 
transport of ions during reverse osmosis. 

Using Eq. 1231 and taking the difference of In (DAM/ 
K6) A between solute A and that of the reference solute 
NaCl 

where (- AAG/RT)A and (- AAG/RT) N,C~ denote 
!n,(- AAG/RT)~=~; ,~  + nn(- A4G/RT).,,ion} correspond- 
lng to the solute A and NaCI, respectively. 

Table 11. Film specification 

Film No. 6 7 

1724 kPa gauge ( =250 psig) 
Pure water permeability constant 

kg-mol Ha0 
A, ] x 10' 2.35 3.78 

Solute transport parameter 
(D~nlk8)s~ol, (mlsec) x lo7 6.10 17.70 

Solute separation, % 85.00 74.70 
Product rate,. (kg/hr) x I F  28.64 45.04 

Area of film surface: 13.2 em2. Film pressurized at 2068 kPa 
gauge = 300 psi. Feed concentration: 3500 ppm NaC1-H20 = 0.06 
molal. Mass transfer coefficient: 16 x 10-0 mlsec. 
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From Eq. [241 

( D A M / K ~ ) A  - M G  
In = A ( ) ~ 2 5 1  

( D A M / K ~ )  NaCI 

where A (- AAG/RT)A is equal to (- MG/RT)A - 
(- A A G / R T ) ~ . ~ ~ .  Equation [251 can be further re- 
arranged to 

- AAG 

(DAM) NaCI (1/K) N ~ C I  A 

A single quantity ( D A M / K ~ )  is now split into two 
physicochemical properties, i.e., DAM and 1/K. Both 
quantities refer to the properties in the capillary pore 
and must be under a strong interaction force from the 
polymer surface as long as the pore size is small 
enough. Under such conditions it is known that the 
quantity A(- AAG/RT) in Eq. [26] is practically in- 
dependent of the pore size (7-9). 

Considering that DAI and KAI' indicate the diffusivity 
and the equilibrium term, respectively, in the chroma- 
tography system, while DAM and 1/K indicate those in 
the membrane system, an analogous expression to Eq. 
[26], such as 

can be expected. Equation [271 is used in the following 
discussion to relate the chromatography data for the 
diffusion and distribution coefficients to the change in 
the free energy parameter based on the data for solute 
transport through the porous membranes. 

Results and Discussion 
Correlation of KA; and free energy parameter.-Since 

AAG was originally defined as the change of the free 

energy in the transfer of the solute from the bulk 
water to the interfacial-water phase, it is reasonable to 
expect that In [KA~'/ (KAI') Nacl] must be a unique func- 
tion of A(- AAG/RT)A. Figure 1 shows a plot of 
A ( -  AAG/RT) A vs. In [KAI'/ (KAI') N~CI] .  The correla- 
tion exhibits an apparent linear relationship with a 
slope of 0.20 c 0.08. The observation that this slope 
is far from unity is understandable from Eq. [27] that 
shows In [KA~'/(KA~')N~cI]  is only one of the quantities 
affecting A (- AAG/RT)A. 

Correlation of In (Dai) N&l] to A ( -AAG/RT) A. 
-Figure 2 shows a correlation of A(- AAG/RT)A US. 
In [ D A ~ / ( D A ~ ) N ~ c I ] .  Though there is some scatter in the 
figure, there seems to be a definite trend in the corre- 
lation; the quantity In [ (DM)/  N ~ C I ]  increases with 
an increase in A (  - AAG/RT) A. By applying regression 
analysis the slope was found to be 0.60 c 0.27. This 
implies that the contribution to A(- MG/RT)A from 
the diffusion term in Eq. [27] is about three times as 
much as the distribution term. 

Correlation of DAB us. DA~.-The ratio of the diffu- 
sion coefficient in the interfacial water phase of solute 
A to that of the reference solute sodium chloride. 
designated as DAI/(DAI)N~cI was correlated with the 
corresponding quantity in the bulk water phase, DAB/ 
(DAB)N*CI in Fig. 3. The diffusion coefficient data for 
totally ionized inorganic solutes in the bulk water 
phase were obtained by using the Nernst equation 
(16) .  The straight line correlation illustrated in Fig. 3 
is the result of regression analysis, which corresponds 
to 

D A ~ / ( D A ~ )  N ~ C I  a (DAB/ (DAB) N ~ C I ) ~ ' ~  1281 

Figure 3 indicates that the effect of the change of the 
solute species on the diffusion coefficient is significantly 
enhanced in the interfacial water phase as compared 
with that in the bulk water phase. Accordingly, the 

Fig. 2. A(-MG/RT)A vs. In 
[D~i/(Dni)~.cll. Solute num- 
bers the same as in Table 1. 

1 .o 
19 
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7.0 [KA(/(KA()N~cII. Solute tlum- l-3 b e n  the same as in Table I. 
C 
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Fig. 3. Ln [DAB/(DAB)N~cII VS. In [DA~/ (DA~)N~c~~  (It 25'C. 
Solute numbers the same as in Table I. 

diffusion coefficient of the inorganic solute changes 
through a far wider range in the interfacial water 
phase, which leads to the high exponential power in- 
dicated in Eq. [28]. This also justifies assuming DAB as 
practically constant in developing Eq. [121. 

Correlation of equilibrium distribution coefficient 
and diffusion coefficient us. ionic radius.-Figure 4 il- 
lustrates the correlation of In [KA~'/ (KA{)N~cI] and 
In [DA~/ (DAI) N ~ C I ]  US. the ionic radius. While chang- 
ing the ionic radius of monovalent alkali cations and 
divalent alkaline earth cations, the anion was fixed as 
a chloride. Similarly, lithium ion was used consistently 
as the cation, while the ionic radius of the monovalent 
halide anions was changed. Though Fig. 4 illustrates 
the trend shown by the particular series of alkali 
halide-salts and alkaline earth halide-salts described 
above, the general tendency summarized in the follow- 
ing is the same in other series. 

1. In [KAI'/(KA<)N~c~] remains practically unchanged 
with the change in the ionic radius of mono- and di- 
valent cations. 

2. In [KA</(KA{)~aCiI values of divalent cations are 
slightly lower than those of monovalent cations. 

3. [KAI'/ (KA~') N~CI ]  values of halide anions in- 
crease with an increase in the ionic radius. 

4. In [DAI/ (DA0 N ~ C I ]  values of monovalent alkali 
cations increase with an increase in the ionic radius. 

5. ln [DAI/ (DM) ~ ~ ~ 1 1  values of divalent alkaline 
earth cations are generally less than those of mono- 
valent alkali cations. 

6. In [DA~/ (DM) Nacl] values of monovalent halide 
anions increase with an increase in ionic radius. 

All of these trends are consistent with the formation 
of a larger hydration sphere around a monoatomic ion 
of a smaller ionic radius or an ion of higher valence, 
which decreases both the equilibrium distribution co- 
efficient KA< and the diffusion coefficient DAI. 

Comparison of ionic transport in the polzrmer par- 
ticle and in the membrane.-Figure 5 illustrates a 
correlation between In [DA~(DAI)N~cI  . KA</(KAI))N~cII 
and A ( -  AAG/RT)A. Though the figure exhibits a 
definite tendency for the former quantity to increase 

9)  -1.0 COMMON ANION FOR CATIONIC SERIES :CI- 
COMMON CATION FOR ANIONIC SERIES: LI + 

UNIVALANT CATIONS 
0 DIVALENT CATIONS 

A UNIVALENT ANIONS 

Fig. 4. Ionic radius vs. In [KA{/(KAI))N~cI] and In [DAi/(DAi)Nacll 

with the increase in the latter, the scatter is even more 
significant than in both the correlations illustrated in 
Fig. 1 and 2. When Fig. 5 is investigated in detail, how- 
ever, it is found that the scatter is very systematic 
When the salts which include the lithium cation, 
the fluoride anion, and monovalent anions containing 
oxygen atoms such as NOz-, NOS-, C103-, Br03-, and 
103- are indicated separately (in Fig. 5 as closed 
circles), they form a separate group located consist- 
ently below the rest of the inorganic solutes (in Fig. 
5, open circles). For convenience, the latter (open 
circles) and the former groups are designated as group 
I and 11, respectively. This leads to the conclusion that 
the scatter in Fig. 5 is not of a random nature caused 
by experimental errors, but that there are at least 
two discrete correlations involved in the same graph. 

Fig. 5. A(-AAG/RT)A vs. In - ' ------ . " I [ ,30c1 (KAON~CI 
Solute numbers the same as in Table I. 
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When regression analysis was applied to the above 
two correlations independently, it resulted in 

(DAI) N ~ C I  (KM') N ~ C I  

C - AAG 
= 0.96A (F ) + 0.136 [29] 2 

A 
and 

(DAI)N~CI (KAI') NaCI 

AAG = 1 . 4  ( ) - 0 . 8  I301 rn 
A 

for groups I and 11, respectively. 0 GROUP I 

Prediction of the separation of inorganic solutes.- @ GROUP II 

Using the two separate correlations given by Eq. [29] 
and [30] the separation of the inorganic solutes from 
the dilute aqueous solutions of a single solute system 
can be predicted from single sodium chloride experi- 50  60 70 80 90 100 

mental data. The prediction procedure is as follows: SOLUTE SEPARATION, calcd., 9'0 
1. By applying Eq. 1181-[21] to the reverse osmosis 

experimental data with respect to the reference so- Fig. 6. Comparison of calculated solute separation and experi- 
dium chloride aqueous solution, the constants A, (DAM/ mental solute separation. Solute numbers the same as in Table 1. 

KB)N~cI, and k~,cl, are obtained. Specification of cellulose acetate membranes used, as shown in 

2. For a given solute for which prediction is needed Table II; operating pressure. 1724 kPa gouge (= 250 prig); solute 

the value of In [DAI/(DAI)NaCl . K ~ ~ / ( K ~ , * ) ~ ~ ~ ~ ]  is concentration in feed, -300 ppm; feed flow mte, 400 cd/min.  

found in Table I. 
3. A(-  AAG/RT)A is calculated by either Eq. [291 ~ ~ ~ ~ ~ ~ ~ i p t  submitted july 23, 1980; revised manu- 

or [301. For solutes involving Lit ,  F-, NOz-, N03-, script received Nov. 15, 1981. This was Paper 615 Pre- 
C103-, Br03-, and 1 0 3 -  Eq. [301 is applied and for sented at  the Hollywood, Florida, Meeting of the SO- 
the rest of the solutes Eq. 1291 is used. ciety, Oct. 5-10, 1980. 

4. (DAM/KB)A for the particular solute is calculated A , ~  discussion of this paper will appear in a Discus- by Eq. [25]. sion Section to be published in the June 1983 JOURNAL. 
5. Using ~ N ~ C I  obtained in step 1, k~ for the solute ~ l l  discussions, for the June 1983 Discussion Section 

under consideration is obtained by using the equation should be submitted by Feb. 1,1983. 

DAB 213 ] ' kNa~1 
(DAB) NaCI 

Dl1 

6. Equation [22] is now rearranged to 

where v, = AP/c and the numerical value can be ob- 
tained by the given A, the operating pressure P, and 
the molar concentration c, which can be approximated 
to that of pure water. 

This calculation procedure was applied to the re- 
verse osmosis separation of the solutes listed in Table 
I by the membranes which were characterized in 
Table I1 and the results were compared with the ex- 
perimental data in Fig. 6. The agreement found be- 
tween calculated and experimental separation data 
testifies to the validity of the general approach pro- 
vided in the present work. 

Conclusion 
1. HPLC offers an effective means of studying the 

properties of interfacial fluids. 
2. Difisivities of completely ionized inorganic 

solutes through water at the cellulose acetate polymer- 
aqueous solution interface are proportional to the third 
power of the corresponding diffusivities in the bulk 
water phase. 

3. The existence of a unique correlation between the 
quantities In CDAI/ (DAI) NaCl . K A ~ /  (KAI') N~CII  and 
A ( - AAG/RT) A confirms the physicochemical signifi- 
cance of the data for free energy parameters relevant 
to reverse osmosis. 

APPENDIX A 
The theoretical plate height given by Eq. [81 is not 

universally accepted. In the literature (17) the simple 
additive sum in the form of Eq. 181 has been replaced 
by a coupling expression such as 

By using approximated values of each component we 
can ignore H d  and l/Hm. Then HA becomes 

Since H, is a constant for a given column at a given 
flow rate the validity of form of Eq. [I21 and [I61 
is maintained. 

APPENDIX B 
The theoretical plate height, H, is defined as 

where L and N are the chromatography column length 
and the number of theoretical plates. N can be ex- 
pressed as 

[B;21 

where t~ is the retention time of the solute from the 
injection to the peak maximum and s is the peak 
standard deviation. Furthermore 

and 

where VR', W ,  and v are the retention volume of the 
solute from the sample injection, the peak half-width 
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in volume units, and the velocity of the mobile phase Greek letters 
in the column. Comb.ining all the above equations, we constant defined by Eq. 1131 
obtain for the theoretical plate height v obstruction factor for the diffusion through 

LIST OF SYMBOLS 
A pure water permeability constant, kg-mol 

HzO/m2 . sec - kPa 
In CN.~,* constant representing the pore structure of 

the membrane as given by Eq. 1231 
c molar density of aqueous solutions, kg-mol/m3 
CA molar density of the solute, kg-mol/m3 
DAB molecular diffusion coefficient for the mobile 

phase, same as the diffusion coefficient of the 
solute in bulk water, m2/sec 

DA1 molecular diffusion coefficient for the sta- 
tionary phase, same as the diffusion coefficient 
of the solute in interfacial water, m2/sec 

DAM diffusion coefficient of the solute in the mem- - *.a- 

brane pore, m2/sec 
(DAM/KB) solute transport parameter (treated as a 

single quantity) ! m/sec 
d leneth of diffus~on ~ a t h  for the solute in the 

statyonary phase, m - 
d, mean  article diameter, m 
f' fraction solute separation 
aGB free energy of hydration in the bulk water 

phase, J/g-mol 
aGr free energy of hydration in the interfacial 

water phase, J/g-mol 
-AAG/RT free energy parameter 
H theoretical plate height, m 
KA< equilibrium coefficient of the solute distrib- 

uted between the stationary and mobile phases 
( ~ / K ) A  equilibrium coefficient of the solute distributed 

between the membrane pore and the bulk 
solution 

k mass transfer coefficient for the solute on the 
high pressure side of the membrane, m/sec 

L chromatography column length, m 
MB molecular weight of water 
NA solute flux through the membrane, kg-mol/ 

m2 . sec 
N g  solvent flux through the membrane, kg-mol/ 

m2 . sec 
n,, n, number of mols of anion and cation, respec- 

tively, in one mol of ionized solute 
P operating pressure, kPa 
(PR) product rate through a given area of mem- 

brane surface in the presence of a solute in 
the feed solution, kg/hr 

(PWP) pure water permeation rate through a given 
area of membrane surface in the absence of a 
solute in the feed solution, kg/hr 

Q configuration factor 
R retention ratio defined by Eq. 191 
S effective membrane area, mz 
Vd volume of dead space, cm3 
V, volume of the mobile phase, cm3 
VR retention volume of the solute, cm3 
VR' VR + Vd, cm3 
V, volume of the stationary phase, cm3 
v regional velocity of the mobile phase, m/sec 
US permeation velocity of the product solutions, 

m/sec 
w half-width of a chromatography peak in vol- 

ume units (half-width as time x solvent flow 
rate), cm3 

XA mol fraction of solute 

granular material 
- 

eddy diffusion coefficient 
osriotic pressure of the solution corresponding 
to mol fraction XA of the solute, kPa 
constant defined by Eq. [14] 
coefficient of the mobile phase plate height 
contribution 

<pts 
bulk feed solution 
concentrated boundary solution on the high 
pressure side of the membrane 
membrane permeated product solution on the 
low pressure side of the membrane 
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ABSTRACT 

The adsorption and the potentiodynamic electro-oxidation of acetylene on platinized platinum in W H,SO, have 
been studied in the 16"-80°C temperature range. The perturbation conditions were chosen to avoid the influence of 
acetylene readsorption. The steady-state coverage by the adsorbed species was studied as a function of the potential 
and the hydrocarbon partial pressure. The estimated values of the average number of electrons per adsorption site and 
the number of the electrocatalyst sites blocked per adsorbed species are 4.7 and 2.1, respectively. Aging effects of the 
adsorbed species are also reported. The kinetic parameters obtained under potentiodynamic conditions suggest that 
the electro-oxidation of the adsorbed acetylene proceeds through a reaction pathway involving a slow initial 
monoelectronic transfer step. 

The electrochemical oxidation of acetylene on plat- 
inum electrodes in acid electrolytes yields carbon di- 
oxide and hydrogen ions with a current efficiency near 
100% (1, 2). The electrochemical reaction has been in- 
vestigated by both stationary-state and relaxation 
techniques (1-7). From earlier works it was concluded 
that the overall reaction includes an adsorption stage, 
but there are fundamental aspects related to the num- 
ber and kind of adsorbed species and to the type of 
adsorption process involved in the electrochemical re- 
action that have not yet been completely elucidated. 
The present paper refers to the characteristics of the 
acetylene adsorption on platinized platinum in sulfuric 
acid solution in the 16"-80°C range and to the potentio- 
dynamic electro-oxidation of the adsorbed species. 

Experimental 
A conventional three-compartment Pyrex glass elec- 

trolysis cell was used. The working electrode was a 
platinized-platinum electrode, 6 x 10-2 cm2 apparent 
area. The preparation and pretreatment of the working 
electrode are described in previous publications (8, 9). 
The working electrode real area was determined 
through the charge of the hydrogen electrodesorption 
current peaks. The counterelectrode was a platinum 
sheet, 5 cm2, and an RHE in the same electrolyte was 
used as reference. The base electrolyte was 1N HzSO1 
prepared from the AR chemical (Merck) and triply 
distilled water. Occasionally, NaHS04 was added to 
the electrolyte covering the 0.35M 5 c 2.35111 con- 
centration range. The electrolyte was saturated with 
acetylene at  partial pressures ranging from 10-2 atm 
to 1 atm. For experiments at  P c ~ H ~  lower than 1 atm, 
purified nitrogen was used to prepare the saturating 
gas mixture. Nitrogen was previously passed through 
liquid air and 98% HzS04 containing traps. Acetylene 
from a pressure cylinder was passed through multiple 
washing water containing traps and through a purifi- 
cation column (La Oxigena S.A.) to remove traces of 
acetone. The purity of the gas entering the cell was 
controlled by gas chromatography. Experiments were 
run at  16", 40°, 60°, and 80°C. 

Prior to the acetylene adsorption measurements, the 
working electrode was subjected to the pretreatment 
already described in a previous publication (9). After 
the electrode pretreatment the potential was held at a 
preset value, Ead, to adsorb acetylene during a certain 
time, tad. Immediately afterward a triangular potential 
sweep was applied either toward the positive, program 
(a) ,  or the negative going potential direction, program 
(b) ,  at  a constant potential sweep rate, v (Fig. 1). 
Most of the results are reported at 60°C and at ~ c ~ H ~  = 

Electrochemical Society Active Member. 
K e y  words: metals, electrode, chernisorption, voltammetry. 

10-2 atm where no readsorption of acetylene from the 
solution was detected at  v 2 0.4 V/sec. 

Results and Interpretation 
The adsorption characteristics of acetylene on plati- 

num.-A typical I/E display resulting with a TPS run 
from 0.25 to 1.65V at  0.4 V/sec immediately after hold- 
ing the potential at  E,d = 0.25V during tad = 20 min in 
the electrolyte under acetylene saturation at  10-2 atm 
pressure (Fig. 2) shows a net broad anodic current 
peak at  ca. 1.18V, which is associated with the electro- 
oxidation o i  the adsorbed hydrocarbon species. The 
first positive going potential scan exhibits the com- 
plete absence of hydrogen adatoms electro-oxidation 
current contribution. This indicates that under the 
above-mentioned conditions the whole surface is fully 
covered by the acetylene adsorbed species. The same 
behavior is observed at  higher acetylene partial pres- 
sures. Furthermore, during the first TPS the potential 
of the oxygen electrodesorption current peak is more 
negative than that recorded during the following 
cycles. Correspondingly, the oxygen electrodesorption 
charge is slightly lower than that observed in the 
blank, due to the incomplete electro-oxidation of ad- 
sorbed acetylene under the experimental conditions 
depicted in Fig. 2. After the third TPS, since there is 
no acetylene readsorption, the I/E display practically 
reproduces that of the blank. The charge correspond- 
ing to the electro-oxidation of adsorbed acetylene, 
Qox, is calculated from the relationship 

where (QT) is the total anodic charge obtained in the 

I I 

Time 

Fig. 1. Potential perturbation programs. Time axis arbitrary scale. 
Step width: A = 5 sec; B = 120 sec (gas bubbling) or 60 sec (gas 
bubbling) + 120 sec (quiescent solution); C = t a d ;  D = initial 
negative going potential sweep; E = t ~ ;  F = triangular potential 
sweeps. 
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Fig. 2 PoteMiodynamic I/E profiles run ot 0.4 V,/sec using the 
perturbation program (a) shown in Fig. 1. End = 0.25V; tad = 20 
min; pc2n2 = 0.01' otm; 60°C; re01 electrode area = 19 cm2. 
Numbers (I), (2), and (3) indicate the first, second, and third 
potential scan, respectively. Profile (3) opproaches the blank con- 
tour (nitmgen saturated electrolyte). 

presence of acetylene and (Q,) I and (Qc) b are the 
oxygen electrodesorption charges recorded during the 
first potential sweep in the presence and in the ab- 
sence of acetylene, respectively. (QT), (Qe)l. and (&,)I, 
are corrected for the double layer effect. 

The dependence of Q,, on tad at  Ead = 0.25V was 
obtained at  v = 0.4 V/sec and ~ c ~ H ~  = 10-2 atm. For 
tad Z 5 min a constant Q,, value is reached. Also, the 
influence of Ead on Q,, was determined after equilibra- 
tion at  pcZH2 = 10-2 atm during the time required to 
attain the acetylene stationary coverage, tad,,, (Fig. 3). 
The maximum charge related to the electro-oxidation 
of adsorbed acetylene, ( Q o x ) ~  is found at E.d = 0.25V, 
the corresponding charge value being 0.98 mC/cm2 of 
real area. At E,d < 0.2V the acetylenic electrosorbed 
species is electroreduced to ethylene and ethane (10) 

0 0 0 0.2 0.L 06 0.8 

E a d l ( V )  

Fig. 3. bependence of Q, on Fad at tad.,, pc2uz = 0.01 atm; 
60" c. 

and a t  End > 0.35V it undergoes the electro-oxidation 
to carbon dioxide and hydrogen ions. In order to cor- 
rect for the readsorption effect on the evaluation of 
Qo. at  pc2u2 > 10-2 atm the following procedure was 
used: (i) after the acetylene adsorption at  Ead during 
tad, a 20 min nitrogen washing was made and then the 
adsorbed species were electro-oxidized at  a constant v; 
(ii) the Q, values were plotted as a function of l/v 
and Q, at  V + m was obtained. For PCZH~ = 1 atm, 
the ( Q o x ) ~  value resulting at  v -, m is 0.95 mC/cm2 
(Fig. 4). There is no appreciable change of the 
acetylene surface coverage at  the maximum adsorption 
potential in the 10-2-1 atm pressure range. Taking 
into account the electrode roughness factor, the (Q,,,)M 
coincides with the maximum charge corresponding to 
the electro-oxidation of adsorbed ethylene on plat- 
inized platinum (8). 

The acetylene adsorption process.-To decide whether 
the initial interaction between acetylene and platinum 
was either an adsorption or an electrosorption pro- 
cess, the electrochemical interface was subjected to a 
potentiostatic step at  Ead = 0.25V just after step B of 
the electrode pretreatment (Fig. 1) .  and simultane- 
ously recording the anodic transient current. The lat- 
ter was practically negligible and the charge involve8 
during the current relaxation was smaller than 1% of 
the electro-oxidation charge of the residual adsorbed 
species as determined through the potentiodynamic 
scan run immediately after the potential holding at Ead 
The conclusion from these runs is that the adsorption 
of acetylene on platinum is a nondissociative process 
occurring through the partial break of the triple bond 
in the molecule and its direct interaction with the 
metal surface. 

The dependence of E, on b. Aging of the electro- 
sorbed species.-The runs made at  0.4 V/sec after ad- 
sorbing acetylene at  E,d = 0.25V during different tad 
exceeding tad.,, show a gradual change of the electro- 
oxidation I/E profile (Fig. 5).  Thus the (Q,,)M value 
remains constant within 3% but the current peak. i,,, 
slightly increases in height and the corresponding cur- 
rent peak potential, ED, becomes progressively more 
positive (Table I). Under these experimental condi- 
tions the electrochemical characteristics of the oxygen 
electrodesorption current peak are independent of tad. 
These results indicate that the electro-oxidation of the 
adsorbed species requires a larger overpotential as tad 
increases. The effect can be associated with the aging 
of the acetylenic species adsorbed on the electrode 
surface. 

To determine whether the agin$ effect involves the 
contribution of ionic adsorption, potentiodynamic runs 
were made in 0.1N H2S04 + 0.35M NaHS04 and in 
0.1N H2S04 + 2.35M NaHS04 solutions at  pc2n2 = 1 
atm and at  Ead = 0.25 and 0.68V and at  different tad 
exceeding tad,,,. There is practically no influence of the 
NaHS04 concentration on the location of the current 
peak potential. This suggests that ionic adsorption 

Fig. 4. Dependence of Q,, on l /v  a t  P C Z H ~  = 1 atm. Lad = 
0.25V; tad = 10 min (hydrocarbon saturated electrolyte) + 20 
min (nitrogen washing); 60°C. 
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Potentiall(V) 

Fig. 5. Potentiodynomic I/E profiles run a t  0.4 V/sec after the 
hydrocarbon adsorption at  Fad = 0.25V during different tad. 
x2n2 = 0.01 atm; 60°C; real electrode area = 21 cm2. Cune 
(- - -), tad = 10 min; curve (- . -), tad = 25 min; curve (-), 
tad = 60 min. 

Potential l ( V )  

Fig. 6. Potentiodynamic I/E profiles run at  0.4 V/sec after the 
hydrocarbon adsorption during tad = 20 min a t  different Ead. 

p c2~2  = 0.01 atm; 60°C; real electrode area = 18.5 cm2. Cune 
1, Ead = 0.13V; cune 2, E.d = 0.25V; cune 3, Ead = 0.4V; 
cune 4, Ead = 0.7V; curve 5, Ead = 0.8V. 

plays no major role in the adsorption and electro-oxi- 
dation of the acetylenic adsorbed species. 

The dependence of E, on Ea.-Potentiodynamic runs 
made at a constant u after acetylene adsorption during 
a constant tad a t  different E.d, in the 0.1V 6 Ead f 0.8V 
range (Fig. 6), show a shift of E, toward more positive 
potentials when Ead increases. This shift is more re- 
markable when the adsorption is carried out at E,d > 
0.5V, and it occurs independently of the Q,, value 
(Fig. 3).  This monotonous trend at  any acetylene sur- 
face coverage negates the possibility that the surface 

Table I. Dependence of ip and Ep on tad. E.a = 0.25V; v = 0.4 
V/sec; 60°C 

activity of the adsorbed species could determine the 
electro-oxidation potential value. 

The temperature influence on the acetylene adsorp- 
tion.-At pc2n2 = 10-2 atm the maximum adsorption 
potential as well as the ( Q o x ) ~  value are practically 
independent of the temperature in the 16"-80°C range. 
After the hydrocarbon adsorption at  Ead = 0.25V dur- 
ing tad,ss the hydrogen adatoms formation is inhibited 
at  any temperature. This behavior is similar to that 
already reported for the electro-oxidation of adsorbed 
ethylene on platinum in the same electrolyte (8). As 
the temperature increases, the potential of the anodic 
current peak moves toward lower values and the cur- 
rent peak becomes thinner and more symmetric in 
shape as deduced from the peak height to peak width 
at  one-half peak height ratio, r (Table i1). The ther- 
mal coefficient of the current peak potential, (dE,/dT), 
is 5 x 10-3 VPC. 

The possible hydrogenation of the adsorbed species. 
-The possibility of hydrogenation of the species ad- 
sorbed under present conditions (Ead = 0.25V. t,d = 
20 min, ~ c ~ H ~  = 10-2 atm, and 60°C) was studied by 
running the potentiodynamic scan toward the negative 
going potential direction immediately after the adsorp- 
tion process according to program b (Fig. 1). The 
negative going potential scan was extended to ca. 
0.01V and then either the potential sweep was reversed 
or the potential was held at ca. 0.01V during a certain 
time, ta, before continuing the positive going potential 
scan. Thus, when t~ = 0, practically no hydrogen 
adatoms electrosorption current is observed and the 
Q,, value decreases appreciably (Fig. 7), but in the 
potential range preceding the hydrocarbon electro- 
oxidation current peak the anodic current is slightly 
increased as compared to the runs without electro- 
chemical hydrogenation. On the other hand, when the 
potential is held at  0.01V during t~ = 50 sec, the elec- 
tro-oxidation current peak corresponding to the ace- 
tylenic adsorbed species is practically no longer ob- 
served (Fig. 8). Under these circumstances, a small 
anodic current contribution appears at ca. 0.7V, which 
is the potential range where-the COH-type adsorbed 
species are likely electro-oxidized (1 1 ) . These species 
are probably residual products formed through the 
interaction between adsorbed acetylene, hydrogen 
adatoms, and water in contact with the electrocatalyst. 

The amount of charge assigned to the electro-oxida- 
tion of the COH-tvae adsorbed residue increases when . -. -. . - . - -. . - - - ".- ~ 

Ead is fixed at potentials more positive than 0.25V. 
This is clear when E,d = 0.4V (Fig. 9), but at this po- 
tential carbon dioxide is already formed during the 
electro-oxidation of the acetylenic adsorbed species. 
Therefore, the relative increase of the current peak at 
ca. 0.7V caused by hydrogenation may result from the 
interaction between carbon dioxide and hydi-ogen 
adatoms (12). 

Evaluation of the number of electrons per adsorption 
site.-The average number of electrons per adsorption 
site and the number of sites blocked by each adsorbed 
species can be derived from the data obtained at 60°C. 
The average ( Q o x ) ~ ,  equal to 0.98 mC/cmz, divided by 
the charge of the hydrogen adatoms monolayer on 
polycrystalline platinum, which is taken as 0.21 mC/ 
cmz, gives 4.7 electrons per adsorption site and since 
the electro-oxidation of each C2H2 species requires 10 
electrons, the number of sites blocked by each ad- 

P C ~ H ~  = 0.01 atm 
Table II .Values of E,, r, and ( Q m ) ~  a t  different temperatures. 

10 0.99 1.110 0.97 
15 1.02 1.180 0.97 Fad = 0.25V; tad = 20 min; v = 0.4 V/sec; PCZHZ = 0.01 otm 
25 1.06 1.200 0.99 
60 1.09 1.220 0.98 

r . ~ D B  (Qo=)H 
poZns = 0.1 atm T ("2) EP (V) (A V-1 em-") (mC em-') 
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0 02 OL 0 6  0 8  1.0 1 2  1 1.6 

Potential I ( V )  

Fig. 7. Potentiodynamic I /E profiles run a t  0.4 V/sec after the 
hydrocarbon adsorption a t  Fad = 0.25V during tad = 20 min. 
p c z ~ ~  = 0.01 atm; 60°C; reol electrode area = 18 cm2. - - -, 
first I/E profile run with .progroin (a); -, first (curve 11, second 
(curve 21, ond third (curve 3) I/E profiles run with program (b); 
tH = 0. 

Fig. 8. Potentiodynamic I /E profiles run a t  0.4 V/sec using the 
perturbation program (b). Fad = 0.25V; tad = 20 min; t~ = 50 
sec a t  0.01V; pc2n2 = 0.01 atm; 60°C; reol electrode area = 
18 cm2. 

sorbed C2Hz species, x, is 2.1. This result can be con- 
firmed through the data obtained from the experi- 
ments involving the inhibition of the hydrogen ad- 
atoms adsorption produced by the organic species, 
whose charge, Qb, is given by 

0 02 0 1  06 08 1.0 1.2 1 1  1 6  

Potential l ( V )  

Fig. 9. Potentiodynomic I/E profiles run a t  0.4 V/sec using the 
perturbation progrom (b). E,d = 0.4V; tad :; 10 min; t~ = 1 
min at  0.05V; p c z ~ ~  = 0.01 otm; 60°C; real electrode area = 
18 cm2. 

where QH,O is the charge of the hydrogen adatoms 
monolayer in the absence of acetylene and QH,A is the 
charge related to the hydrogen adatoms formation in 
the presence of acetylene. The average Qb value ob- 
tained from the potentiodynamic runs after acetylene 
adsorption at  E.d = 0.25V during is 0.20 mC/cm2. 
This figure includes a correction for the small electro- 
reduction of the acetylenic adsorbed species during the 
negative going potential scan. Hence, the number of 
sites blocked by each acetylenic adsorbed species, de- 
rived from x = 10 (QdQ,,), is 2.04, in good agreement 
with the previous estimation. Furthermore, the values 
of the average number of electrons per adsorption site 
and the number of sites blocked by the acetylenic ad- 
sorbed species practically coincide with those found 
for the ethylene electrosorption on platinized platinum 
(8). 

Kinetic relationships derived from the potentiody- 
namic runs.-The height of the adsorbed acetylene 
electro-oxidation current peak increases linearly with 
v (Fig. 10). The low potential sweep rate data are 
corrected for the contribution of the acetylene read- 
sorption. The peak height is also corrected for the 
current corresponding to the oxygen electrosorption 
process. Under the experimental conditions where the 
hydrocarbon saturation coverage is reached, no definite 
dependence of the current peak height on ~ c ~ H ~  is 
found. The potential of the electro-oxidation current 
peak fits a linear E, us. log v relationship in the 0.05 
V/sec i v L 1 V/sec range (Fig. 11). The slope of the 
straight line is practically equal to the 2.3 (2 RT/F) 
ratio. This can be  interpreted as a Tafel slope associ- 
ated with a constant surface coverage by the acetylenic 
adsorbed species. 

Discussion 
The electro-oxidation of acetylene on platinum in 

acid electrolytes in the temperature range investi- 
gated is represented by the overall reaction 

Reaction [3] takes place at  least in part through the 
participation of an adsorbed species on the electro- 
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lr I ( v s-1) 
Fig. 10. Dependence of the anodic current peak related to the 

electro-oxidation of the adsorbed hydrocarbon species on v. Pad = 
0.25V; tad = 5 rnin; P C Z H ~  = 0.01 atm; 60°C. 

-1 5 -1 0 -05 0 
log [u I ( V  s-'I] 

Fig. 11. Dependence of the anodic current peak potential related 
to the electm-oxidation of the adsorbed hydrocorbon species on v. 
Ed = O.UV; tad = 5 min; p c z ~ z  = 0.01 atm; 60°C. The slope 
of the dashed line is 0.140 Vfdecade. 

catalyst. This conclusion is derived in a straightforward 
manner from the above described results. However, a 
possible contribution of a direct electro-oxidation of 
acetylene under stationary conditions is not precluded. 

The maximal interaction between the adsorbed 
species and the electrocatalyst occurs in the neighbor- 
hood of 0.25V. a potential value at  which most organic 
molecules exhibit their largest interaction with plati- 
num. This potential value is close to the potential of 
zero charge of platinum in the base electrolyte (13). 

The ( Q o x ) ~  value obtained from acetylene adsorp- 
tion compares reasonably well with that found after 
the ethylene electrosorption, but both adsorption pro- 
cesses appear entirely different. Thus, while the former 
adsorbs in a nondissociative manner, the latter adsorbs 
in a dissociative manner. However, the stoichiometric 
composition of the adsorbed species in both cases is 
apparently the same, namely a CZHZ species. as con- 
cluded from the same average number of electrons per 
adsorption site. Therefore, the initial step in reaction 
[3] corresponds to the adsorption process represented 
by 

The value of x, the average number of platinum sites 
occupied by the adsorbed species, is ca. 2.1. No evi- 
dence of any significant dehydrogenation of acetylene 
on platinum is detected under the present experimental 
conditions, in contrast with previously reported data 
(3) .  

When the acetylene readsorption is avoided, the 
electro-oxidation of the adsorbed species is well char- 

acterized through the kinetic relationships derived 
from the potentiodynamic runs. Thus the linear de- 
pendence of i, on v and that of E, on log v,  and the 
Tafel slope derived from the E, us. log u plot, equal to 
2.3 (2  RT/F), which corresponds to a constant surface 
coverage (epeak = 0.371, are in agreement with the 
predictions of the theory developed for the adsorption 
pseudo-capacitance peaks under a linear potential 
sweep, when the initial monoelectronic transfer reac- 
tion associated with either the electrosorption or the 
electrodesorption of intermediates is highly irreversi- 
ble (14). Hence, the simplest explanation of the 
kinetics of the adsorbed acetylene electro-oxidation is 
through a single electron transfer rate-controlling 
step. The formalism of this stage can be put forward 
in terms of deprotonation process of the adsorbed 
species, which may occur either through the following 
reaction 

or through the solvent participation as follows 

(C2H2)PtZ + Hz0 = (RHOH) Pt(,-l, + H+ + Pt  i- e 

[5bl 
R and RHOH denote intermediates produced in."the 
course of the electrochemical reaction. After either 
reaction [5a] or [5b] the water reacts with the surface 
organic intermediates yielding finally CO2 and H+  ions 
through a sequence of undetermined fast reactions. 
These reactions can be expressed by the overall anodic 
process 

Surface organic intermediates + HzO -, 

If either step [5a] or [5b] is rate determining, on the 
assumption that the intermediate follows a Langmuir 
isotherm, the rate equation becomes 

i = k' e exp (orFE/RT) [TI 

where k' is the formal rate constant in electrical units, 
e refers to the electrode surface coverage by C2H2 
species, and a is the transfer coefficient assisting the 
reaction in the anodic direction. An equation similar 
to [7] also results in terms of Temkin-type isotherms 
for the adsorbed species, because there is a compensa- 
tion effect of the influence of coverage by the C2H2 
species or by the R or RHOH species on the activation 
energy of reactions [5a] or [5b], respectively. Under 
constant surface coverage conditions, the Tafel slope 
deduced from Eq. 171 is equal to the RT/aF ratio. The 
experimental Tafel slope derived from the E, us. log v 
plot agrees with the latter for a = 0.5. 

Although the present results are explained only 
through the participation of C2H2 as the main adsorbed 
species, the idea must not be discarded that traces of 
other types of dehydrogenated adsorbed particles, 
which probably become important at  potentials higher 
than 0.40V (5) or at higher temperatures (15), may 
contribute to a small extent in the electro-oxidation 
process. 

The aging of the adsorbed species, as detected 
through the shift of the anodic current peak potential 
toward more positive values as tad increases, can be 
explained considering two types of interactions. On 
one side, the adsorbed species become more strongly 
bound to the substrate on increasing tad. This is also 
reflected through the shift of E, on Ead at a constant 
tad (Fig. 6). On the other hand, there is an increase of 
the interaction between the adsorbed particles on in- 
creasing tad, SO that a surface polymer-type species 
may be formed on the electrode surface. 

The bonding energy change associated with the aging 
effect can be reasonably related to a time dependence 
of the structure of the adsorbed species. This explana- 
tion is supported to some extent from the gas phase 
chemisorption studies of hydrocarbons on platinum 
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surfaces at  lower temperatures (16), where it was 
suggested that two structures of chemisorbed acetylene 
may occur, one weakly distorted and another strongly 
distorted. 

Similar aging effects were reported for the electro- 
sorbed species formed on platinum from methanol 
117). where both the stoichiometric comvosition of the .-.,, ~- - 

electmsorbed soecies and its amount i n  the surface --.-.-.-- ~~ 

remain constant during the aging process. 

Acknowledgment 

INIFTA is sponsored by the Consejo Nacional de In- 
vestigaciones Cientificas y TBcnicas, the Universidad 
Nacional de la Plata, and the Comisi6n de Investi- 
gaciones Cientificas (Provincia de Buenos Aires). This 
work was also partially sponsored by the Regional 
Program for the Scientific and Technological Dcvel- 
opment of the Organization of the American States. 

Manuscrjpt submitted May 8, 1981; revised manu- 
script received Jan. 5,1982. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 

Publication costs of this article were assisted by the 
Institute de Investigaciones Fisicoquimicas Te6ricas y 
Aplicadas. 

!AL SCIENCE AND TECHNOLOGY July 1982 

REFERENCES 
1. J. W. Johnson, H. Wroblowa, and J. O'M. Bockris, 

This Journal, 111,863 (1964). 
2. J. 0 M. Bockris, H. Wroblowa, E. Gileadi, and B. J. 

Piersma, Trans. Faraday Soc., 61,2531 (1965). 
3. T. M. Beloslyudova and D. V. Sokolskii, Elektro- 

khimiya, 1,1182 (1965). 
4. S. Gilman, Trans. Faraday Soc., 62,466 (1966). 
5. S. Gilrnan, ibid., 62,481 (1966). 
6. S. Gilman, This Journal, 113,1036 (1966). 
7. K. G. Bogoslovskii and L. A. Mirkind, Elektro- 

khimiya 13,462 (1977). 
8. W. E. Triaca, T. Rabockai, and A. J. Arvia, This 

Journal, 126,218 (1979). 
9. W: E. Triaca, A. M. Castro Luna, and A. J. A k a ,  

abzd., 127,827 (1980). 
10. H. J. Davitt and L. F. Albright, ibid., 118, 236 

(1971 , - - . - , . 
M. G. Sustersic, R. C6rdova 0 W. E. Triaca, and 

A. J. Arvia, ibid., 127,1242 ($80). 
S. B. Brummer and K. Cahill, J. Electroanal. Chem. 

Interfacial Electrochem., 21, 463 (1969). 
R. S. Perkins and T. N. An:ersen, in "Modern As- 

pects of Electrochemistry, Vol. 5, J. O'M. Bockris 
and B. E. Conway, Editors, Plenum Press, New 
York (1969). 

S. Srinivasan and E. Gileadi, Electrochim. Acta, 11, 
321 (1966). 

G. A. Somorjai, Surf. Sci., 89,496 (1979). 
J. E. Demuth, ibid., 84,315 (1979). 
V. S. Bagotskii, Yu. B. Vassiliev, and 0. A. Khazova, 

J. Electroanal. Chem. Interfacial Electrochem., 
81,229 (1977). 
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ABSTRACT 

A new type of Prussian blue modified electrode is described. The Prussian blue modified electrode is electrochem- 
ically prepared in a solution of ferric-ferricyanide. The amount of Prussian blue on electrodes such as platinum, glassy 
carbon, and SnO, is easily controlled by changing the current density, the electrode potential, and the time of the 
electrolysis. The waves observed at +0.2 and +l.OV us. SCE are due to the reduction and the oxidation of the ferric 
part and of the ferrous part in the Prussian blue crystal, KFe"'Fe" (CN), or Fe,"l[Fe1l (CN),],, respectively. This electrode 
exhibits excellent stability in aqueous solution. A spectroelectrochemical property of the modified electrode is also 
described. 

Prussian blue (PB) has been manufactured as an im- 
portant pigment for paints, lacquers, printing inks, and 
other color uses (1). As is well known, there are two 
well-characterized formulas of PB that have been 
called "water insoluble PB," FePI[Fe"(CNa) l a ,  and 
"water soluble PB," KFenlFe"(CN)a (2, 3). This pig- 
ment is an iron (111)-hexacyanoferrate (11) that has 
been definitely shown to be the case by the infrared 
absorption spectrum (4), the Mossbauer resonance 
spectrum (5), and the optical absorption spectrum 
(6). It has been also shown that chemical reduction 
and oxidation of PB can lead to Prussian white, K2FeI1- 
FeII (CN) and Prussian green (Berlin green), FeIII- 
Fe"I(CN)s, respectively (7). Although PB has long 
been an important pigment, the electrochemistry of PB 
has not yet been fully investigated. This might be due 
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to lack of knowledge of techniques for the prepara- 
tion of the thin film on suitable substrates. 

Recently reports by Neff have briefly shown a method 
of preparation of a thin film of PB on platinum elec- 
trodes in which a platinum electrode was simply im- 
mersed in a ferric-ferricyanide solution (8, 9). The 
deposition of PB on platinum and gold electrodes, 
which was undertaken in a condition of nonelectro- 
plating, seems to be due to auto- or catalytic-reduction 
of ferric-ferricyanide (7). As is pointed out by Ellis 
et al. (9), the data obtained by a nonelectroplating 
method had been highly dependent on the chemical 
procedures and the nature of the substrate surface. We 
found that organic substrates such as commercial poly- 
ester sheets, silicon rubbers, and so on could be very 
rapidly covered by blue PB, so that they could not be 
used even as the materials for the electrode mounting. 
In order to minimize contaminations of organics, we 
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used a platinum disk sealed in a glass tube. This elec- 
trode was polished with alumina slurry (0.05 +m par- 
ticle size) and then cleaned in concentrated sulfuric 
acids for 30 min before use. Although well-reproduc- 
ible results were obtained with this care, a maximum 
coverage of PB of about 3 mC/cm2, as a total amount 
of the charge consumed by the reduction of PB, was 
obtained for 30 min in a solution of 10 mM in FeC13. 
6Hz0,lO mM in KsFe(CN)G, and 0.01N in HC1. No more 
than 3 mC/cmZ could be obtained on platinum elec- 
trodes. This was visually merely slightly blue. 

We observed an open-circuit potential, 0.98V us. SCE, 
for a platinum disk electrode in the above solution. 
Such an extraordinary positive value could not be ob- 
tained either in solutions of ferric chloride or of potas- 
sium ferricyanide, indicating that a solution of ferric- 
ferricyanide is a very strong oxidant. This is probably 
the reason why organics were covered by blue PB so 
quickly. Although mechanistic studies of the deposi- 
tion of PB in the procedure proposed by Neff would 
be of special interest, we wish to address a new versa- 
tile method for the preparation of PB modified elec- 
trodes in this paper. This new method is a much more 
straightforward way for the preparation of the thin 
film and is based on an  electrochemical reduction of 
the ferric-ferricyanide solution. A fresh solution of 
reagent grade FeCl3. 6HzO (0.02M) and 0.02M of 
&Fe (CN) 6 was prepared in distilled water. The elec- 
trodes such as SnOz, Pt, and glassy carbon, immersed 
in the ferric-ferricyanide solution were cathodically 
polarized for 120 sec under galvanostatic conditions 
with current density of about 40 pA/cm2. A large plati- 
num foil electrode was used as a counterelectrode. The 
blue color due to the formation of Prussian blue on 
electrodes is observed at  the beginning of the electroly- 
sis. The electrochemistry of the electrodes covered by 
the thin film of PB was examined in an acidic 1M KC1 
solution (pH = 4.0). The pH of the 1M KC1 solution 
was adjusted by hydrochloric acid. Figure 1 shows a 
cyclic voltammogram of a film of PB on an SnOz 
electrode. Note that PB could not be deposited on a 
well-cleaned SnOn electrode by a dipping method pro- 
posed by Neff (8). Only a small amount of PB, less 
than 0.08 mC/cmz, could be deposited on SnOa elec- 
trodes for 30 min immersion. Two surface waves ob- 

served at about 0.2 and 1.OV us. SCE are due to the 
reduction and the oxidation of PB, respectively. AS 
mentioned above, Prussian white, a reduced form of 
PB, can be formed by the electrochemical reduction 
and Prussian green, an oxidized form of PB, can be also 
formed by the oxidation process. The electrochemistry 
of the electrochemically prepared PB is almost the 
same as that reported by Neff et al. (8, 9). The elec- 
trochemical processes of the reduction and of the oxi- 
dation are formulated as the following equations using 
two formulas of PB 

(reduction of PB) 

K4Fe411 [FelI (CNsl3 121 
(oxidation of PB) 

KFeIIIFeII (CN) 6 - e- - Kt + Fe1I1FeT1I (CN)G 131 

It is noteworthy that the oxidation of PB must in- 
volve penetrations of anions (Eq. [41) for maintaining 
electroneutrality, if the formula of PB is "water insol- 
uble PB," Fe4111[FeII(CN~1~. Specific dependence of 
the oxidation of PB on the kind of anions of supporting 
electrolyte would be of interest. The composition of the 
electrochemically prepared PB would be very impor- 
tant in mechanistic studies. It is very interesting that 
the chromophores of FelI1 are reduced at a more nega- 
tive potential than that of hydrated Fe3f and that the 
chromophores of Fen are oxidized at a much more posi- 
tive potential than that of ferrocyanide. 

Figure 2 shows cyclic voltammograms of the reduc- 
tion of PB on a platinum electrode. The linear depen- 
dence of the peak current, i, and i,,, on the scan rate 

I , , , , I , . . . I . . . ,  

1 .o 0.5 0 V vs SCE 
Fig. 1. A cyclic voltammogram of a Prussion blue modified SnCh 

electrode in 1 M  KC1 solution (pH 4.0). The charge consumed by 
the reduction of the Prussian blue modified electrode was about 
4.8 mC/cmZ. Scan rate of the electrode potential was 5 0  mV/sec. 
The electrode; Corning (10 n/U). 

, ipc , ,V vs SfE 
1 

0.4 0.3 0.2 0.1 0 -0.1 -a2 

Fig. 2. Cyclic voltammograms of Prussian blue modified Pt  elec- 
trodes in a 1 M  KC1 solution (pH 4.0). A, cyclic voltommogrnms on 
the reduction side of a Prussian blue modified Pt disk electrode a t  
different scan rates (1, 5 0  mV/sec; 2, 20 mV/sec; 3, 10 mV/sec; 
4, 5 mV/sec; 5, 2 mV/sec). The charge consumed by the reduction 
of the electrode was about 4.8 mC/cm2. B, a cyclic voltammogram 
through the both waves of a Prussian blue modified Pt electrode. 
Scan rate of the electrode potential was 100 mV/sec. The charge 
consumed by the reduction of the electrode was obout 0.48 mC/cm2. 
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of the electrode potential was obtained up to 100 mV/ 
sec indicating that the waves observed here are essen- 
tially surface waves like polymer modified electrodes 
(10-12). Very fast current responses, less than 100 msec, 
were observed on a platinum electrode by stepping the 
electrode potential between -0.3 and +0.6V (16). The 
waves obtained on a platinum electrode are much 
sharper than those obtained on SnOz electrodes. This 
is probably due to the ohmic resistance in SnOz elec- 
trodes. The behavior observed on other metallic elec- 
trodes such as gold or glassy carbon was the same as 
obtained on platinum electrodes. SEM of films prepared 
electrochemically on SnOz, Au, and Pt  electrodes re- 
veal very uniform structures. A preliminary value of 
density of PB film was about 1.4 determined by a mea- 
surement of the thickness of a PB film, which is almost 
the same as a literature value [d = 1.78 ( 2 ) l .  The 
thickness of about lOOOA was obtained for the film of 
5 mC/cm2. These results show that an electrochemical 
method is satisfactory for the preparation of PB films 
with a uniform thickness on substrates. 

The separation between the peak potentials of the 
anodic and cathodic waves depends on the scan rate of 
the electrode potential and on the amount of PB on the 
electrode, as shown in Fig. 2A and B. Note that the 
total amounts of the charge consumed by the reduc- 
tion of PB in Fig. 1 and Fig. 2A were about 4.8 mC/ 
cm2, which was almost the same as the charge passed 
through a cell for the preparation of PB described 
above. This strongly suggests that the efficiency of the 
electrochemical reduction of the ferric-ferricyanide so- 
lution to form PB is about unity. The formation of a 
one-to-one complex, FelI1. . . Fe"r(CN) 6, between fer- 
ric and ferricyanide ions has been studied (13-15) and 
this might be important in the electrochemical deposi- 
tion of PB. The electrochemical investigation of the 
deposition process of PB would be of special interest. 

The stability of PB on the electrodes was excellent. 
No degradation of the peak height was observed under 
repeated scanning over the reduction of PB, between 
-0.3 and +0.6V after lo5 cycles at a scan rate of 100 
mV/sec. 

Figure 3 shows the absorption spectrum of a PB 
modified SnO2 electrode obtained in situ at various 
electrode potentials. A similar spectrum has been re- 
cently reported by Ellis et al. (9) using a gold semi- 
transparent electrode. A line labeled A, obtained at  
0.5V, is essentially the same as the spectrum of the 
colloidal form of PB reported by Robin (6) .  A strong 
band observed at  690 nm is assigned to an optical 
transition from an electric configuration of Fe1IrFer1- 
(CN) R to FeIrFe"I(CN) n (6 ) .  The spectrum labeled B 

Fig. 3. Absorbance changes of a Prussian blue modified SnOz 
electrode obtained a t  different electrode potentials. A, 8, and C 
were obtained a t  +O.5, -0.3, ond +1.4V vs. SCE, respectively. 

tained at  different electrode potentials is reversible, 
which can be considered as a material for an electro- 
optical signal modulator (16). 
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ABSTRACT 

Tin oxide (SnO,) thick films have been prepared on glass surfaces from organometallic tin resinate solutions, and 
their photoelectrochemical properties have been studied. The antimony-doped tin oxide film showed similar photo- 
electrochemical properties to those of the n-SnO, single crystal electrode. No anodic dark current was observed for the 
electrolysis of water up to the bias potential of 2.OV us. SCE and saturation currents were observed upon illumination. 
These and other results indicate that SnO, films prepared from the resinate show purer semiconducting properties 
with less degenerate energy levels than those prepared from aqueous SnC1,. Possible reasons are discussed from 
experimental observations. 

Tin oxide films on glass have been used widely as an 
electrically conductive glass. Some of the methods 
used for producing SnOz films on glass include oxida- 
tion of deposited tin on glass, precipitation of tin hy- 
droxides with ammonium hydroxide followed by 
washing, drying, and heating, chemical vapor deposi- 
tion of SnC14 onto heated substrates, and d-c glow dis- 
charge sputtering (1). Recently, a chemical vapor 
deposition technique using tetramethyl tin also pro- 
duced the oxide film (2). Various methods of thin and 
thick oxide film preparations are reviewed in the liter- 
ature (1). The most common method of preparation of 
SnOz films is by using aqueous SnC14 solutions (1, 3). 
In this method, a solution containing stannic chloride. 
HCl and dopant such as antimony or the halogen itself 
is sprayed on the substrate surface and decomposed 
thermally. This method produces highly stable con- 
ducting films on glasses. Besides near metallic conduc- 
tivity, these n-type semiconductors exhibit optical 
transparency, high oxygen overpotential, low back- 
ground current, low sorption of organics, chemical 
durability, and mechanical stability. Commercial con- 
ducting glasses made by this method are available. 
Much work has been carried out to characterize the 
optical and electrical properties of films produced by 
this method (2-18). 

There are several electrochemical applications of 
such films. These applications include the use of films 
on glasses as working electrodes in photoelectrochemi- 
cal cells (19) and spectroelectrochemical cells (13). 
They can also serve as a substrate for the deposition of 
other polycrystalline semiconductors such as n-CdS 
(20). 

In this study, we report a new method of the SnOs 
film preparation on the surface of glasses using organic 
tin resinate solution. The physical and electrochemical 
properties of SnOp films thus prepared are also char- 
acterized and compared with those of films prepared 
from SnC14 solutions. 

Experimental 
Stannic chloride (Baker's Analyzed), antimony tri- 

chloride (Allied Chemical), hydrochloric acid (Mal- 
linkrodt), nitric acid (DuPont), and sodium hydroxide 
(Baker's Analyzed) were used as received. Tin resin- 
ate solution (Hanovia Liquid Gold, Engelhard, No. 
118-B) had an Sn content of 3.1%. Elemental analysis 
of this sample gave 74.61% carbon and 8.73% hydro- 
gen with no detectable nitrogen. The infrared absorp- 
tion spectrum showed a high content of the carbonyl 
group. The sample also contained no detectable amount 
of chloride, when it was subjected to the concentrated 
nitric acid and hydrogen peroxide to decompose or- 

* Electrochemical Society Student Member. 
*' Electrochemical Society Active Member. 
Key words: n-SnOn film, organic resinate solution, photoelectro- 

chemistry, semiconductor. 

ganic components, followed by the addition of silver 
nitrate to the clear aqueous solution. The solute was 
soluble in acetone and a precipitate was formed when 
mixing with water. The solution was filtered and used 
after mixing with about 60% of acetone. 

Films were prepared on glass surfaces by the pull 
method, horizontal coat method, and spray method 
(1). Soda-lime silica glass microscope slides (Fischer) 
were used for the baking cycle lower than at  550°C. 
Above 550°C, vitreous silica (quartz) glass microscope 
slides (Heraeus-Amersil, Sayreville, New Jersey) 
were used as the substrate. In a spray method, a 
Paasche air brush (Model H-3) was used to spray the 
resin/acetone mixture onto the glass. An all-glass 
chromatography atomizer was used when the SnCls 
solution was sprayed. The carrier gas used was oxy- 
gen with the applied pressure of 13 psi and the distance 
from substrate to the air brush was 15 cm from the 
leading edge with a spray angle of 60". The solution 
flow rate was 0.05-0.07 ml/sec. The solution was 
sprayed for 4-12 sec for each coating. 

The conductivity of films thus prepared was mea- 
sured by a two-point probe with a distance of 1.0 cm 
by applying 4.00V and measuring the current. The 
thickness of films was measured by weight gain em- 
ploying the density of SnOz of 6.95 g/cm3 for the non- 
reflective films (21). For the reflective films, it was 
measured by the Tolansky method by recording an 
absorption spectrum of the film (22). For a weakly 
absorbing thin film, the thickness, t, is given by 

where M is the number of oscillations between the two 
extremes of the reflective pattern, and nhl  and nh, are 
refractive indexes of the film at two wavelengths, 1.1 
and ILz, respectively. In the case of SnOl, the refractive 
index is approximately 2.0 (5) at  the two wavelengths 
used and thus the above equation reduces to 

The film thickness measured by these two methods 
was consistent within about 10%. 

Electrochemical measurements were made with a 
Princeton Applied Research (PAR) Model 173 poten- 
tiostat-galvanostat with a Model 176 I/E converter and 
a Model 175 universal programmer. Electrochemical 
cells had a three-electrode configuration with the 
SnOt film as a working electrode, the platinum foil as 
a counterelectrode, and the saturated calomel electrode 
(SCE) as a reference electrode. The electrode was il- 
luminated from the backside or frontside using an 
Oriel Xenon arc lamp (1000W) with an Oriel 8540 uni- 
versal power supply. Monochromatic light was ob- 
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tained using an Oriel 7240 monochromator with a 
bandpass of approximately 20 nm. The photon flux 
was measured by using an International Light Model 
IL-700 radiometer. The electrode area exposed to the 
solution was approximately 0.38 cm2. 

Results and Discussion 
The films prepared by the pull method and the 

horizontal coat method (1) had very poor mechanical 
and electrical properties. Films prepared on a soda- 
lime silica glass microscope slide were heated to 500°C. 
Three temperature zones were noted. Up to 150"-200°C 
white fumes were seen and the resin spread out. Be- 
tween 200" and 350°C the coating turns from amber to 
black color. Heating at 450" - 500°C or higher made 
the coated surface clear. Generally the films were non- 
reflecting and spongy yellow-white. Microscopic ex- 
amination revealed large amounts of entrained partic- 
ulate foreign matter. This could be somewhat driven 
off by heating at 580°C for 12-24 hr. This heat-treat- 
ment, however, caused the coating to lose most of its 
conductivity. Films thus prepared had resistances of 
greater than l o R  a-cm. and a thickness of about 1800- 
2500A as determined by the weight gain. Further, re- 
producible films could not be prepared by these 
methods. 

Since films prepared by the pull method and the 
horizontal coat method were very poor in their me- 
chanical, optical, and electrical properties, we decided 
to use the spray method. The spray method gave much 
more reproducible results than the above methods, as 
can be seen in Fie. 1-3. Fieure 1 shows that the in- 
crease in weight 07 the oxid; film can be made repro- 
ducible, provided the flow rate, spray duration per 
coat, and substrate temperature are maintained con- 
stant. The amount of tin oxide deposited on glass sur- 
faces can also be controlled by the substrate tempera- 
ture as is shown in Fig. 2. Films thus prepared had 
some interference reflecting properties, which were 
considerably enhanced by filtration of the resin. The 
film made from the unfiltered resin had many black/ 
amber impurities of 1-40 microns, while those from 
filtered resin had particles of 1-8 microns with much 
less frequency. 

The undoped films made by this method had re- 
sistances of greater than 107 a-cm, even after as many 
as 15 coats. The thickness determined by the Tolansky 
method varied between 5000 - 7500A. Resistances can 
be made significantly lower to the range of about 5000 
a-cm by doping with antimony. Doping was accom- 
plished by dissolving 1.5 mol percent SbCls with re- 
spect to the tin content in the solution sprayed. In 

50 
Time, second 

Fig. 1. Increase in the weight of the oxide film as a function of 
the total resinate spray time. See the text for the experimental 
details. 

Fig. 2. Weight per coating as a function of the substrate tem- 
perature. The spray duration was held constant a t  19 sec. 

I ' I I 1 

5 10 15 
Number of Coats 

Fig. 3. Currents across the two probes a t  an applied potential of 
4.OV as a function of the number of coatings. The thickness of 
films after 15 coatings war about 750 nm. 

order to compare the properties of SnOz films, we also 
prepared the film using a mixture of 3M SnC14 . 5H?O, 
and 0.03 - 0.05M SbC13 in water (3, 17). Thicknesses 
of 5000 - 10,000A with resistances of 1-500 a-cm were 
obtained by this method. The mechanical quality of 
films made from the SnCl4 solution was almost always 
superior to that of films made from the resinate solu- 
tions. Resistances were lower for films made from the 
SnC14 solution than for those from the resinate solu- 
tion. This indicates that impurities (mostly chloride) 
contributing to conductivities are much higher in films 
made from the aqueous solution than from the resinate. 
Also, as mentioned earlier, the fact that further heat- 
treatment made films lose their conductivity suggests 
that impurities play a major role for making undoped 
film conductive. It should be pointed out, however, 
that this heat-treatment may also remove the oxygen 
deficiency. Although antimony trichloride was used as 
a dopant both in the aqueous and the resinate solu- 
tions, we believe that very low or practically no 
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chloride was trapped in the film prepared from the 
resinate solution, resulting in lower conductivities. Thc 
chloride entrapment would be very low due to the 
small quantity of SbC4 used and due to the high vola- 
tility of SbCl3 in organic solvents as opposed to the 
aqueous medium. 

Since our major interests are their application to the 
photoelectrochemical work, we carried out electro- 
chemical studies using films thus prepared. Figures 4 
and 5 show the results of the photocurrent us. applied 
potential at  the illuminated electrode. The results ob- 
tained using films made from aqueous stannic chloride 
(Fig. 4) are in excellent agreement with the ones re- 
ported by Kim and Laitinen (3, 17). No limiting cur- 
rent is observed at the electrode made from aqueous 
SnCla solution. Even in the dark, a significant amount 
of the current was observed above 1.OV us. SCE. Al- 
though photocurrents were observed as shown in Fig. 
4, they were completely absent when the doping level 
was made high. Also, photocurrents were not observed 
at the commercial tin oxide electrode (NESA glass. 
Pittsburgh Plate Glasses, Pittsburgh, Pennsylvania). 
probably due to its high doping level. Thus the tin 
oxide electrode prepared from the aqueous SnCl, solu- 
tion shows its intermediatc properties between semi- 
conductor and the metal. As pointed out, this may bc 
because of the high doping level and many degenerate 
energy levels probably due to chloride. Background 
current observed at  about 1.OV us. SCE in the dark and 
at about 0.6 - 0.8V us. SCE under illumination may b~ 
due to the water oxidation as well as chloride oxidation 
at the surface (4, 17). 

At the SnOz electrode prepared from the resinate 
solution the photoelectrochemical bchavior was quite 
different as can be seen in Fig. 5. In the dark, there 
was practically no current up to about 2.OV us. SCE. 
Limiting photocurrents were observed at higher poten- 
tials than 0.5V us. SCE. This behavior resembles the 
observation reported by Wrighton et al. on the single 
crystal Sn& electrode (23). For long time (-2 days) 
electrolysis, we were able to collect about 0.5 ml of the 
gas product, but we did not perform the product 
analysis. 

An interesting difference between these two elec- 
trodes can be seen in Fig. 6. The photocurrent rises and 
decays much faster at the electrode prepared from 
SnCl4 than the one from the resinate solution. The 
decay rate does not follow a simple exponential func- 
tion. Moreover, the decay rate was not significantly 
potential dependent. A simple R-C circuit model would 
predict an exponential, potential dependent decay. We 
speculate that this decay could be due to chemical 

V rr. &E 

Fig. 4. Photocurrents vs. applied potential a t  the SnOn electrode 
prepared from 5nCl4. The solution was 1M in NaOH and the elec- 
trode wos illuminated from the backside. 1, Current in the dark 
and 2, current under illumination. 

V rs. M E  

Fig. 5. Photocurrent vs. applied potential a t  the Sn& electrode 
prepared from the resinate solution. The electrode was doped with 
antimony. Experimental conditions were almost identical to those 
for Fig. 4. 

reactions of adsorbed/entrained organic radicals that 
are photochemically formed. Note that the decay is 

, 

: I Fig. 6. Time dependency of 
the photocurrent rises and de- 

z 2 cays. (a) Film prepared from un- 

I filtered, doped resinote solution 
baked a t  550°C. Time to decay 

0 
o 100 200 100 100 90% was longer than 300 sec. 

TI... ..< (b) Film prepared from filtered, 
doped resinote solution baked a t  
550°C. Time to decay 90% wos 
about 30 sec. (c) Film prepared 

011 from filtered, doped resinate 
solution baked a t  650DC. Time 
to decay 90% was about 10 sec. 
(dl Film prepared from SnCl4 
methods. Time to decay 9096 
was less than 1 sec. 
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fastest when the resin is filtered and the film is baked 
at 650°C, when the film is purest with respect to or- 
ganic material. This was not pursued further, since the 
composition of the resinate was known no more than 
already described from our analysis. 

Wavelength dependence of photocurrents is shown 
in Fig. 7 and 8 for both films obtained by front and 
backside illumination. The photocurrent rises sharply 
near the absorption edge for SnOz. The photocurrent 
spectra closely resemble those reported by Wrighton 
et al. (23) and Moller and Memming (25). These two 
figures will be discussed in more detail later in this 
section. 

The photocurrent for the water oxidation increases 
as a function of the light intensity illuminated (Fig. 9). 
The linearity of the photocurrent-light intensity plot 
indicates that the photoelectrochemical oxidation rate 
is controlled by the rate of the hole generation. Note 
in the plot that the photoanodic process for the oxida- 
tion of water appears to require a threshold intensity 
as shown by lines 1 and 2 at lower applied potentials, 
i.e., 0.0 and 0.20V us. SCE, respectively. When the bias 
potential becomes high enough, the photocurrent- 
intensity curves pass through the origin as expected. A 
possible explanation for this observation could be that 
the hole diffusion lengths are small enough at the 
lower bias potential and at a low light intensity that 
holes generated at the glass-film interface may not 
reach the electrode-liquid interface, where oxidation 
of water takes place. Note that in all experiments, the 
electrode was illuminated from the backside. 

In order to examine this postulate we carried out the 
thickness dependence of the photocurrent. The results 

300 350 400 
Wavelength, nM 

Fig. 7. Photocurrents vs. illumination wavelengths for Sn02 films 
prepared from SnCI4. (a) Backside illumination. The solution was 
1M NaOH and the potential applied was +0.50V vs. SCE. Film 
thickness: 0, 160 nm; 0, 284 nm; a, 370 nm; +, 470 nm; 0 ,  
1000 nm. (b) Fronhide illumination. The same experimental condi- 
tions were used as in  (a). 

Wavelength , nM 

Fig. 8. Photocurrents vs. illumination wavelengths. (a) The SnO? 
fi lm prepared by SnClc methods. The thickness of the f i lm was 
470 nm. A l l  other conditions were the same as those in  Fig. 7. 0, 
frontside illumination; a, backside illumination. (b) The SnOz f i lm 
prepared by resinate methods. The f i lm thickness was 440 nm. A l l  
other experimental conditions were the same as in  (a). 0, front- 
side illumination; g, backside illumination. 

Fig. 9. Photocurrent vs. the intensity of  l ight illuminated. Mono- 
chromatic l ight (335 nm) was used for this experiment. The solu- 
tion was 1M i n  NaOH. The potential applied was curve 1, O.OV; 
curve 2, 0.20V; and curve 3, 0.50V vs. SCE, respectively. 

are shown in Fig. 10. These experiments were per- 
formed at the SnOz electrode prepared from the aque- 
ous SnClr solution due to its superior mechanical prop- 
erties, i.e., durability in the solution. The photocurrent. 
highest when the thickness is approximately 100 nm, 
decreases as the thickness of the film increases. Our 
observation does not agree with that of Moller et al. 
(25),  who reported that the photocurrent at the Ti02 
film electrode increased as the thickness of the film in- 
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Fig. 10. Photocurrent vs. thickness of the film. The film wos pre- 
pared from SnClc for this experiment. Monochromatic illumination 
(335 nm) was used in 1M NaOH solution. The potential applied 
was 0.50V vs. SCE. 

creased, when illuminated at the backside. They, on 
the other hand, observed the reverse trend when the 
electrode was illuminated through the electrolyte. 
These authors attributed their observation due to thc 
electron trapping before electrons reach the contact of 
the Ti02 film with the substrate. In our case, the holes 
generated upon illumination at  the glass-en02 inter- 
face appear to be trapped before they reach the SnO. 
film-electrolyte interface. This can be substantiated by 
comparing the photocurrent as a function of wave- 
lengths for backside and frontside illumination. As 
one varies the excitation wavelength from 335 to 300 
nm at a constant illumination intensity, the fraction of 
photons actually absorbed in the space charge region 
is expected to decrease with increasing film thiclmes? 
for backside illumination for films thicker than about 
200 nm. This is due to higher absorption coefficients at 
shorter wavelengths. This argument would hold true 
only if the donor density is very high as in the films 
from the SnC14 methods, resulting in small space 
charge regions. For frontside illumination this fraction 
is expected to rise, independent of thickness. Thus the 
photocurrents for frontside illumination should rise 
with shorter wavelengths and be independent of thick- 
ness, while backside illumination should show attenua- 
tion of photocurrent at lower wavelengths as a func- 
tion of thickness. Further the photocurrent for front- 
side illumination is predicted to be higher for all 
thicknesses. This is shown in Fig. ?a and b. When the 
thickness is large for frontside illumination (Fig. ?b),  
electrons in the space charge region may be trapped 
before they reach the contact, as Moller et al. (25) 
pointed out. 

When the film has a lower donor density as indicated 
by high resistivity, the space charge region will be 
very large; expected photocurrent behavior for the 
frontside and backside illumination should be differ- 
ent. Figure 8a and b compares the action spectrum of 
films prepared by SnC14 and resinate methods. Note 
that the films prepared from the resinate show much 
less attenuation for backside and frontside illumina- 

These data suggest that the chloride serves as trap- 
ping centers in films prepared from SnC14, while the 
films from the resinate contain much fewer trapping 
centers. Due to lower donor densities, the space charge 
region for the films from the resinate should be very 
large, as already pointed out. This should be the reason 
for the increased photocurrents with larger thickness 
for frontside and backside illumination. 

For these measurements the intensity output of the 
lamp was adjusted to compensate for absorption 
through the quartz glass and the apparatus, such that 
the intensity at all wavelengths were the same within 
about lo%, as well as identical intensity for frontside 
us. backside illumination. For these measurements a 
cell was constructed so that the comparison could be 
made by merely rotating the cell 180" about the film, 
i.e., the film remained at the same area in space. 

These observations agree well with our previous ob- 
servation that the threshold photon flux is required at 
lower bias potentials. When the bias potential is high, 
however, the length of the space charge region may 
become comparable with the film thickness, requiring 
a low photon flux to produce the anodic photocurrent 
at the film-solution interface. 

Conclusion 
Our study has shown that the oxide film semicon- 

ductors can be produced more purely from organo- 
metallic compounds. Films produced from the organo- 
tin compound have poorer mechanical and electrical 
properties. The stability of films were poorer under the 
photoelectrochernica1 experimental conditions and the 
films had generally higher resistances than the SnOt 
films prepared from the aqueous SnCl, solution. Photo- 
electrochemical experiments show that films from the 
organotin compound have similar properties to those 
of the single crystal SnOp electrode. No anodic currents 
were observed in the dark up to 2.OV us. SCE, whereas 
the onset potential for the photocurrent for the oxygen 
evolution was about -0.28V. The saturation current 
was observed at  this electrode, while it was not ob- 
served at  the film made from SnC14. Some of these 
properties are summarized in Table I for comparison. 

These observations as well as results obtained from 
the time dependence of photocurrents indicate that the 
depletion layer should be larger for the films from the 
resinate solution. This is probably because the chloride 
in the polycrystalline Sn02 film provides many energy 
levels and trapping centers. Thus our studies indicate 
that films that more resemble single crystals are ob- 
tained by avoiding an aqueous solution as a source of 
metal oxides. We attempted to determine the chloride 
content in films prepared by two methods using the 
energy dispersive spectroscopy (EDS) method but the 
technique was not sensitive enough to detect any 
chloride from any films. 

Experiments on the film thickness dependence of 
photocurrents show the importance of hole trapping. 

Table I. Comparison of films prepared by two methods 

SnOs by SnOs by SnCh 
resinate method method 

Time to prepare film 8-15 hr 0.5-1 hr 
400 nm thick 

Resistance 5 kfl UP* 1.5009 
Stability of film Film eventually swells Stable 

and falls 
Stability of photore- Decreases slowly with Mostly stable 

tion, and that the photocurrent is about an order of SPOnse time 

magnitude higher. Also, the photocurrent increased Initial photoresponse 
About nitnrlr an Order ~ r r l t e r  Of mag- than . . . . - - - - - - - - - - . - -- 

with the film thickness of up to about 450 nm for both snClr method 
frontside and backside illumination (not shown in the Batch reproducibility Poor.fair Fair 
figure). This indicates that the space charge region is Of photoresponse 

very large: high fractions of the ohotons are cnllerted ---- ~ 

as electron-hoie pairs up to the fiim thickness of about 
" E n  --_ a When films were prepared side by side but using regular glass 

and quartz as substrate. only the film on quartz substrate was 
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Holes generated would be trapped before they reach 
the film-electrolyte interface to oxidize water, if the 
film thickness is larger than the space charge region. 
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Ternary Chalcogenide-Based Photoelectrochemical Cells 

I I .  The n-CdlnzSe4/Aqueous Polysulfide System 

Reshef Tenne, Yehudith Mirovsky, Ya'acov Greenstein, and David Cahen 

Department of Plastics Research and Structural Chemistry, The Weizmann Institute of Science, Rehovot 76100, Israel 

ABSTRACT 

CdIn,Se, is a cross-substitutional analogue of CdSe with an incomplete cation lattice. We have carried out an 
investigation of the n-CdIn,Se,laqueous polysulfide photoelectrochemical cell. A selective photoelectrochemical etch- 
ing of the semiconductor surface leads to a dramatic increase in the photocurrent of the cell (up to 15 mA . ~ m - ~  at 
small reverse bias) and greatly improved output stability. The spectral response of the cell reveals a considerable 
sub-bandgap photocurrent for the etched electrode. This is attributed to excitation via surface states located -0.27 eV 
within the bandgap. After photoetching the electrode, most of the sub-bandgap response disappears and the response 
to supra-bandgap excitation increases by at least an order of magnitude that shows that these surface states serve also 
as recombination centers or traps for the photogenerated holes. We have analyzed the shape of the spectral response 
and observed two distinct transition modes: an indirect transition at 1.55 eV and a direct one at 1.72 eV, both of which 
are within the acceptable range for efficient solar energy conversion. Preliminary results using thin film polycrystalline 
photoelectrodes of this semiconductor are presented. They show that this material tends to lend itself fairly well to 
preparation of such electrodes. 

11-VI materials, and especially Cd-chalcogenides, are 
among the most studied photoelectrodes for photo- 
electrochemical solar cells (PEC's) (1). From this class 
of materials have come thin film polycrystalline-based 
PEC with up to 8% solar efficiency (21, and -1 year 
day/night output stabilities have been measured so far 
with CdSe electrodes, all in polysuEde electrolyte. 
Some progress has also been made toward understand- 
ing the possible corrosion processes occurring in these 
systems on an atomic scale (3). From the point of view 
of chemical (compositional) flexibility, the 11-VI class 
of materials is somewhat limited, both in terms of 

Key words: solar cells, special response measurements, band. 
gap, transition mode, thin film electrodes. 

possible constituents and their optical and electrical 
properties (e.g., optical bandgap). Many more possibil- 
ities for choosing electrode materials exist if ternary 
and higher analogues, which can be obtained by cross- 
substitution of the electropositive constituent, are con- 
sidered. Up to now only CuInS2 (the true ternary 
analogue of Zno,jCdo.sS) has been studied as a n  elec- 
trode in  a PEC (4). Its remarkable output stability 
prompted us to look a t  a slightly different ternary 
analogue (of CdSe, in this case), namely CdInpSer. 

Figure 1 illustrates the relationships between several 
adamantine (zinc blende or wurtzite-related) struc- 
tures, and their parent structure, diamond. In all of 
these chalcogen is tetrahedrally coordinated by "ca- 
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tions," i.e., the more electropositive species, and bond- 
ing is thought to be predominantly by spR hybrids (see 
however below). In all of them a (nearly) close-packed 
partial structure of the chalcogens is found. [Similar 
series exist, derived from 111-V materials, e.g., InP, 
CdSnS, and other tetrahedrally coordinated ones (6) .I 

As can be seen from Fig. 1, the remarkable aspect of 
CdInzSer and related 11-1112-VI4 compounds (as well 
as some 112-IV-VI4 and 12-11-VI4 ones) is the incom- 
plete lattice of electropositive ions. This is sometimes, 
incorrectly, referred to as a "defect" lattice (no de- 
fects as such are implied by the structure). Their struc- 
ture can be described as a cubic close-packed one in 
which only 3/8 of the tetrahedral sites are occupied, 
as compared to 1/2 occupancy in "normal" adamantine 
materials. While most of the 11-1112-VI4 materials adopt 
this structure, some, like CdInpS4 take on a more or less 
disordered spinel one. CdInnSe4 crystallizes in space 
group ~ 4 2 m  (D2d1) and thus has a pseudocubic) 
tetragonal structure with lattice dimensions a = 5.817A 
and c = 5.817A (Z = 1). At higher pressures it under- 
goes transformations to either the spinel structure of 
CdInzS4 (at  lower temperatures) or to the rocksalt 
structure (at higher temperatures) (6,7). 

While in all adamantine-type materials the (valence) 
electron to atom ratio is 4, it is apparently higher in 
the 11-1112-VI4 ones, unless the "vacant" site is counted 
as well (6), leading to the notation 11-U-1112-VI4. 

The presence of "vacant" sites (pseudovacancies) 
seems to affect the valence band characteristics of 
CdInzSe4, in that it introduces a high density of states 
near the top of the valence band, as compared to 11-VI 
compounds (8, 9). This effect has been attributed to the 
quasi-lone pair electron states of the anions around, 
and directed toward, the pseudovacancies. These states 
can be considered somewhat akin to those arising from 
dangling bonds. Such bonds, on the surface of a 11-VI 
compound, give rise to states within the forbidden gap. 
In the case of CdInpSe4, a slight displacement of the 
anions around the pseudovacancies apparently in- 
creases the binding energies of the quasi-lone pair 
electrons sufficiently to "pull" these states into the 
valence bands. This leads to a widening of the upper 
valence band (8) and to the previously mentioned high 
density of states near the top of this band. Such a high 
density of states is found also in I-111-VIz chalcopy- 
rites, where it has been attributed to the admixture of 
d-levels to the upper valence band (10) [up to 45% 
d-orbital contribution is estimated for CuInSp (11) 1. In 
CdInzSe4 such a contribution is expected to be rather 
small because of the depth of the Cd 4d levels, with 
respect to the top of the valence band (8,9). 

While in the case of CdSe (and other 11-VI com- 
pounds) the upper valence band is composed entirely of 
states of bonding electrons (from s and p orbitals) the 
above discussion indicates that this is not necessarily 
so for the I-111-VI2 chalcopyrites and for CdInzSe4 lor 
ZnInzSea (9)1, where states of electrons, which are 
to some extent nonbonding, make up the top of the 
valence band. This offers the possibility of using these 
materials as photoelectrodes in a PEC, without weak- 
ening the chemical bonds to the same extent as ap- 
parently occurs in, e.g., CdSe, where the Cd-Se bond 
is known to be prone to hole attack (3) .  In other words, 
such photoelectrodes might be expected to be more 
stable than those made up of their binary analogues. 
[Results for n-CuInSz do indeed confirm this (4) .I 

Fig. 1. lllustrotion of the te- 

cu cu 
trahedral bonding between the 

q.. ? ?,. f?" central cholcogen ion and the 
, s\ ,se electropositive ions in adoman- 

P cU ~n tine compounds, as compared to 
I,-Y-H, n-mrm4 the parent structure-diamond. 

LUZONITE Cdln2Se4 

Although AgInSez would be the logical choice to 
study as a true ternary analogue of CdSe, the fact that 
appreciable ionic conductivity may occur in it (11) 
will complicate any comparison that can be made in 
terms of PEC performance. Therefore we turned to 
CdInpSer and investigated its behavior as a photo- 
anode in a polysulfide PEC. The width of the forbidden 
gap of CdInnSer (1.55 eV, see below) is closer to the 
optimal value for terrestrial photovoltaics than that 
of its binary analogue, CdSe (1.7 eV), or that of 
AgInSez (1.2 eV). This value is clearly influenced by 
the presence of In-atoms (lowering it, compared to 
CdSe), although the higher charge on Cd than on Ag 
places it intermediate between its two analogues. While 
the material has rather poor solar conversion efficien- 
cies at  present, initial results on its output stability 
and photocurrents (under bias) were sufficiently en- 
couraging to warrant a more detailed study. 

Methods and Materials 
Materials.-CdInpSea crystals, synthesized from the 

constituent elements were grown and doped by W. 
Giriat (Centro de Fisica, Inst. Venez. de Invest. Cient., 
Caracas, Venezuela). Their resistivity was several 
ohm.  cm. Crystals were polished to 0.05 rrn finish 
with alumina paste (Buehler) . They were etched with 
fresh aqua regia (1:4 HN03:HCl mixture) and im- 
mersed for a few seconds in polysulfide solution to dis- 
solve any free Se from the surface of the electrode. 
Immersion in 10% KCN solution for 60 sec was found 
beneficial and was applied at  a later stage of this study 
when we measured the photoresponse of these cells 
(see below). Ohmic contact was established by rubbing 
In-Ga alloy on the back surface of the crystal and 
soldering pure In on top of that layer. A copper wire 
was attached to the crystal by means of silver epoxy 
(Type 50, Transene). Insulating epoxy was used to seal 
the electrode except for its front surface. Photoetch- 
ing of the electrode was carried out in 10 times diluted 
aqua regia by connecting the photoelectrode, a Pt  wire 
reference electrode, and a carbon counterelectrode to a 
potentiostat and illuminating at  intensity of - AM1. 

PolysuEde solution which was 2M with respect to 
added KOH, S, and Naps, each, was prepared from 
AR grade reagents (Frutarom and Merck) and deion- 
ized water. Light intensities were varied with neutral 
density filters (Schott), except where noted. 

Instrumentation.-This included a standard photo- 
electrochemical setup with a variable intensity tung- 
sten-halogen light source, Elscint Model CHP-1 po- 
tentiostat; Yokogawa Model 3066 X-t recorder; and 
Tabor DMM 4021 multimeter. 

Net photocurrents under monochromatic excitation 
were measured with a phase-sensitive technique which 
included a tungsten-halogen light source, Schoeffel 
monochromator, mechanical chopper, Wenking LB 75 L 
potentiostat, homemade potential sweep generator, 
Brookdeal Model 9505-SC two-phase lock-in amplifier, 
and Houston Instruments X-Y recorder (Model 165). 

Results and Discussion 

Photoelectrochemical investigation.-Figure 2 shows 
the I-V curves in the dark1 and under illumination for 
an electrode after chemical etching and short photo- 

1 Similar to Cd-chalcogenides in polysulfide electrolyte the dark 
current decays with time under small forward blas, but goes 
through a minimum us. time under forward bias greater than -5M) 
mV (12). 



1508 J .  El~rt~orhe711. Soc.: ELECTIIOCHICMICAI. SCIENCE AND TECHNOLOGY July 1982 

Fig. 3. N e t  photocurrent vs. potential for photoetched CdlnaSer 
in (2;2;2) polysulfide. The bios voltage (in mV) of the photoetching 
is indicated for each curve. Light intensity as in Fig. 2. 

V(rnV)vs.Pt  

-4 .. etched light --- 
etched dork 

photoetched light - 
photoetched dork 

ceeding -400 mV is observed. 
Fig. 2. I-V cuwes for CdlnzSer in (2;2;2) polysulfide electrolyte SEM micrographs of the photoetched CdInSe4 elec- 

(2M with respect to eoch OH-, S=, and S) in the dork and under trodes (which were not dipped in KCN solution) were 
illumination of -80 m W .  Photoetching a t  +1V vs. Pt. unclear as if charging of the electrode surface 
Eyedox = -0.78 vs. SCE. occurs. However. the black mat color of the ~ h o t o -  

i 
i 
i 
i 

etching. A large difference in the photocurrent is ob- 
served between the etched and photoetched electrode. 
Whereas the photocurrents measured for the etched 
electrode under reverse bias never exceeded 1 mA . 
cm-2 under AM1 illumination, typical currents of 5-7 
mA cm-2 were obtained with the photoetched elec- 
trode under reverse bias. Furthermore by dipping the 
best electrode for a few minutes in 10% KCN solution, 
an insulating layer that forms after the photoetching 
was at least partially removed and a short-circuit 
current as high as 8.1 mA . cm-2 (-15 m.4. ~ m - ~  
under reverse bias of 400 mV) was obtained. Etching 
with other conventional etchants like 2% Brz/methanol 
or HN03 (aq) did not improve the performance of the 
cell after the aqua regia etching. 

In the case of Cd-chalcogenides (2, 13) photoetching 
was carried out by short-circuiting a carbon electrode 
to the photoelectrode in appropriate acidic solutions 
(usually the diluted etchant of the particular elec- 
trode) and illuminating the electrode. In the present 
case ~otentiostatic photoetching under large reverse 

-12- 

etched electrode ' ( ~ i g .  4) suggests that some pitling of 
the electrode surface occurs during photoetching as in 
CdSe (13a) and CdTe ( 1 3 ~ ) .  

Recently we have worked out a kinetic model that 
shows the almost obvious correlation between the 
quantum yield of Cd-chalcogenide/polysulfide cells 
and their output stability (14).2 The rationale behind 
the performance-stability correlation is that any im- 
pediment to the flow of holes across the solid-liquid 
interface results in a longer stay of the photogenerated 
holes on the electrode surface so that accumulation of 
holes on the surface occurs, leading to larger recom- 
bination and deactivation by photooxidation of the 
crystal (15). Considering the improved performance of 
the photoetched electrode compared with the etched 
one the former electrode is expected to be the more 
stable one, which is indeed the case, as shown in Fig. 5. 
Note that the photoetched electrode was illuminated 
by -6 AM1 light (by increasing the lamp current), 

%Surface recombination is assumed t o  b e  the dominant loss 
mechanism i n  this model. 

bias was necessary-as shown in Fig. 3. Apparently, 
under short-circuit conditions and up to +I50 mV us. 
Pt the space-charge field in the semiconductor is too 
small to enable efficient collection of the photogene- 
rated holes into the solid-liquid interface. Biases in 
excess of +lo00 mV during the photoetching led to 
dramatic increases in the photocurrent of the cell in 
polysulfide electrolyte. Furthermore after photoetch- 
ing the large dark currents that were observed under 
reverse bias decreased considerably. This is shown in 
Fig. 2 where, after photoetching, the dark current de- 
creases considerably, at  least at  biases exceeding $600 
mV. 

The large dark currents under reverse bias may 
explain the maximum in the photocurrent that was 
observed (after photoetching at  high bias) under 
+ZOO to +400 mV reverse bias voltage. This maximum 
is shown in Fig. 3. Under larger reverse bias the dark 
current is very large so that surface recombination 
of the photogenerated holes is considerable and thus Fig. 4. Mognified photograph of CdlnnSe4 electrode. Gray part is 
a decrease in the photocurrent at  anodic potentials ex- etched; black mat is photoetched, white port is insulating epoxy. 
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Fig. 5. Output stability of (a, top) etched (b, bottom) photo- 
etched CdlnzSe4 electrode in (2;2;2) polysulfide under reverse bias 
of +400 mV vs. Pt electrode. 

whereas the etched electrode was illuminated with 
AM1 light only. The amount of charge that passed 
through the photoetched electrode was sufficient to 
consume all of the electrode material if corrosion was 
extensive, but we did not detect any visible morpho- 
logical change on the electrode surface. We can con- 
clude, therefore, that the photocurrent through the 
photoetched electrode was the result of electrolyte 
oxidation only. 

In Fig. 6 we compare the relative quantum yields 
(photocurrents) of etched and photoetched electrodes 
us. light intensity, 9. The two salient features of this 
experiment are: (i) The quantum yield of the photo- 
etched electrode is much larger than that of the etched 
electrode (see next section for further details). (ii) The 
quantum yield of the photoetched electrode is constant 
(photocurrent is linear with light intensity) up to very 
high light intensities in this solution. This shows that 
the rate of hole transfer across the interface between 

etched 

0 
light intensity (o.u.1 

Fig. 6. Net  photocurrent vs. light intensity of CdlnrSel in (2;2;2) 
polysulfide a t  +200 mV reverse bias. Strongest light intensity is 
-3 AM!. 

the photoetched CdIn~Se4 and the polysulfide electro- 
lyte is very fast. 

In Fig. 7 we show the dependence of the open-circuit 
voltage on the light intensity. The observed slope of 
the curve (60 mV/decade; n - 1) is substantially 
smaller than that observed for Cd-chalcogenides (n > 
2). It was claimed (16) and further supported by our 
own experience (12) that n values larger than one are 
possible when chemical adsorption of the electrolyte 
on the surface of the electrode occurs. Capacity mea- 
surements are necessary to clarify this point. 

Several samples have shown open-circuit voltages 
between 200 and 300 mV, and one sample gave an 
open-circuit voltage of up to 350 mV, which however, 
is still considerably less than that obtained with CdSe 
electrodes (-700 mV) . 

Dipping in ZnCl2 solution (17) resulted in smaller 
dark currents under forward bias and the open-circuit 
voltage increased by 30 mV typically. 

As we will show now photoetching is also responsi- 
ble for considerable changes in the electronic proper- 
ties of the interface and especially for a strong de- 
crease in the density of surface states at the interface. 

Electronic properties from spectral response mea- 
surements.-Figure 8 shows the short-circuit spectral 
response of n-CdInzSe4 that was etched in aqua regia, 
rinsed with deionized HzO, immersed .in 10% KCN 
solution for 60 sec, and rinsed again with H20. We see 
that in addition to the response at  wavelengths shorter 
than 800 nm (1.55 eV), which corresponds to an in- 
direct transition (see Fig. lo),  the spectrum shows a 
wide sub-bandgap photoresponse with a peak at 970 

light intensity (a.u.1 

Fig. 7. Dependence of the open-circuit voltage of the cell on the 
light intensity. 

Fig. 8. Normalized spectral response of etched Cdln2Ser elec- 
trode in (2;2;2) polysulfide electrolyte under short-circuit condi- 
tions. Normalization is made for the spectrum of the lamp. The 
s h r t  wavelength decrease in the response is due to absorption by 
the orange-red polysulfide solutidn. 
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nm. The peak corresponds to a light-induced current 
through a distribution of surface states located some 
0.27 eV below the bandgap energy. Figure 9 shows the 
equivalent spectra after photoetching of the CdInzSe4 
and immersing it in a separate polysulfide solution for 
a few seconds to remove any free Se. A large decrease 
in the photorespnse to sub-bandgap illumination and 
a large increase of the supra-bandgap photoresponse is 
obtained. The fact that the sub-bandgap photoresponse 
did not disappear altogether may indicate that the 
present procedure used for photoetching is insuffi- 
cient to provide a "perfect" surface. 

The large difference in the spectral response of 
etched and photoetched CdInpSe4 can help to explain 
the effect of photoetching on the electrode surface. It is 
well known that surface or near-surface defects lead to 
sub-bandgap spectral response. At the same time these 
defects serve as surface recombination centers and 
carrier traps that cause a considerable decrease in the 
photocurrent obtained from bandgap excitation. Upon 
removal of a large part of these defects by photoetch- 
ing an increase of the photocurrent under short-circuit 
conditions by a factor of -40 was observed in this 
particular experiment, in addition to a small increase 
in the photovoltage. The fill factor for the photoetched 
electrode was 0.33 at room temperature. Surface de- 
fects which are likely to impede the hole transfer 
across the semiconductor-electrolyte interface, and 
therefore to increase the rate of recombination, are 
also most prone to photocorrosion. Hence by deliberate 
photocorrosion we are able to remove these defects 
preferentially and to improve the rate of hole transfer 
across the interface. 

Another remarkable feature of the spectral response 
is the gradual increase of the photocurrent with de- 
creasing excitation wavelength. This behavior is typi- 
cal of single crystals that are either highly doped or 
have a large defect surface. However, in the present 
case the reason for the gradual increase of the photo- 
current with decreasing wavelength is because the 
lowest energy transition of CdInpSe4 is an indirect one. 

Determination of the bandgap and the transition 
mode.-Some of the first physical parameters that 
have to be determined when a semiconductor is evalu- 
ated as a possible candidate for photovoltaic conversion 
of solar energy are its bandgap energy and the nature 
of the electronic transition mode. From theoretical con- 
siderations one finds that under -AM1 illumination, 
the optimal bandgap (E,) is -1.4 eV. In addition to 
the optimal bandgap, it is desirable to use semiconduc- 
tors with direct electronic transition modes. In this 
case the absorption coefficients for photons with en- 
ergies higher than the bandgap energy are large so 
that most of these photons are absorbed in the space 
charge layer or close to it and the collection efficiency 
of the photogenerated holes is high. 

I I I I I I I 
500  6 0 0  700 800 900  1000 1100 

Wavelength (nm) 

Fig. 9. Normalized spectral response of the same electrode after 
photoetching. 

A variety of experimental techniques has been used 
for the determination of the modes of optical transitions 
in CdInZSer and related semiconductors. These include 
photoconductivity 18), reflectance (19), spectral re- 
sponse (20), photoemission (21), intrinsic conductivity 
measurements at high temperatures (221, optical ab- 
sorption measurements (23), and electroreflectance 
(24). 

Some of these techniques are tedious, others rely on 
involved theoretical analyses that do not always lead 
to a decisive interpretation, especially if a number of 
energy gaps with different types of transition modes 
exist, as is the case for CdInzSer (22). 

We used photoelectrochemical measurements in 
which we measured the net photocurrent of the 
CdIn2Se~/polysulfide cell. Determination of the abso- 
lute quantum yield of the cell was not necessary here 
which simplifies the experiments and the analysis con- 
siderably. 

For the analysis of the results we employ the Gartner 
model (7) which gives the photocurrent density of the 

Here q is the elementary charge, F ,  is the photon flux, 
L, is the hole diffusion length, and W is the width of 
the de~letion laver 

where r s  is the dielectric constant of the semiconduc- 
tor, Nd is the donor concentration, and V - VFB is the 
band bending. With Jy a .  L, << 1 and a W  << 1 we 
can expand the exponent and in this case i,h is pro- 
portional to a. Near the absorption edge, a can be de- 
scribed as follows 

(hv - Eind)2 
a = A - 

hu ' 
[3al 

for an indirect transition, and 

(hv - Ed)'h 
a = A 

hv 

for a direct transition. Therefore the photocurrent de- 
pendence on the energy of the exciting light photon hu 
is given by 

(hv .- Eind)2 
ioh = c . for indirect mode [4a] 

hv 
and 

(hv - Ed) % 
iph = C for direct mode [4b] 

hv 

We can now develop i,hs of Eq. [4al in the parame- 
ter hv - Ernd up to the linear term. For small values of 
the expansion parameter, i,hl/l is linear in hv and it 
vanishes when hv = Eind Similarly we can expand iph2 
of Eq. [4bl in the parameter hv - Ed up to the linear 
term. In this case iph2 is linear in hv close to Ed and it 
vanishes at hu = Ed. SO, by plotting the different values 
of iphl:l and i,h2 US. hv, the values of the energy gaps 
can be determ~ned. As shown in Fig. 10 and 11 two 
types of gaps are clearly observed. The lowest gap is 
at 1.55 eV and the other one is at  1.73 eV. 

Knowing the values of the energy gaps, the transi- 
tion modes can be determined by plotting log (iphhu) 
log (hv - E,) for wavelengths close enough to the 
transition energy. If the slope of such a curve equals 2, 
the transition is an indirect one, whereas for a direct 
transition the slope is 1/2. Figure 12 reveals that the 
lowest transition of CdInzSe4 (1.55 eV) is an indirect 
one (slope = 2.03) whereas the higher transition (1.73 
eV) is a direct one as confirmed in Fig. 13 (slope = 
0.54). 
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Energy (eV) 
Fig. 10. Determination of the bandgap of the indirect transition 

mode (1.55.eV). Photocurrent (a.u.1 was normalized to the spec- 
trum of the lamp. 

Energy (eV) 

Fig. 11. Determination of the bandgap of the direct tronsition 
(1.73 eV). 

The occurrence of both an indirect and direct transi- 
tion is common for the CdIn~V14 family of materials. 
The difference between Elnd and E d  decreases from 0.22 
eV for CdInzSe4 to 0.1 eV for CdInzTer. 

Whether the nature of the lowest transition of 
CdInzSa is an indirect one or due to some impurity 
transition has been the subject of some controversy. 
For that material i t  was concluded that it is an in- 
direct transition (19) and our measurements confirm 
this as far as CdInzSe4 is concerned. 
Thin film polycrystalline CdIn~Se4 electrodes.-Al- 

though not the primary goal of this study, it was of 
interest to apply methods developed by us for the prep- 
aration of thin film polycrystalline photoelectrodes by 
slurry pasting (17) to CdInzSel. From previous experi- 
ence the crucial role of the quality of the starting ma- 
terial in determining the performance of such films is 
known (4b). Therefore, in these preliminary experi- 
ments small grains and chips, left from the crystals, 
were used. These were milled together with some poly- 
methylmethacrylate in acetonitrile for -15 hr and the 
resulting slurry was pasted onto a Ti substrate as pre- 
viously described (17). Best results were obtained if 
no inorganic flux (CdIz) was added. The layers were 

-2.01 1 I I 1 I I I 
-2.1 -2.0 -1.9 -1.8 -1.7 -1.6 

log (hv-E ind 
Fig. 1 2  Determination of the indirect transition mode (n = 

4.06) for CdlnzSe4. Elnd energy of indirect transition (1.55 eV). 

10g(hv-Ed) 
Fig. 13. Deterciination of the direct transition mode (n = 1.08) 

for CdlnzSe4. Ed = 1.73 eV. 

fired for 10 min in argon at 490°C or higher tempera- 
tures. If the annealed layers were used as such, very 
high dark currents under short-circuit conditions (e.g., 
1.1 mA . cm-2 compared to 1.6 mA . cm-2 photocur- 
rent) were obtained. Subsequent etching in 3% HN03 
in HC1 somewhat improved the net photocurrent (the 
dark current decreased) but, as in the case of single 
crystal electrodes, by far the best performance was 
obtained after a few seconds photoetching in a 10 
times diluted etching solution at  +1V bias. Figure 14 
shows the dark and light I-V plot for a 1 cm2 thin film 
electrode and we see that its performance reaches 30% 
of that of the best single crystal, which is encouraging 
as undoubtedly the conditions of preparation were not 
yet optimized [as they were adapted from those found 
for (17a) CdSe on the one hand, and MoSz (17b) on 
the other hand]. 

Conclusions 
Three main conclusions can be drawn from this 

study. 
1. As has been shown for Cd-chalcogenides, selec- 

tive photoelectrochemical etching of the photoelectrode 
is a powerful tool for the removal of surface defects 
that decrease the quantum efficiency of solar cells. 

2. In situ measurements of the spectral response are 
an important tool in the characterization of the present 
photoelectrochemical cell as well as many others. This 



1512 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July  1982 

-3 5 
\ 
a 
E 

- 2  - >- 
k 
cn 

- I  Z 
w 
0 

I- 
#--- 

VOLTAGE , (,,,,"I z 
VS. Pt ,0 

W 
K 

8' 
LT 

- - I  

Fig. 14. I-V curves in the dark (- - -) and under illumination for 
polycrystalline CdlnSe electrode in polysulfide electrolyte. Light 
intensity -80 mW . cm-2. 

technique is particularly useful for the characteriza- 
tion of cells based on thin film photoelectrodes where 
other methods are either cumbersome or fail com- 
pletely. 
3. The CdInzSe4/aqueous polysulfide cell showed 

good quantum yields and output stability. The good 
stability of the cell shows that the pseudovacancies in 
the crystal structure, which could cause rapid diffu- 
sion and drift of ionic species, leading to fast deactiva- 
tion of the electrode under illumination, do not have a 
detrimental effect. Rather i t  seems plausible that the 
presence of quasi lone pair states in the upper valence 
band allows electronic excitation of the semiconductor 
without breaking the chemical bonds. I t  is tempting to 
connect the occurrence of an indirect and direct optical 
transition within the presence of these electronic states. 
The fact that they occur in CdInzS1, too, shows that 
other factors must be involved as well. 
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Techmican Notes 

DSC Study of Two Reactions in the Lithium-Boron Alloy System 

Donald Ernst* 

Naval Surface Weapons Center, Ekctrochemistry Branch, Silver Spring, Maryland 20910 

h an earlier paper by Dallek, Ernst, and Larrick (1) 
the differential scanning calorimetry technique (DSC) 
was used to determine the reactions that occur in the 
lithium-boron (Li-B) system. This was part of an 
effort to develop the Li-B alloy for use as an anode 
material in thermal batteries. A minor objective was 
to determine the phase diagram. However, the two 
compounds LiB3 [25.0 atomic percent (a/o) Lil and 
Li,B6 (53.8 a/o Li) are products of irreversible reac- 
tions, and therefore an equilibrium phase diagram for 
the alloy system could not be determined. The two re- 
actions are 

xLi + 6B + 2LiB3 + (x  - 2)Li [I] 

The reactions are complex in nature and there are a 
number of factors that influence the type of end prod- 
uct (Li,B6 and Li) obtained. Examples of these are 
heating rate, stirring us. convection, and composition 
(1). It was noted in this earlier work that certain 
boron samples dissolved more readily than other boron 
samples and that the start of the first reaction was 
sometimes detectable as soon as the lithium melted. A 
possible explanation is that the boron oxide present on 
the surface of the boron may have some influence on 
the reaction. The present paper discusses the effect of 
boron particle size on the rate of the reactions in the 
lithium-boron system as determined by DSC experi- 
ments. 

The rate constants for the two exothermic reactions 
(1, 2) were first calculated using data obtained earlier 
(1). The method, described in du Pont Applications 
Brief No. 8 (2), applies to first-order reactions and is 
used extensively in kinetic studies of the thermal de- 
composition of polymer materials (3, 4) and explosives 
(5-7). Currently, there are no reports on kinetic stud- 
ies of the nature presented here. Two criteria for 
applying this method are that the reaction be first 
order, and homogeneous. The first exothermic reaction 
can be considered to be first order because there is al- 
ways excess lithium present; however, excess lithiu:,r 
is only present for the second exothermic reactio& 
lithium concentrations greater than 70 a/o. Because of 
the liquid solid interfaces between Li and B and Li and 
LiB3, the reactions are heterogeneous and not homo- 
geneous. However, the half-lifes as determined by this 
method were in good agreement with the observations 
made during actual alloy preparations and indicated 
that more work in this area was warranted since this 
information would be helpful when preparing larger 
amounts of the alloy. 

and lithium foil were mixed by rolling and pressing. 
The samples, about 10 mg total weight, were then en- 
closed in Armco iron cups that give a hermetic seal 
when properly closed. No evidence of lithium seeping 
out of the cup was observed in any of the eight runs 
made. The sample preparative work was done in a dry 
room at a humidity of 2% or less. The compositions for 
each run are given in Table I. The percentages re- 
ported were calculated from the actual weights of the 
components and the data for one curve are obtained 
from this one sample. The DSC experiments were car- 
ried out in a series of steps using a du Pont 990 thermal 
analyzer with a standard DSC cell at a 5 K/min heat- 
ing rate. The first step started at 413K (140°C) and 
wgnt to 498 K (225"~): This step provides data on the 
lithium endotherm and the area under the peak repre- 
sents the amount of lithium present in the sample. The 
second step started at 498 K and went to the comple- 
tion of the first reaction usually between 623 K (350°C) 
and 648 K (375°C). Because of the heat released in the 
first reaction it is referred to as the first exotherm. The 
sample was then allowed to cool below the freezing 
point of lithium and the first step repeated. This pro- 
duced another lithium endotherm which, when sub- 
tracted from the first endotherm, gives the amount of 
lithium used in the first exothermic reaction. The 
fourth step started at 723 K (450°C) and ran at 5 K/ 
min until the second reaction was completed between 
873 K (600°C) and 923 K (650°C). This reaction is 
referred to as the second exotherm. The sample was 
allowed to cool down and the first step repeated for a 
third time. 

The method (2) used to determine the rate constant 
assumes first-order reaction conditions where 

Rate = k[c] 131 

Table I. Summary of data 

Fre- Half-life 
alo E(kcal/ quency 

Run Li mol) factor Min at K Min at K 

First exotherm data 

Second exotherm data 

Experimental 6 61.2 14.1 4.2 (16) €4.8 at 803 5.5 at 847 
8 62.3 92.1 1.6 (21) 115.5 at 800 6.2 at 844 

Samples were made from three nines lithium foil 4 72.4 100.5 8.1 (23) 72.2at793 6.0at826 
93.8 1.4 (22) 60.8 at 793 4.6 at 829 from Foote Mineral Company and three nines boron 104.2 1.6 (24) 105.Oat810 7.7at844 

lump from Atomergic Chemical Company. The latter 5 75.1 94.1 1.0 (22) 57.8 at 800 8.7 at 826 
was pulverized and sieved to give three different mesh 59.0 184.4 2'0 (44) 57'8 at 840 3'7 at 
sizes (40-80, 80-100, and 200-270 mesh). Boron powder 

Runs I, 5,3 used 200.210 mesh boron. 
Electrochemical Society Active Member. Runs 6 8 4 2 used 80-100 mesh boron. 

Key words: LbB, alloy, battery, DSC. Run 1 ;s;d'40-80 mesh boron. 



1514 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July 1982 

In DSC work the rate of heat flow (dH/dT) continu- 
ously monitors the rate at  which a reaction takes place 
and is the difference in temperature (AT) between the 
sample pan and the reference pan of the DSC cell. The 
total amount of reactant (A) is represented by the 
total area under the DSC peak. The amount of material 
reacted (a) up to time t is the partial area under the 
peak up to time t. The amount of material remaining 
(C) is then given by (A - a). Putting the two rates 
equal to each other and solving for k gives 

The two variables, dH/dT and temperature (T), are 
plotted as a function of time. The partial and total area 
under the dH/dT peak are determined with a plani- 
meter and T is determined from the linear T us. time 
plot. The advantages of the method are that k is inde- 
pendent of the sample mass and DSC cell calibration. 
Errors can arise from the planimeter measurements 
and the recorder y-axis sensitivity settings, both of 
which were minimized by collecting the data with a 
Vidar data acquisition system and storing it on mag- 
netic tape. Measurements of dH/dT (0.01 mV), T 
(0.001 mV), and t (0.1 sec) were taken at  1 sec inter- 
vals and about 2000 data points were obtained for each 
excthermic reaction. The data were analyzed on a CDC 
6500 computer. Simpson's rule of integration was used 
to calculate both the partial and total areas (mV-sec) 
under the DSC peak. Rate constants, when calculated 
using Eq. [3], have units of reciprocal seconds. The 
errors associated with the temperature measurement 
(1%) and area calculations (<I%) when taken with 
a data acquisition system and reduced on a computer 
are smaller than the error (which is unknown) made 
in assuming that the system is homogeneous when it 
is more likely to be heterogeneous. The method is pre- 
sented because it is a new technique that can furnish 
additional information about a chemical system and 
the results obtained were in agreement with experi- 
mental observations. 

The k values obtained by this procedure are plotted 
in Fig. 1 and 2 for the first and second exothermic re- 
actions, respectively. Activation energies ( E )  and 
frequency factors obtained from a least-squares fit of 
the data are listed in Table I. The half-life data were 
calculated using the relationship 

Discussion 
For the first reaction, the boron particle size appears 

to have a significant effect on the reaction rate (Fig. 
1). The smaller or finer sized boron (top three curves) 
gives higher rate constants than the coarser boron. The 
activation energy is also lower for the finer sized boron. 

In Fig. 2 it can be seen that for the second reaction 
there is no apparent dependence of the reaction rate 
on the particle size of the boron used, but there is a 
dependence upon the lithium content of the sample. 
For a given particle size of boron, a higher lithium 
content gives a higher reaction rate. The top three 
curves have lithium contents greater than 70 a/o while 
the middle three are in the 62 a/o region. 

Crystalline boron is made up of icosahedral clusters 
of boron atoms either connected to each other (rhom- 
bohedral form) or to single boron atoms (tetragonal 
form). Lithium, because of its small size, easily pene- 
trates the smaller pieces of boron and attacks the 
boron lattice, breaking it up into icosahedral boron 
clusters. These clusters are then further attacked by 
lithium to form LiB3. LiB3 reacts with additional lith- 
ium atoms at  a specific temperature, forming LiiBe. 
Because of the liquid-solid interfaces, these reactions 
would be heterogeneous ones, however, if Li atoms 
first penetrate the solids (B and LiB3) and saturate 
them, the reactions may not be heterogeneous. This 
may explain why the calculated half-life agreed with 
the experimental times observed when preparing the 
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Fig. 1. Anhenius p lot  for the  reaction Li + 38 -+ LiBa 

10xlU3 

2nd EXOTHERM 

~ ( s ~ c . 1 1  
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Fig. 2 Arrhenius plot for the reaction 5Li + 2LiBa + Li786 

alloy. This would also account for the dependence of 
the reaction rate for the second exotherm on the per- 
centage of lithium in the sample, since one would ex- 
pect that saturation of the L i B  particles would be 
more complete when larger amounts of lithium are 
available. 

This type of reaction, where a liquid phase at low 
temperatures solidifies as the temperature is increased 
is unusual. In an equilibrium phase diagram, it is 
called a metatectic reaction (8) and is quite rare. Sev- 
eral examples can be found in In-Li, Ag-Li, Ga-In, 
Ag-In, and Cu-Sn phase diagrams. Many of these con- 
tain lithium or a period I11 A element. Comparison of 
these systems with the Li-B system suggests that other 
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Li-B compounds, such as LizB, might exist. The earlier 
DSC work (1) did not indicate that LizB was present, 
but electrochemical studies (9, 10) indicate that it is. 
In this work the rounding of the curves in the second 
exotherm data (Fig. 2) may be a clue that LizB only 
forms at the higher temperatures. Further investiga- 
tion in this area is needed. 
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Observations of Flaws on Preconditioned Aluminum Surfaces 

G. E. Thompson, P. E. Doherty, and G. C. Wood 

Corrosion and Protection Centre, University of Manchester Institute of Science and Technology, Manchester M60 IQD, 
England 

Pitting has been studied extensively, leading to the 
conception in the literature of at least three stages in 
the overall process, i.e., initiation, propagation, and 
termination. The latter stages are relatively well un- 
derstood in terms of local changes in chloride concen- 
tration and pH, and the build-up of stifling corrosion 
product, respectively. Pit initiation is less clear and 
many of the mechanisms proposed earlier depend to 
some extent on the techniques employed to study the 
phenomenon (1-5). The literature relating to the 
stages prior to and during pit initiation on iron and 
aluminum has been reviewed recently (6). For alu- 
minum there is growing evidence for the involvement 
of pre-existing flaws or weak spots, which are always 
present in the thermal/passive films on aluminum (7- 
10). To progress further and model the behavior 
whereby flaws are breached and develop into pits, and 
gain further insight into the likely roles of salt accu- 
mulation, complex formation, pH reduction, and crack/ 
heal processes, it is necessary to obtain detailed in- 
formation about the geometry of flaws and their rela- 
tionship to the aluminum substrate. Key aspects of a 
relatively novel investigation to allow direct, high 
resolution observation of flaws at various stages of 
development into pits are presented here. 

Experimental 
Superpure aluminum (0.002 Cu; 0.004 Fe: 0.003 

weight percent Si) was electropolished initially in a 
nitric acid/methanol mixture and subsequently ano- 
dized under standard conditions at  50 A m-2 in 0.4M 
phosphoric acid at  298K for 10 min to produce a 
steady-state porous anodic film. Removal of this film 
from the aluminum substrate, in boiling chromic/ 
phosphoric acids, produced a preconditioned substrate 
with fewer but larger cells than the original electro- 
polished substrate, representing the imprint of the 
scalloped cell base pattern of the porous anodic film. 

Individual preconditioned substrates were anodically 
polarized, immediately after immersion, in 0.1M potas- 
sium chloride solution (pH 6) at selected potentials for 

Key words: metals, electrode, passivation. 

various times. In order to examine the effects of such 
polarization on the aluminum substrate, a second film 
removal treatment and second anodizing procedure 
were employed. The film removal treatment overcame 
any problems arising from likely chloride contamina- 
tion of the specimens during subsequent anodizing. 
Anodizing was undertaken under the standard condi- 
tions for 1 min, a time associated with nonuniform film 
growth prior to the onset of pore development (11). In 
this investigation, the nonuniform film growth behav- 
ior is used to highlight subtle changes in the substrate 
topography, resulting from prior polarization studies, 
which became apparent when the anodic film is de- 
tached from the aluminum substrate in mercuric 
chloride solution and examined in the transmission 
electron microscope. 

Results and Discussion 
Anodizing of the standard preconditioned substrate 

results in the growth of locally thicker film at the 
boundaries where the approximately hexagonal cells 
meet, effectively highlighting the original cellular ap- 
pearance (Fig. la). The stripped anodic film from the 
specimen which had been polarized at -605 mV 
(SCE), a potential above the so-called breakdown po- 
tential, for 175 min is shown in Fig. lb. The typical 
cellular appearance is again observed, together with 
occasional relatively coarse, rectangular-shaped fea- 
tures of population density about 10'0 m-2 and length 
of sides in the range 0.8-2.4 pm. These features are true 
developing pits and are reproduced clearly by the an- 
odizing procedure. In addition, the pit sides and bot- 
toms have been replicated; the darker band surround- 
ing the pits represents the film formed on the pit sides 
and this can be resolved more clearly by tilting the 
specimen to the electron beam. The crystallographic 
nature of the pits is revealed, probably with the (100) 
faces exposed, and the finely faceted nature of the 
metal dissolution sites at the pit bottom is also evident. 
In order to gain further information about the sites at 
which such pits develop, preconditioned substrates 
were polarized for shorter times at -605 mV and/or 
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Fig. 1. Transmission electron micrographs of stripped anodic 
films, formed for 1 min a t  5 0  A m-2 in 0.4M phosphoric acid a t  
298 K on the variously treated aluminum substrates: (a)  the pre- 
conditioned substrate, formed by anodizing the electmpolished 
specimen for 10 min a t  5 0  A m-2 in 0.4M phosphoric acid a t  
298 K and subsequently removing the film from the surface in 
boiling chromic/phosphoric acids; (b) the preconditioned substrate 
after anodic polarization for 175 min a t  -605 mV (SCE) in 0 . 1 M  
potassium chloride solution (pH 6) a t  298 K. 

at more negative potentials. For such treatments, no 
true developing pits were observed readily in the 
stripped films. However, interesting local features were 
revealed at  most of the triple point boundaries where 
impinging cells meet (Fig. 2). The features appear to 
show generally three narrow intersecting channels 
(effective diameter <10 nrn and lengths up to about 50 
nm) that breach the boundary from the neighboring 
cells. The features vary in effective size from boundary 
to boundary, but appear relatively regular in shapc, 
with the channels intersecting at angles of about 120" & 
10". Comparisons with the standard substrate showed 
that no changes had occurred in that case at the linear 
cell boundaries, or within the cells themselves. How- 
ever, similar features were present in the specimen 
that had been polarized at -605 mV but are not re- 
solved in the low magnification micrograph presented 
in Fig. lb. 

Clearly from the two-dimensional image of the 
stripped anodic film presented in the microgreph of 
Fig. 2, it is not possible to indicate the precise geom- 
etry of the original flaws, e.g., the breached region of 

Fig. 2. Transmission electron micrographs of the stripped anodic 
film, formed for 1 min a t  5 0  A m-2 in 0.4M phosphoric acid a t  
298 K on the preconditioned substrate, which hod been anodically 
polarized for 75 min a t  -615 mV (SCE) in 0.1M potassium chloride 
solution a t  298 K:  (a) showing the flawed regions a t  the triple 
point boundaries; (b) higher magnification image of (a). 

the pre-existing air-formed Nm/passive film and the 
likely penetration into the aluminum substrate be- 
neath the film. However, future examination of ultra- 
microtomed sections of corresponding substrates and 
their films will shed more light on the precise geom- 
etry of the flaws. 

The results of this study give further convincing 
evidence for the involvement of flaws in the air- 
formed/passive film on preconditioned aluminum sub- 
strates, which are breached upon polarization in chlor- 
ide solution. Particularly active flaws appear in the 
vicinity of the triple point boundaries where metal 
ridges intersect. Highly localized stress development 
during growth of the air-formed film may be visualized 
in such regions, which aids local cracking of the film 
when solution encounters the film at  the flaw base. In 
addition, impurities (such as copper) may deposit 
preferentially at these sites during specimen prepara- 
tion. I t  is interesting that almost all the triple point 
boundaries appear to be breached (about 1013 m-2) 
yet the population density of developing pits is only 
about 1010 m-2, suggesting that repassivation of the 
less active flaws occurs at the potentials used. The 
topography of the preconditioned substrate is not reg- 
ular on the microscopic scale but is comprised of metal 
ridges of various sizes giving rise to a spectrum of flaw 
activities (12). After the initial cracking event, the 
most active flaws, from mass transport considerations. 
are likely to be those of critical fissure lengths 1 1 0  nm 
(13). This is within the range of channel lengths ob- 
served in the stripped anodic films, although in reality 
the original channels may have extended through the 
air-formed film and into the metal substrate. The pH 
reduction in the critical size flaws maintains them ac- 
tive and metal dissolution proceeds, possibly aided by 
local temperature rises through the large effective cur- 
rent densities channeled into these regions, although 
such rises may be precluded by transient salt film ac- 
cumulation (14). 

In summary, the anodizing technique effectively 
highlights flaws developing into pits, allowing their 
observation at  relatively high resolution. Further 
studies are in progress in order to determine how the 
flaws, which are influenced by substrate topography, 
develop by stages into pits that grow in favored 
crystallographic directions. Examination of ultrami- 
crotomed sections will also throw light upon the tran- 
sient formation of salt films or otherwise. 

Manuscript submitted March 12, 1981; revised manu- 
script received Dec. 14,1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 
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Visual Detection of Hydrated Aluminum Oxide by Staining with 

Fluorescing and Nonfluorescing Dyes 

Ned E. Cipollini 

Sprague Electric Company, Research, Development, and Engineering, North Adams, Massachusetts 01247 

In the cases where the reaction of aluminum or 
barrier aluminum oxide with water is considered un- 
desirable, the reaction is inhibited with a passivating 
agent such as phosphate (1,2), chromate (3), or cer- 
tain weak organic acids (2 ) .  In these cases, the alu- 
minum or aluminum oxide-water reactions occur only 
at sites where this passivation layer has been de- 
stroyed, possibly at widely separated points on the 
surface of a sample. Since both passivation layer and 
corrosion product are colorless, no evidence of reac- 
tion is apparent in its early stages. Microprobe analysis 
would be time consuming, if not totally out of the 
question for large area samples. This report describes 
a technique to identify and locate the corrosion 
product, hydrous aluminum oxide (4), on large area 
samples by staining them with organic dyes producing 
either color or fluorescence. Once located, these areas 
can be inspected by microprobe analysis for the cause 
of depassivation (1).  The selectivity of the stain allows 
distinction between hydrous oxide and: ( i)  bare, un- 
treated aluminum, (ii) phosphate-treated aluminum, 
and (iii) barrier oxide produced in neutral aqueous 
phosphate or borate electrolytes or ammonium penta- 
borate in ethylene glycol. This technique could be 
useful for locating corrosion areas on aluminum ca- 
pacitor foils and aluminum metallization in integrated 
circuits. 

The basic approach here is to selectively stain hy- 
drous aluminum oxide with fluorescent or nonfluores- 
cent dyes. These dyes are applied to the surface of a 
test specimen only after it contacts pure water or 
water vapor for a specific reaction time. The specimen 
is then inspected for a stain in ultraviolet or visible 
light, but does not contact water again. There are three 
reasons for this approach. First, many organic com- 
pounds, especially weak acids and bases, a class that 
includes nearly all the dyes mentioned in this report, 
either retard or accelerate the reaction rate of alumi- 
num and water (1) and more importantly accelerate 
the depassivation rate of phosphate treated aluminum 
(2). Second, if a reaction of aluminum and water in a 
closed system such as an electrolytic capacitor or a 
molded integrated circuit has occurred, it can be de- 
tected after testing. Third, the job of selectively stain- 
ing hydrous aluminum oxide is quite easy because the 
reaction product of aluminum and water at tempera- 
tures between 90" and 10O0C, pseudoboehmite (5), 
possesses a high surface area, 133-154 m2/g (6),  fibrous 
structure (7) which will absorb much more dye than 
the solid aluminum surface. The reaction product of 
aluminum and water for temperatures between 20" 
and 90°C consists of a porous duplex structure of a 
pseudoboehmite inner layer and bayerite outer layer 
(6,231. This hydrous oxide can also be stained with 
comparable intensity to the stain on pseudoboehmite. 
In this report, the general term hydrous oxide refers 

Key words: adsorption, capacitor, corrosion, electrode. 

to the reaction product of aluminum and water at tem- 
peratures between 20" and 100°C. 

Our approach differs from that of White et al. (9) 
who place the dye on the sample surface before ex- 
posure to a humid ambient atmosphere and bias volt- 
age. The observations of these authors can be ex- 
plained as resulting from the process of either the 
anodization or the electrochemical etching of alumi- 
num depending on the impurities in their solutions. We 
chose not to use this technique because there exists 
strong evidence that since the dyes themselves are 
weak acids, they can enter into the reactions men- 
tioned above (10). An interesting aside is the trouble 
these authors encountered with fluorescein upon sol- 
vent evaporation; an explanation is given below. 

There are important differences between the tech- 
nique described in this report and some existing tech- 
niques. To inspect for cracks or porosity in, for ex- 
ample, a glass or ceramic material, an intensely colored 
dye solution may be forced into pores and cracks under 
pressure. When the sample surface is washed, dye 
solution will remain in cracks and pores because 
convective transfer of dye is impossible in these small 
voids so that dye is removed only by diffusion, a much 
slower process. In the present case, the dyes are ad- 
sorbed. Thus coloration is due to thermodynamic in- 
teractions rather than kinetics as for dye intrusion, 
and the dye will not be removed unless a solvent of 
more eluting power is used. The interactions involved 
here are more akin to those used in dyeing anodized 
aluminum, although the surfaces have different ad- 
sorptive properties, the freshly prepared anodic film 
being much more active than the hydrous oxide. In 
fact, the dye stain test used for porous anodic coatings 
(11,12), is the antithesis of the test described in this 
report. For anodic coatings, the test dye will not stain 
if the anodic oxide is hydrated (sealed). 

Experimental 
Dyes of 95% or better purity were used with no 

further purification. Test specimens were dipped into 
a solution of a dye or a mixture of dyes in 2-propanol. 
Upon removal from the dye bath, before drying, ex- 
ccss solution was washed from the sample surface with 
acetone. This is chromatography in reverse, i.e., the 
dye is applied to the stationary phase with the solvent 
of greater eluting power and rinsed with one of less 
eluting power. The specimens were then dabbed dry to 
avoid water condensation on the surface. Water con- 
densation causes a blurring of the image of hydrous 
oxide formed. 

Table I shows the concentration of the various fluo- 
rescent dyes examined. For fluorescent stains, a 5 sec 
dip at  room temperature gave about the maximum 
fluorescence intensity when viewed under ultraviolet 
light. Nonfluorescing stains were obtained by soaking 
the test specimen in a saturated solution of the dye for 
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Table I. Fluorescent stoins on pseudoboehrnite 
-- 

Dye 

Relative 
Concentration' fluorescence 

% (WfV) intensityb 
- p~ 

Fluoreseein 0.08 S 
Rhodamine B 0.34 S 
Rhodamine 6G 0.30 M 
CMethyl umbelliferone 0.1-1 W 
Ammonium salicylate 0.1-1 ( H a )  M 
Coumarin 1 0.1 N 
Anthracene Saturated N 
9 10-dichloroanthracene Saturated N 
$10-diphenylanthracene Saturated N 
Thianthrene Saturated N 

S = strong M = moderate W = weak, N = Imperceptible. 
Solvent: i-propanol exceit  where stated otherwise, excess so. 

lution rinsed with acetone. 
b Relative intensities observed on electroetched foil. 

5 min at about 82°C. Satisfactory results were ob- 
tained with this dye bath at room temperature, but a 
darker stain is obtained at the higher temperature 
due, presumably, to increased dye solubility. 

Test specimens were cut from sheets of 4 mil thick 
99.99% or 99.97% pure annealed aluminum foil. Sur- 
face treatments prior to reaction with water such as 
electropolishing, sodium hydroxide etching, soaking in 
ammonium dihydrogen phosphate, chromic-phosphoric 
acid etching, brightening in a nitric-phosphoric acid 
mixture, or anodizing in aqueous borate or phosphate 
solutions at  neutral pH's had no effect on the adsorp- 
tion properties of dyes on the hydrous oxide formed 
after reaction with water. Experiments were per- 
formed on capacitor anode and cathode foils having 
surface gains ranging from approximately 10 to 70. 
Using the same experimental procedure resulted in 
stains of deeper color than on unetched foil. Several 
samples of evaporated aluminum films were examined. 
These consisted of approximately 200A of 99.99% pure 
aluminum evaporated onto a 10 pm thick sheet of poly- 
propylene. In nearly all cases mentioned in this re- 
port, hydrous oxide was obtained on a sample by im- 
mersion for various lengths of time in distilled water 
at  100'C although similar results were obtained at  
25' and 75'C. No difference in staining capacity was 
observed whether foils were placed in actual boiling 
water, or water heated to just below the boiling point. 

All intensity measurements mentioned in this report 
were qualitative in nature. Fluorescence intensity was 
inspected while the sample was viewed under a 25W, 
low pressure mercury lamp fitted with a short wave- 
length filter. Nonfluorescent stains were judged in a 
relative sense while viewed under ambient lighting 
conditions. 

Results and Discussion 
Tables I and I1 summarize the results of a limited 

search for dyes that stain hydrous aluminum oxide 
with enough material to be seen by the naked eye. 
Note that the relative intensities were ascribed from 
experiments with electroetched foil having a surface 
area gain of about 18. This number was obtained by 
comparing capacitances measured on anodized etched 
and anodized electropolished samples. The intensity of 
the fluorescent or nonfluorescent stain seemed nearly 
independent of the etch gain of electro-etched foil. 
This apparent anomaly may be explained by the fact 
that electro-etching produces both a surface etch 
structure and a network of pores which extend deep 
into the foil (14). What is viewed visually is this sur- 
face etch structure. The surface area gain, typically 
about ten (15), depends less on the type of etch than 
does the internal structure. Water was not used as a 
solvent in subsequent experiments because: (i) some 
dyes, namely xanthene, decompose by air oxidation in 
water (13), (ii) the dyes are weak acids or bases and 
can promote corrosion reactions observed in concen- 

Table II. Nonfluorescent stoins on pseudoboehrnite 

- 

Relative absorption 
intensity. 

H B  2-propanol 
Dye solvent solvent 

Thionin M 
Eosln Y 

S 
S 

Uranine M 
Superchrome black TSr S 
l-(l-hy&oxy-2-naphthylau,)-5- S 

nitro4 naphthol4 sulfonic 
acid sodium salt 

Crystal violet N 
Aluminion S 
Aurin tr~carboxilic acld am- S 

monium salt 
Alizarin Red S 
b'uchsln 
Methylene blue 

S = strong, %I = moderate, W = weak, N = imperceptible. 
"Relative Intensities observed on electroetched foil rinsed in 

acetone ~mmealately upon removal from dye bath. 
1-(l-hydroxy-2-naphthylaz0~.6.nitro-Z naphthol4 sulfonic acid 

sodium salt. 

trated aqueous dye baths, and (iii) the dye a f i i t y  is 
sensitive to pH. 

Because of the intermolecular interactions of fluo- 
rescent dyes (16). the fluorescence quantum yield de- 
creases as the surface concentration of dye increases 
due, presumably, to cooperative radiationless transi- 
tions. Therefore, as the surface concentration of dye is 
increased from zero at constant surface area and ultra- 
violet light intensity, the fluorescence light intensity 
first will increase, reach a maximum, and then de- 
crease. Experimental parameters that influence the 
amount of dye adsorbed are temperature, solvent, dye 
concentration, pH, and time. The solvent 2-propanol 
with no added acids, bases, or salts was chosen. The 
parameters of dye concentration, time, and tempera- 
ture were approximately optimum for a mixture of 
Rhodamine B and fluorescein dyes at  concentrations 
of 0.34% (w/v) and 0.08%, respectively, at  5 sec at 
room temperature. 

Being much more strongly adsorbed on the hydrous 
oxide surface, fluorescein is much more sensitive to 
experimental parameters than is Rhodamine B. When 
a sample stained with Rhodamine B and fluorescein is 
washed with methanol, the fluorescence changes from 
orange to bright yellow, characteristic of fluorescein, 
indicating that the Rhodamine B was washed off the 
surface. If the test sample is placed in a mixture of the 
dyes for several hours, the fluorescence is red, char- 
acteristic of Rhodamine B. Since we know the fluores- 
cein is present, it must be adsorbed to such a large 
extent that its fluorescence quantum yield is nearly 
zero. This is precisely why White et el. (9) observed 
that fluorescein fluorescence ceased upon solvent evap- 
oration. Rhodamine B, being adsorbed much more 
weakly than fluorescein, does not build to a high 
enough surface concentration from a dye bath at room 
temperature and 0.34% concentration that its fluores- 
cence intensity drops perceptibly. If, however, a con- 
centrated solution of Rhodamine B is allowed to dry 
on the sample surface, no fluorescence is observed. 

Fluorescent staining possesses a few advantages over 
actual color staining. Staining with fluorescent dyes is 
more sensitive, i.e., can detect thinner layers of hydrous 
oxide than coloration. Since fluorescence can be excited 
by electron bombardment, stained areas can be located 
in an electron probe (for microanalysis) optically 
while the sample is under electron bombardment. A 
disadvantage of fluorescent stains is that they must be 
viewed under ultraviolet light. Therefore, for con- 
venience, colored stains were developed. 

For the actual coloration of hydrous aluminum 
oxide, we try to adsorb the maximum amount of dye 
possible. Therefore, staining is done from saturated 
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solutions at elevated temperatures and for longer 
periods of time than for fluorescent stains. Table I1 
summarizes the results of a limited search for dyes 
that will deposit enough material to produce a visible 
coloration of hydrous oxide. Aluminum samples were 
the same as those described in fluorescent stains. Note 
that some of the dyes listed under nonfluorescent stains 
are normally considered fluorescent dyes, notably, 
Eosin Y and uranine, but they are adsorbed with such 
high surface concentrations that the fluorescence quan- 
tum yield is nearly zero. 

Figure 1, a micrograph of an electro-etched foil with 
a gain of about 70, shows localized corrosion sites. This 
foil was passivated in aqueous ammonium dihydrogen 
phosphate before being placed in boiling water. After 
1.5 hr the foil was removed from the water bath, dried, 
and dyed for 10 min in a saturated solution of Eosin Y 
in 2-propanol at its boiling point. The picture was 
taken while the sample was illuminated through a 
green filter. The fine grain structure in the micro- 
graph results from the etch structure of the foil. Dark 
spots about 0.3 cm in diameter on the left half of the 
micrograph are localized corrosion areas. As the micro- 
graph is viewed from left to right, one can see that the 
localized areas grow in size and coalesce to form the 
larger darkened areas on the right half of the micro- 
graph. Off the picture to the right, the hydrated area 
has become continuous. 

The contrast between the hydrated, dyed, and non- 
hydrated areas is, actually, more easily viewed at the 
same magnification in white light than is apparent in 
the photograph. The contrast is caused by the different 
morphology of the hydrous oxide and the passivation 
layer and the difference in dye affinity of the hydrous 
oxide and passivation layer on aluminum. For ex- 
ample, after reacting for 3 min with boiling water, 
the hydrous oxide layer was 0.32 cm thick, had a 53% 
porosity, a density of 2.4 g/cm3, and a specific surface 
area of 140 mz/g (6). These numbers yielded a surface 
area increase of 58 cmz per cm2 of original surface. In 
other words, because of the porous nature of the hy- 
drous oxide a gain of 58 was built into the test. The 
other surfaces such as the passivation layer (1) and 
barrier anodic oxide (17) are nonporous. 

The contrast due to area increase upon hydration 
depends of course on the degree of hydration. For 
example, the stain on 300A of hydrous oxide on elec- 
tro-etched foil can easily be seen. However, at low 
levels of hydration, the intrinsic adsorption differences 

among the hydrous oxide and other types of oxide play 
a larger role. Owing to the high concentration of surface 
hydroxyl groups (4), a hydrogen bonding mechanism 
for dye adsorption is probable, although ion exchange 
at  the surface is also possible. These and other mecha- 
nisms of dye adsorption on porous anodic oxide appear 
in the literature (18,19). 

Summary 
The techniques described in this report can be useful 

in locating corrosion centers on etched aluminum ca- 
pacitor foils after, for example, shelf or life testing. 
The technique may also be useful for detecting corro- 
sion of evaporated aluminum films used in integrated 
circuits; however a limited number of experiments 
have been done in this laboratory with evaporated 
films. Yet, clearly perceptible fluorescent or nonfluo- 
rescent stains can be affected when 200A of evaporated 
aluminum on polypropylene is hydrated. The idea of 
staining hydrous aluminum oxide is an old technique 
from pigment technology (20), but the application of 
dyes from nonaqueous solvents to selectively stain the 
hydrous oxide distinguishing it from anodic barrier 
oxide and unreacted aluminum or passivated alumi- 
num surfaces is new. 
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Dependence of the Diffusion Current on the Degree of Polymerization 

of Nitrocellulose in Acetone-lsopropyl Alcohol 

Jin Mizuguchi 

Sony Corporation Research Center, Yokohama 240, Japan 

Nitrocellulose plays an extremely important role in 
the acetone suspensions used for the electrodeposition 
of aluminum oxide ( I ) ,  and even a minute change of 
its concentration can have a noticeable effect on the 
process of electrodeposition. Because of this, an at- 
tempt was made in a previous investigation to develop 
a reliable method of analyzing nitrocellulose (2). It 
was found that nitrocellulose in acetone-isopropyl 
alcohol (IPA) exhibits a well-defined reduction wave 
at  the dropping mercury electrode and that the diffu- 
sion current is directly proportional to a concentration 
up to 0.6 X mols of nitro groups per liter. The 
addition of IPA to acetone was important, because IPA 
eliminated the problem due to the adsorption of nitro- 
cellulose and its reduction products at  the dropping 
mercury electrode that caused the polarogram to be 
ill-defined. The above experiment was performed, how- 
ever, only for nitrocellulose whose degree of polymer- 
ization was about 720. Therefore, the present investiga- 
tion is intended to examine the relation between the 
diffusion current and the concentration of nitrocellulose 
over a wider range of the degree of polymerization and 
also to examine how the degree of polymerization af- 
fects the diffusion current. 

This paper describes the dependence of the diffusion 
current on the degree of polymerization of nitrocellu- 
lose in an acetone-IPA mixture with supporting elec- 
trolytes of perchloric acid and sodium perchlorate. The 
observed dependence of (diffusion current) cc - log 
(degree of polymerization) is discussed on the basis of 
both the Stokes-Einstein relation and the random coil 
model of nitrocellulose in the mixed solvent. 

Experiment 
Definition of the concentration of nitrocellulose.- 

Nitrocellulose has the molecular formula [CfiH702 
(N02),(0H)3-,In, where x and n denote the average 
degree of substitution of hydroxyl groups and the de- 
gree of polymerization, respectively. In the present 
report, the concentration of nitrocellulose is defined 
as the amount of nitro groups per unit volume of 
solution: If V is the volume of the solution containing 
the mass, m, of nitrocellulose, the concentration, c, is 
then given by the following equation 

where M is the molar mass of (1/x) [CSH~OZ(NOZ)~ 
(OH)3-xl. 

Characterization of nitrocellulose.-The degree of 
nitration that is necessary for calculating the degree 
of substitution (x)  was determined by ASTM D 301-56. 
The degree of polymerization was calculated from the 
intrinsic viscosity according to ASTM 1762-62. 

The basic relation between the intrinsic viscosity [ql 
and the molecular weight, M: is empirically given as 
follows (3) 

where K and rr are constants that depend on the sol- 
vent, the polymer, and the temperature. Measurements 
of the viscosity of the solvent containing a given 
amount of nitrocellulose were made at  25" , 0.1"C by 
means of a calibrated glass capillary of an Ubbelohde- 
type viscometer. 

Chemicals.-Nitrocellulose of various degrees of 
polymerization from about 100 to 850 was obtained 
from Daicel Limited. IPA, sodium perchlorate, per- 
chloric acid (70% aqueous solution), which were 
guaranteed grade, and acetone of "electronic grade" 
were obtained from Kanto Chemical Company, In- 
corporated. All the chemicals were used without fur- 
ther purification. 

Experimental setup-A potentiostat-type d-c polar- 
ograph constructed in our laboratory was employed 
for recording polarograms. The electrical circuit was 
similar to that described by Smith (4). The construc- 
tion of the polarographic cell is illustrated in Fig. 1. 

A spiral platinum wire and an Ag/AgCl electrode 
were used as the counter and the reference electrodes, 
respectively. The Ag/AgCl electrode was prepared by 
electrolytically oxidizing a spiral wire in 1M hydro- 
chloric acid at a current density of 0.4 mA/cm2 for 15 
min. All potentials were referred to this electrode. 
The currents were corrected for the residual current. 

Key words: nitrocellulose, diffusion current, dropping mercury 
electrode. Fig. 1. The assembly of the polarographic cell 
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The characteristics of the dropping mercury electrode 
were as follows: m = 1.9 mg/sec, td = 5.45 sec at  a 
mercury head of 45 cm a t  -1.OV us. Ag/AgCl in the 
experimental solution at  25°C. 

Experimental procedure.-A stock solution of each 
6 X 10-3M nitrocellulose was prepared by dissolving a 
weighed amount of the substance in acetone. The mixed 
solvent of one volume of acetone and five volumes of 
IPA was freshly prepared before use. The procedure 
was as follows: Five milliliters of the diluted solu- 
tion of nitrocellulose was placed in the electrolytic 
cell, 0.37g of sodium perchlorate anhydrate was dis- 
solved in the solution, and 50 a1 of 70% aqueous per- 
chloric acid was added. The solution was diluted with 
25 ml of IPA. Nitrogen gas saturated with the mixed 
solvent was vigorously bubbled through the solution 
for 45 min. (Deoxygenation is very slow in this sol- 
vent.) Then a polarogram was recorded. All measure- 
ments were performed at  25" +- 0.1"C. The rate of 
potential scan was 3.5 mV/sec. 

Results 
Characterization of nitrocellulose.-Measured values 

of degree of nitration, intrinsic viscosity, and viscosity 
of the solvent (1 volume of acetone + 5 volumes of 
IPA) containing nitrocellu!ose of 0.5 x 10-3M are 
listed in Table I for each nitrocellulose investigated. 
Table I shows also the degree of substitution of hy- 
droxyl groups and the degree of polymerization calcu- 
lated from the results of both the degree of nitration 
and the intrinsic viscosity, respectively. As can be seen 
from the table, the viscosity of the solvent decreased 
only slightly as the degree of polymerization decreased, 
approaching the value of the pure mixed solvent of 
0.935 cp. The change in the viscosity was within 1% in 
the degree of polymerization range of about 100-850. 

Diffusion current.-Figure 2 shows a typical polaro- 
gram. The limiting current was diffusion controlled 
as shown by the fact that it was proportional to the 
square root of the mercury pressure. Figure 3 shows a 
series of diffusion currents of nitrocellulose of various 
polymerization degrees plotted against concentration. 
A good linearity is maintained up to 0.6 X 10-3M, but 
the nonlinear dependence caused by nitrocellulose ad- 
sorption at  the dropping mercury electrode becomes 
noticeable when the concentration exceeds 1 x 10-3M 
(2).  It is also apparent from Fig. 3 that the diffusion 
current gives a straight line, as in Fig. 4, in which the 
concentration of nitrocellulose is 0.5 x 10-3M. 

Discussion 
Linear dependence of diffusion current on the con- 

centration.-As is shown in Fig. 3, diffusion currents 
are linearly dependent on the concentration of nitro- 
cellulose up to 0.6 x 10-3M in the range of the degree 
of polymerization from about 100 to 850, corresponding 
to a molecular weight from about 2 x 104 to 2 x lo5. 
This result allows us to determine even an extremely 
small amount of nitrocellulose of any degree of po- 
lymerization investigated in acetone-IPA alcohol. This 

Table I .  Nitrocelluloses* 

Potential ( V  vs Ag/AgCI) 

Fig. 2. Polarogram of 0.5 X 10-3M nitrocellulose in acetone- 
IPA mixed solvent. 

Concentration (mM) 

Fig. 3. Diffusion current vs. concentration for the nitrocellulose 
of various degrees of polymerization. 

analytical method is further extended to the deter- 
mination of nitrocellulose of lower and higher degree 
of polymerization in acetone suspensions used for the 

and their characteristics 

Degree of Degree of Degree of Intrinsic Viscosity of 
Type nitration* (%)  substitution (x) polymer~zationt viscosity, In1 the solventt (cp) 

-- -- - 

[CnH?0~(0NOn)r(OH)8-iln, where x and n denote the degree of substitution and the degree of polymerization, respectively. 
*. After ASTM D 301-56. 
t After ASTM 1716-62. 
t Viscosity of the solvent (1 volume of acetone + 5 volumes of IPA) at a nitrocellulose concentration of 0.5 mM. The viscosity of the 

pure m~xed solvent was 0.935 cp. 
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Degree of Polyrnerizat ion 

Fig. 4. Diffusion current vs. degree of polymerization 

electrodeposition of aluminum oxide, which contained 
nitrocellulose, aluminum oxide, and traces of certain 
inorganic impurities, if an appropriate amount of IPA 
is added to the acetone solution. The addition of IPA 
is essential, and it should be noted that in acetone 
solution, nitrocellulose and its reduction product are 
adsorbed strongly at  the mercury surface even at  very 
low concentrations., Consequently, the polarographic 
wave is ill-defined, and its limiting current shows 
nonlinear dependence on the concentration as de- 
scribed above. The addition of an appropriate amount 
of IPA eliminates the difficulty due to the adsorption, 
as shown by the previous report (2). The precision of 
this analytical method is as follows: The mean diffu- 
sion current of eleven separate test solutions (0.5 X 
10-3M of RS-60) is 0.745 PA with an estimated standard 
deviation of 4.37 x PA (degree of freedom = 10). 

Dependence of the diffusion current on the degree 
of polymeriZation.-As shown in Fig. 4, the experimen- 
tal relation of (diffusion current) a - log (degree of 
polymerization) is operative in the mixed solvent con- 
taining nitrocellulose. This relation is quite useful for 
the cases in which only one type of nitrocellulose (e.g., 
RS-60) is calibrated and other types are not. The cali- 
bration curves for the other types are automatically 
obtained by using the above relation. Our attention is 
now directed toward an understanding of this mecha- 
nism. 

At a constant concentration, the diffusion current i d  

is directly proportional to DH, as shown by the Ilkovic 
equation 

i d  a D %  131 

where D is the diffusion coefficient. For diffusion 
particles that are larger than the solvent molecules, 
the Stokes-Einstein relation predicts that D is in- 
versely proportional to the viscosity of the medium 
and to the radius T of diffusion particle 

where R and T denote the gas constant and the tem- 
perature, respectively, and N is Avogadro's number. 

Since the change in the viscosity of the solvent is 
within 1% in the range of the degree of polymerization 
from about 100 to 850, as is clearly seen in Table I, 
the viscosity is not the factor that is responsible for 
the change in the diffusion coefficient. Another factor 
may be the shape of the polymer in the solvent, which 
is inversely proportional to the diffusion coefficient. 
The random coil model is often employed to evaluate 

the most probable radius T. This model is valid when 
the chain of a polymer is not so stretched in the solvent 
and the excluded volume effect is negligible. In the 
present experiment, IPA which alone cannot be a sol- 
vent for nitrocellulose was added to the good solvent 
of acetone in an attempt to avoid the nitrocellulose 
adsorption at  the electrode mentioned previously. The 
addition of IPA makes the good solvent poor so that 
nitrocellulose chains are not stretched and the random 
coil model thus provides a good approximation for the 
present system. 

According to the random coil model, the radius T 

is regarded as the end-to-end distance of a polymer 
chain and the mean square end-to-end distance <r2> 
is given as follows (5) 

where b and n denote the length of a link and the 
number of links in a chain (i.e., the degree of polym- 
erization), respectively. The most probable value of r 
is also given on the basis of the Gaussian approxima- 
tion 

This equation indicates that r is proportional to the 
square root of its mean square value, and the radius r 
is thus proportional to the square root of n through 
Eq. [5]. So the relation between the diffusion current 
and the degree of polymerization is derived through 
the use of Eq. [3] and [41 

id a n-'A [7 I 
Table I1 shows the relative values of the observed dif- 
fusion current normalized at the current of RS-1/16. 
Figure 5 is a plot of these relations. As can be seen from 
this figure, the observed diffusion current obeys the 
Ilkovic equation up to the polymerization degree of 
about 600, suggesting that all the nitro groups of 
nitrocellulose that have been transferred to the drop- 
ping mercury electrode can be reduced at  the electrode. 
A slight deviation from the slope of --Y! is, however, 
observed in Fig. 5 in the higher degree of polymeriza- 
tion, showing that the nitro groups transferred to the 
electrode are reduced less and less at the electrode 
as the degree of polymerization increases, which means 
that some portion of nitro groups remain unreduced. 
This is probably caused by the steric effect of coiled 
up nitrocellulose in the mixed solvent, and the nitro 
groups that are located in the inner part of the macro- 
scopic sphere of nitrocellulose cannot take part in the 
electrode reaction. The chain coiling is expected to in- 
crease as the degree of polymerization increases. Be- 
cause of this steric effect, the diffusion current ob- 
served is smaller than that calculated as shown in 
Fig. 5, and this explains why the experimental relation 
id a - log(n) is operative in the mixed solvent con- 
taining nitrocellulose. 

Conclusions 

The diffusion current dependence of nitrocellulose on 
the degree of polymerization has been investigated in 
acetone-IPA in the polymerization-degree range from 

Table II. Observed and calculated diffusion currents' 

Observed diffu- Calculated diffu- 
sion current sion currentt 

'Diffusion currents are normalized at the current of RS-1116. 
t Diffusion currents are calculated from the relations id  % nA14 

where n denotes the degree of polymerization Listed in Table I. 
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Degree of Pol yrnerizat ion 

Fig. 5. Log-log plot of diffusion current vs. degree of polymeriza- 
tion of nitrocellulose. 

about 100 to 850. Conclusions drawn from the present 
study can be summarized as follows: 

1. Diffusion currents are linearly dependent on the 
concentration up to 0.6 x 10-3M in any range of 
polymerization degrees investigated. The result can be 
applied to the determination of nitrocellulose of various 
degrees of polymerization contained in acetone sus- 
pensions used for the electrodeposition of aluminum 
oxide. 

2. The experimental relation of (diffusion current, id) 
a - log (degree of polymerization, n )  is largely ex- 

plained by considering the most probable radius r of 
nitrocellulose on the basis of the random coil model, 
which gives the relation: id a n-'A. A slight deviation 
from the slope of -'/4 in Ule high degree of polymer- 
ization is attributed to the steric effect of coiled up 
nitrocellulose, reducing the effective numbers of nitro 
groups that can participate in the electrode reaction. 
These considerations explain the above experimental 
relation. 
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ABSTRACT 

InGaAsPIInP planar-stripe lasers are fabricated monolithically in which cavity mirrors are formed by wet chemical 
etching using a new solution of HBr-CH,,COOH-K,Cr,O,. The lowest threshold current density of these lasers is almost 
the same as that of conventionally fabricated cleaved-mirror lasers. 

Fabrication of etched-mirror lasers makes possible 
the realization of monolithic integrated optical circuits 
that consist of lasers and other optical and/or elec- 
tronic components, such as waveguides, light modula- 
tors, detectors, and. laser driving circuits (FET's). 
There have been many reports on the monolithic fab- 
rication of etched-mirror lasers in the GaAlAs/GaAs 
system by using various etching solutions, such as 
superoxol (1) , NaOH-HZ&-NH40H (2), HaSOr-HzOz- 
Hz0 (3, 4). and CII~OH-H~PO~-HZOZ (5). The HCI- 
CfiCOOH-Hz02 (6-8) and Brz-CH30H systems (9-11) 
have recently been used to fabricate etched-mirror 
lasers in the InGaAsP/InP system. 

Recently, we reported a new chemical solution com- 
posed of HBr, CfiCOOH (or HaPOa), and a KzCrz0, 
aqueous solution for use in etching InP and InGaAsP 
(12). The etching-characteristic data that one can find 
in  the literature (12) involve studies only of the tem- 
perature and composition-proportion dependences of 
the etching rates, the dissolution mechanism, the 
etched-surface quality and degree of undercutting, the 
shape of etch-revealed channels, the quality of mesa- 
shaped structures, and the chemical aggressiveness of 
the solution toward photoresist mask. It was found 
that this etchant system provides high-quality etched 
surfaces without any undesirable roughness or  etch 
pits. The etching rate for (001)InP varies from 0.1 to 
10 pm/min, depending on the component proportion of 
the solutions and/or on the normality of the KzCr207 
aqueous solution. This solution does not erode photo- 
resists, such as AZ-1350, and provides a desirable mesa- 
shaped structure on the InGaAsP/InP double-hetero- 
structure (DH) wafer with good photoresist-pattern 
definition. The solution is thereby attractive for a 
variety of device applications, particularly for mesa- 
shaped photodetectors. 

The purpose of this paper is twofold: (i) to provide 
additional information about the HBr-CH3COOH- 
KzCrz07 system; in particular, to demonstrate the 
effect of varying the KzCrz07 composition on etching 
profiles, and (ii) to report the results of the fabrica- 
tion of InGaAsP/InP DH lasers with chemically etched 
mirrors using this etchant system, comparing the re- 
sults with those obtained using Br2-CfiOH solution. 

K e y  words: chemical etching, etching profile, InGaAsPIInP 
laser. 

Experimental and Results 
Etching profile.-The etching solution was prepared 

by freshly mixing an HBr (9N), CHaCOOH (17N), and 
1N K2CrZ07 aqueous solution (purity S 99.8%). The 
1N K2Cr107 solution was prepared by dissolving 14.78 
K2Cr2O7 in deionized water (100 cm3). The etching 
profiles of the InGaAsP/InP DH wafer in the solutions 
of the HBr-CH3COOH-K2Crz07 system are shown in 
Fig. 1: (a )  HBr:CH3C0OH:KzCrzO7 = 2:2:1 (here- 
after referred to as BCK-221) (nonstirring, 4 min), 
(b )  HBr:CH&!OOH:KzCrzO7 = 1: 1: 3 (BCK-113) 
(nonstirring, 4 min), and (c)  HBr: CHsCOOH: KzCrz07 
= 1: 1: 5 (BCK-115) (nonstirring, 8 min). The InGaAsP/ 

(110) PLANE cilOl RANE 

Fig. 1. Etching profiles of InGaAsP/lnP DH wafer in various 
solutions of the BCK system: (a)  BCK-221 (nonstirring, 4 m i d ,  (b) 
BCK-113 (nonstirring, 4 m i d ,  and (c) BCK-115 (nonstirring, 8 min). 
(Composition of these solutions is given in the text.) 
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InP DH wafer used was grown by liquid-phase epi- 
taxy. The wafer consists of four epitaxial layers grown 
on a (001) n-InP substrate: n-InP (Sn-doped, 3.9 pm 
thick, InGaAsP (undoped, 0.4 pm thick), p-InP (Zn- 
doped, 1.1 pm thick), and p-InGaAsP (Zn-doped, 1.1 
pm thick). The cross-sectional view of the DH wafer 
used is drawn schematically in the top of the figure. 
The etching profiles are examined by cleaving the 
wafer in orthogonal directions along the (110) and 
(i10) planes. The etch-channel width is defined to be 
30 pm (see Fig. 1). 

It is clear from Fig. 1 that the etching profiles change 
in shape with a change of the 1N KzCrz07 solution 
proportion. The BCK-221 etchant [Fig. l ( a ) ]  has 
almost equal etching rates for both InP and InGaAsP 
and thus provides very smooth etch-revealed walls on 
the etching profiles. The system gives a mesa-shaped 
profile for the (110) cleavage plane, exhibiting no 
clear crystal habit. The system also gives mesa-shaped 
profile for the (i10) cleavage plane, where the profile 
exhibits clear crystal habit in contrast with that 
for the (110) cleavage plane. The etch-revealed walls 
can be identified to be the {i10) and { i i l ) ~  planes for 
the (110) and (fl0) cleavage planes, respectively. The 
BCK-221 etchant has an etching rate of -2.5 pm/min 
for (001)InP (12). The etching rate of the BCK-221 
etchant estimated from the etched depth of Fig. 1 (a) is 
about 2.1 pm/min, which coincides with that for the 
(001)InP within experimental error. The BCK-113 
etchant [Fig. 1 (b)  1 has slightly different etching rates 
for the InP and InGaAsP layers, whereas the BCK- 
115 etchant [Fig. 1 (c) ]  has quite different etching 
rates for the InP and InGaAsP layers. These etch rate 
differences produce complex etching profiles on the 
InGaAsP/InP DH wafer, as clearly seen in Fig. l (c) .  
The BCK-221 and BCK-113 etchants have no clear 
dependence of undercutting on the crystallographic 
direction. The degree of the undercutting for the 
InGaAsP top layer (1.1 rm  thick layer) is about 3 pm 
for the BCK-221 [see Fig. l ( a ) ]  and 2 pm for the 
BCK-113 etchant [see Fig. l ( b ) ] .  The BCK-115 etch- 
ant, on the other hand, has strong dependence of the 
undercutting on the crystallographic direction 11.5 pm 
for the (110) cleavage plane and 5 pm for the (110) 
cleavage plane]. 

To fabricate good-quality etched-mirror lasers on a 
DH wafer, it is necessary to employ an etching solution 
that provides an etching profile with vertical-mirror 
walls and gives almost the same etching rates for the 
individual DH layers (i.e., in the present case, for 
InP and InGaAsP). The BCK-221 etchant provides 
nearly vertical-mirror walls for the (110) cleavage 
plane. In fact, vertical and smooth mirror walls, simi- 
lar to Fig. l ( a ) ,  can be produced by the BCK-llm 
etchant with a range of value of m (volume ratio) 
from 0.2 to 2. 

Etched-mirror laser.-The fabrication steps of the 
etched-mirror laser are shown schematically in Fig. 2. 
The InGaAsP/InP DH wafer used was grown on a 
(001)InP by liquid-phase epitaxy. The Ini-,Ga,- 
As,P,-, quaternaries can be epitaxially grown on InP 
for 0 L y L 1.0, provided x -- 0.46~ (13). The wave- 
length of laser emission varies from h = 0.93 to 1.67 
pm over this compositional range. The wafer used con- 
sists of four epitaxial layers: n-InP confining layer 
(Sn-doped, 2.9 pm thick), undoped InGaAsP active 
layer 0, Y 1.5 pm, 0.3 rm thick), p-InP confining layer 
(Zn-doped, 1.0 pm thick), and p-InGaAsP contact cap 
layer (Zn-doped, 0.3 pm thick). To prepare the con- 
tact-stripe laser, an SiOz film was sputtered onto the 
p-InGaAsP top layer and 10 pm wide stripe windows 
were opened by standard photolithographic techniques. 
In order to investigate some effects of the mirror-facet 

r n E D  
BOTTOM 

Fig. 2. Fabrication steps of etched-mirror contact-stripe inGaAsP/ 
InP DH loser. 

directions on lasing characteristics, the stripes were 
aligned cither in the [I101 or [i10] directions. The 
wafer was then thinned to about 150 pm, and Au-Zn 
and Au-Ge-Ni ohmic contacts were applied to the 
p-side and substrate area, respectively. Rectangular 
Au-Zn contacts were then defined by photolithographic 
processing using a KI-Iz-HtO solution as an etchant 
of the Au-Zn metal. After definition of the Au-Zn 
contacts, photolithography was employed once more to 
define an AZ-1350 mask (Shipley) 275 pm long and 
200 pm wide directly over the Au-Zn contact for mak- 
ing the etched-mirror facets, where the defined SiOa 
and Au-Zn contact were slightly smaller than the AZ- 
1350 mask to prevent contact by the subsequent 
etched-mirror fabrication procedure. The wafer was 
then etched with the HBr: CH3COOH: KzCrz07 = 1: 1: 1 
(BCK-111) solution for 2 min at 20°C without stirring. 
After the fabrication of the mirrors by etching, the 
lasers were separated into individual units by cleaving. 

Figure 3 shows a scanning electron microscope 
photograph of the chemically etched-mirror laser. It 
can be seen that the etched-mirror wall and etched 
bottom tend to be very smooth. The etching rates, 
however, are slightly different for the InGaAsP active 
layer than for the surrounding InP confining layers. 
This may be due to a pn-junction field-induced en- 
hancement of the etching rate in the InGaAsP active 
layer (i.e., staining effect) (12). Optical microscope 
photographs of the (i10)-mirror (stripe aligned along 
the [i lo] direction) and (110)-mirror profile (stripe 
aligned along the [I101 direction) are also shown in 
the lower part of Fig. 3. The profiles are very similar 
to those of Fig. l ( a )  (BCK-221). As discussed before. 
the (f10) mirror is defined by the {ilo} plane that in 
princip?e forms an angle of 90" with respect to the 
(001) surface plane, while the (110) mirror is de- 
fined predominantly by the { f f l } ~  slow-etching-rate 
plane that forms an angle of 54.7" with respect to the 
(001) surface plane. 
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Fig. 3. SEM and cross-sectional views of etched-mirror facet 

In order to evaluate the performance of the etched- 
mirror lasers, contact-stripe lasers were also fabricated 
from the same wafer using conventional cleaving. 
Figure 4 shows typical light-output us. injection cur- 
rent characteristics for InGaAsP/hP cleaved- (left- 
hand side) and etched-mirror lasers (right-hand side). 
The cleaved-mirror laser has a cavity length (L) of 
170 pm. The (i10)-etched-mirror lasers have L = 250 
pm [one etched and one cleaved mirrors (solid line)] 
and 270 pm [two etched mirrors (dashed line)]. The 
(110)-etched-mirror laser has L = 270 pm [two etched 
mirrors (dotted line)]. The lasers were driven with 1 
psec long pulses at 1 kHz at 18°C. The typical threshold 
current (Ith) of the cleaved-mirror laser is 320 mA 
which corresponds to a threshold current density (Jth) 
of 18.8 kA/cm2. The (i10)-etched-mirror lasers have 

I CLEAVED-MIRROR 1 I ETCHED-MIRROR 

(ilo) MIRROR 

(110) MIRROR 

INJECTION CURRENT ( rnA 

Ith of 485 mA (solid line) and 540 mA (dashed line) 
which correspond to Jth  = 19.4 and 20.0 kA/cm2, re- 
spectively. The (il0)-etched-mirror lasers, thus, have 
nearly the same threshold current density as the stan- 
dard cleaved-mirror lasers. The (110)-etched-mirror 
lasers, on the other hand, exhibited no lasing charac- 
teristics at a current level of up to -1000 mA (see 
dotted line). This is probably due to the tapered pro- 
file of the (110)-mirror walls, since the mirror re- 
flectivity is considerably smaller for the tapered (110) 
mirror than for the nearly vertical (710) mirror. In 
previous work (11). we fabricated stripe-geometry 
InGaAsP/InP DH lasers with etched ~llirrors using a 
Brz-CHnOH solution as an etchant. In that work. the - - 
nearly vertical (100)-mirror lasers exhibited clear 
lasing behavior, while the tapered (110) -mirror lasers 
did not, just as in the present case. From these ex- 
perimental facts, it can be concluded that the vertical, 
smooth mirror profile provides high reflectivity and 
low scattering-loss mirrors and, as a result, improves 
the characteristics of laser diodes (threshold current, 
quantum efficiency, etc.) . 

In conclusion, contact-stripe InGaAsP/InP DH lasers 
with chemically etched mirrors have been fabricated 
successfully using an HBr-CH3COOH-KzCrz07 solution 
as an etchant for mirror definition. This solution does 
not erode photoresists and gives high-quality etched 
surfaces with a good resist-pattern definition. The 
solution, moreover, provides very smooth and nearly 
vertical-mirror walls for stripe, alignment along the 
[Tlo] direction, with good reproducibility. A Br2- 
CHsOH solution also provides smooth and nearly 
vertical-mirror walls, but it erodes photoresists and re- 
stricts the stripe direction along only the [loo] axis 
(45" off from the [i101 cleavage axis). The threshold 
current density of the etched-mirror lasers obtained 
here is nearly the same as that of conventionally 
fabricated cleaved-mirror lasers. It seems that this 
fabrication procedure allows for much variety of device 
design and fabrication compared with the conventional 
cleaving technique. 
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ABSTRACT 

Crystalline structure changes of molybdenum silicide films after isochronal annealing are studied by x-ray and 
transmission electron microscopy. Two types of films deposited by sputtering from a hot pressed MoSi, source and 
coevaporation of molybdenum and silicon, with controlled stoichiometry of MoSi,, are prepared. For both types of 
depositions, the films that are as-deposited and annealed at temperatures below 350°C are amorphous, but those 
annealed between 400" and 600°C show hexagonal MoSi,. Transformation from hexagonal to tetragonal MoSi, occurs 
above 700°C for the coevaporated film, whereas it proceeds gradually above 800°C for the sputtered film. A carbon 
stabilized phase Si,,Mo, is observed above 750°C for the sputtered film, which suggests that the sputtered film is 
contaminated by carbon during the deposition. Formation of the Mo-rich silicides Mo,Si, and Si,Mo, above 700°C is 
evidence that the deposited films become Mo-rich during the annealing due to slight oxidation of the film surface. 

Increase in packing density and switching speed de- 
mands low resistivity materials for gate electrode and 
interconnections of MOS devices. Refractory metal sili- 
cides, such as molybdenum silicide (MoSip) and tung- 
sten silicide (WSiz), are alternative materials to con- 
ventional polycrystalline silicon (polysilicon) because 
of their high conductivity and process compatibility 
with silicon technology. 

Although many publications have been reported on 
device fabrication with these silicides (1-7), and on 
their physical properties (8-22), the silicide technology 
is still in its formative stage. Some of the principal 
problems with these silicides at  present are physical 
properties such as crystalline structure and internal 
stress, and electrical properties under the subsequent 
high temperature heat-treatments. Another key prob- 
lem appears to be impurity contamination in the silicide 
films, which may originate in deposition sources and 
systems. These problems with the silicide films suggest 
that the deposition method should be the subject of 
further investigation. 

In this paper, we study the crystalline structure 
change of the deposited MoSip films in isochronal an- 
nealing by means of x-ray diffraction and transmission 
electron microscopy (TEM) . Comparison of the metal- 
lurgical properties is emphasized for the films prepared 
by the different methods, i.e., coevaporation of molyb- 
denum metal and silicon, and sputtering of a composite 
target by the d-c magnetron technique. 

was argon a t  a pressure of 2 x 10-8 Torr, and the 
deposition rate was about 2 A/sec. The substrate tem- 
perature was kept below 80°C. On another group of 
wafers, the silicide films were deposited by coevapo- 
ration from two individually rate-controlled E-beam 
sources of molybdenum and silicon. The stoichiometry 
of the film is measured by Mo-blue spectrophotometry 
and inductivity coupled plasma emitter spectropho- 
tometry techniques, and controlled at  MoSiz. The vac- 
uum during deposition at  a rate of 10 A/sec was main- 
tained at  about 10-6 Torr. The films were then iso- 
chronally annealed at  temperatures ranging from 200' 
to 1000°C for 30 min in dry nitrogen. 

The structures of the as-deposited and annealed mo- 
lybdenum silicide films were analyzed by x-ray diffrac- 
tion with CuK, ( h  = 1.542A). Besides x-ray analysis, 
the films were investigated by transmission electron 
microscopy (TEM) operating at 200 kV. Bright- and 
dark-field images of the films were taken to observe 
the film crystallization and determine the phase of 
crystallized grains. Since the reflected x-ray intensi- 
ties were very weak, transmission electron diffraction 
patterns (TEDP) were also taken. For film structure 
analysis with TEDP, x-ray data were used as reflection 
standards. Samples for TEM were made by etching the 
SiOz layer underlying the silicide films in a buffered 
hydrofluoric acid (HF) solution. During the SiOz layer 
etching, the silicide films were not attacked by the buf- 
fered HF solution. 
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Experimental Procedures 5 s a  
Single crystalline silicon wafers with (100) orien- "U'"' nrq'' 1 1 1 
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tation were thermally oxidized at  1000°C for 5 hr in 
a pyrogenic-steam ambient, resulting in a 1 fim thick 
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0 

1 SiOz layer. The wafers were divided into two groups. 
In one group, molybdenum silicide films about 3000A 

P %  
6 7 f y  1 

:: 

I 
thick were deposited by d-c magnetron sputtering from 
a hot-pressed target made of tetragonal MoSiz (Fig. 
1). Before deposition, base pressure of the deposition ; - 
chamber is about 10-6 Torr. The sputtering ambient '0 20 30 40 50 60 70 80 90 
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Experimental Results 
X-ray diffraction.-For the as-deposited films made 

both by sputtering and by coevaporation, x-ray dif- 
fraction analysis data did not show any specific peaks, 
indicating that their structure was amorphous. After 
annealing at temperatures below 300°C. both films still 
did not have any x-ray diffraction peaks, which shows 
that the deposited films do not crystallize when an- 
nealed below 300°C for 30 min. At 400°C, however, 
both films showed reflection peaks corresponding to 
(loo), (101), and (111) hexagonal MoSiz. Figure 2 
shows the x-ray data for a sputtered film after anneal- 
ing at  400°C. As the annealing temperature increased 
from 400" to 600°C, the peak height increased slightly, 
but the width did not change significantly, indicative of 
incomplete crystallization. 

In the annealing temperature range between 700" 
and 900°C, the structures of the two types of films were 
different. 

Figures 3(A) and (B) show the x-ray diffraction 
data of the sputtered and coevaporated films after an- 
nealing at  700°C, respectively. It is notable that tetrag- 
onal MoSiz phase grains are present in the coevapo- 
rated film, whereas hexagonal MoSiz grains, which are 
the low temperature phase, still remain in the sput- 
tered film. The difference in structure between the two 
types of films suggests that the film properties and/or 
quality are different in the two cases. For the sputtered 
film, weak tetragonal MoSiz peaks as well as hexagonal 
MoSiz peaks were observed at  an annealing temper- 
ature of 800°C. The tetragonal MoSiz peaks became 
stronger, and the intensities of the two different phase 
MoSiz reflection peaks were comparable at  900°C, as 
shown in Fig. 4(A). On the other hand, the coevapo- 
rated film shows only tetragonal MoSia peaks at  tem- 
peratures between 700" and 900°C. though the intensity 
of the reflection peaks became stronger, as the an- 
nealing temperature increased. 

It was confirmed from the x-ray data that when the 
annealing was performed at 100O0C, simultaneous for- 
mation of tetragonal MoSiz and another covalent sili- 
cide of tetragonal MoaSiz (23) occurred for both sput- 
tered and coevaporated films. Figure 4(B) shows the 

SPUTTERED 3 3 
4009: Annwl 2 s 

Fig. 2. X-ray reflection peaks for a sputtered film ofter annealing 
a t  400°C for 30 min. 

(A1 SPUTTERED 
7W.C Anneal 

Fig. 3. X-roy reflection data for (A) sputtered, and (B) coevopo- 
rated films after annealing a t  700°C for 30 min. 
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Fig. 4. X-ray reflection data for sputtered films after annealing 
a t  (A) 900°C, and (B) 1000°C for 30 min. 

typical x-ray diffraction data of the sputtered film after 
annealing at 1000°C. The MosSiz peaks are not as strong 
and sharp as the MoSiz peaks, which indicates that 
poorly crystallized MosSiz phase grains coexist with 
MoSiz grains in the annealed silicide films. In the case 
of annealing at 100O0C, hexagonal MoSip was not ob- 
served even after annealing for shorter time. Figure 
5 shows x-ray data for the sputtered film annealed at  
1000°C for 10 min, which shows weak tetragonal MoSiz 
peaks and very weak MosSiz peaks. 

In Table I, the structures of as-deposited and iso- 
chronally annealed films deposited by sputtering and 
coevaporation are summarized. A large difference be- 
tween the structures of the two types of films is ob- 
served in the annealing temperature range between 
700" and 900°C. Tetragonal MoSiz formed above 700°C 
for the coevaporated film, whereas it formed above 
800°C coexisting with hexagonal MoSiz for the sput- 
tered film. 

TEM study.-Because of high level background from 
silicon wafers and the 1 pm thick SiOz layer, the sen- 
sitivity in x-ray analysis is limited. Thus in order to 
confirm the formation of other low concentration sili- 
cides with different crystalline structure, deposited 
films were also studied by TEM after removing the 
SiOz layer and silicon substrate. Figures 6(a) and (b) 
show a TEM bright-field image micrograph and a 
TEDP of the as-deposited film by sputtering, respec- 
tively. In Fig. 6 (a) ,  the film appears to be very smooth 
and no specific grain structure is observed. The TEDP 
[in Fig. 6(b)]  shows a halo pattern without specific re- 
flection lines. These TEM results strongly support the 
conclusion that the as-deposited films are amorphous. 
After annealing below 350°C, covalent silicides did not 
form in the sputtered film, consistent with x-ray analy- 
sis data shown earlier. Very similar TEM results were 
obtained for the coevaporated film. 

After annealing at  temperatures between 400" and 
600°C, a definite grain structure was observed for all 
annealed films, although the grain size increased as 
the temperature increased. Identification of the reflec- 
tion lines of TEDP's was done with ASTM cards utiliz- 
ing the above x-ray results as a standard. For two types 
of films, it revealed the formation of hexagonal MoSiz 

SPUTTERED 
1000°C lOmln Anneol 

Fig. 5. X-roy reflection peaks tor a sputtered film annealed at  
1000°C for 10 min. 
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Table I. Crystalline structure for the sputtered and coevaporated films as-deposited and after 30 min isochronal annealing at 
temperatures ranging between 200" and 100O0C 

Sputtered Coevaporated 

Annealing 
temperature 

MoSi2 MoSiP 

('0 Hexagonal Tetragonal MoaSio Hexagonal Tetragonal M&L 

after annealing at  temperatures between 400' and 
600°C. Figures 7(a)  and (b)  show a typical bright-field 
image and the TEDP of the sputtered film after anneal- 
ing at 600°C, respectively. In Fig. 7 (a) ,  there are rod- 
like grains surrounded by an uncrystallized region. 
These grains were identified as hexagonal MoSiz by the 
dark-field imaging technique. The average grain size 
is less than 500A, with the maximum length of the rod- 
like grains being about 1000.4. In Fig. 7 (b ) ,  the reflec- 
tion lines of hexagonal MoSin are observed. 

In the case of the annealing at 700°C, it was found 
that tetragonal MoSiz and tetragonal Mo3Si2 simul- 
taneously exist in the coevaporated film, whereas the 
hexagonal MoSiz remained in the sputtered film. This 
TEDP result for the coevaporated film is different from 
that obtained by x-ray, where no formation of MosSiz 
for the annealed film has been detected. The intensity 
of the tetragonal Mo~Si2 reflection rings in the TEDP 
are weak in the temperature range between 700" and 
800°C; however, they are as strong as that of the tetrag- 
onal MoSiz at 900°C. 

On the other hand, a carbon stabilized structure of 
hexagonal Si3Mo5 (24) as well as hexagonal MoSiz is 
observed in the sputtered film after annealing at  750" 
and 800°C. The identified TEDP of the annealed film at  
800°C is shown in Fig. 8. After annealing at  900°C, re- 
flection rings of tetragonal MoSiz as well as the above 
two phases are observed in the TEDP of the sputtered 

film, which is contrary to the case of the coevaporated 
film mentioned above. 

After annealing at  100O0C, both sputtered and co- 
evaporated films show large increases in grain size. 
Figure 9 shows a typical bright-field image of the grain 
structure with average grain size less than lOOOA for 
the coevaporated film. The annealed film contains many 
twin structures, which is very similar to that of therm- 
ally annealed polysilicon films. Figure 10 shows a TEDP 
of the coevaporated film annealed at 1000°C. This was 
identified by measuring lattice spacings. Two phases 
of tetragonal MoSiz and Mo3Siz are simultaneously 
present, which is consistent with the x-ray analysis. 
For the sputtered film, however, the presence of hexag- 
onal SisMos phase grains as well as the above two 
phases is confirmed by the TEDP analysis, which is 
contrary to the x-ray analysis. 

Discussion 
Combined x-ray and electron diffractions determined 

that both sputtered and coevaporated molybdenum sili- 
cide films (Si/Mo ratio -2) are amorphous as-depos- 
ited and annealed at  temperatures below 350°C, and 
hexagonal MoSil in films annealed between 400" and 
600°C. At temperatures higher than 70O0C, the coevap- 
orated film gives different results from those obtained 
for the sputtered film. One of the major differences is 
the transformation temperature from hexagonal MoSin 
to tetragonal MoSin, and another is the formation of 

Fig. 6. (a) TtM bright-field image, and (b) TEDP for as-de- Fig. 7. (a) TEM bright-field image, and (b) TEDP for the sput- 
posited film by sputtering. tered film after annealing a t  600°C for 30 min. 
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MoSiz 
(hexagonal) 

Si Mo5 
~hexagonoll 

Fig. 8. ldentified TEDP for a sputtered film after annealing a t  
800°C for 30 min, which shows a carbon stabilized structure of 
hexagonal SisMos simultaneously formed with hexagonal MoSi,. 

Fig. 9. TEM bright-field image of grain structure for a caevap- 
orated film after annealing a t  1000°C for 30 min, which is very 
similar to that of thermally annealed polysilicon films. 

the carbon stabilized phase of hexagonal SiMos for the 
sputtered film. 

For the coevaporated film, tetragonal MoSip was 
identified by two different diffraction methods, indicat- 
ing that a complete transformation of hexagonal to te- 
tragonal MoSi2 is attained at a temperature at 700°C. 
On the other hand, for the sputtered film, we could not 
detect tetragonal MoSiz below 750°C, but have detected 
the two silicide phases, hexagonal and tetragonal MoSiz, 
simultaneously after annealing at temperatures ranging 
from 800" to 900°C. This is evidence that the transfor- 
mation temperature is higher than 800°C for the sput- 
tered film. Yanagisawa and Fukuyama (25), who 
worked on reactions between molybdenum films and 
silicon, have also found the coexistence of these two 
phases. Since these two phases cannot coexist in a ther- 
mal equilibrium state, it is thought that the transforma- 
tion is incomplete during annealing at 800" and 900°C 
for 30 min, which means that the decomposition process 
of hexagonal MoSi2 and formation of tetragonal MoSiz 
needs more than 30 min of annealing at these temper- 
atures. 

We have observed the hexagonal SisMoj phase for 
the sputtered film after annealing above 750'C. This 
phase is not seen in the x-ray diffraction analysis but 
detected in TEDP. The discrepancy between the two 
methods is due to the analytical sensitivity limits. The 
samples for x-ray analysis were not discrete thin films, 
but a thin film structure on SiOz over silicon. There- 

MoSlp 
(tetragonal) 

Mo3Sip 
(tetragonal) 

Fig. 10. ldentified TEDP for a coevopomted film after annealing 
a t  1000°C for 30 min. Two phases of tetrogonal MoSip and MoaSi? 
are simultaneously present. 

fore, the sensitivity in x-ray analysis is limited by the 
background reflection intensity from the silicon wafer 
and the thickness of the amorphous SiOn layer. Al- 
though the correlation between these samples and 
those analyzed by TEDP is not clear, electron diffrac- 
tion analysis has higher sensitivity, and can provide 
more information on the low concentration of silicides 
than that obtained by x-ray analysis. 

The presence of the SigMoj phase in the annealed 
film indicates that a small amount of carbon is intro- 
duced from the hot-pressed sputtering source into the 
deposited film. Carbon content of the sputter target is 
measured 0.14%, and carbon contamination in the de- 
posited films is confirmed by Auger analysis. From 
above results, we suggest that the transformation tem- 
perature of hexagonal to tetragonal MoSiz is increased 
and its rate is drastically decreased by the carbon 
contaminant. 

Besides the SitMoj phase for the sputtered film, the 
simultaneous formation of the Mo-rich silicide phase 
MogSiz and MoSiz is observed for the coevaporated and 
sputtered films after annealing at 700" and 100O0C, re- 
spectively. The presence of these Mo-rich phases SisMoa 
and MoaSis in annealed films at high temperature is 
evidence that the films are Mo-rich. Guivarc'h et al. 
(26) reported that during heat-treatment at  1000°C in 
argon ambient, an SiOz layer formed at the MoSip sur- 
face. When the oxidation of the MoSiz silicide film on 
SiOz proceeds, an SiOz layer grows at the film surface, 
and the silicide film becomes Mo-rich (27). Therefore, 
we suggest that the Mo-rich phases are generated at the 
interface between the thin SiOz layer and MoSiz during 
annealing above 700°C in nitrogen as a result of the 
surface oxidation of deposited silicide films. 

Summary 
Crystalline structural changes of molybdenum sili- 

cide films in 30 min isochronal annealing were investi- 
gated by x-ray and TEM. Two types of films, deposited 
by sputtering and coevaporation, are used, and their 
properties are compared. As deposited films for both 
type are amorphous. They do not crystallize with an- 
nealing below 350°C, but show hexagonal MoSip be- 
tween 400" and 600°C. The tetragonal MoSiz phase ap- 
pears above 700°C for the coevaporated film, and it 
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coexists with hexagonal MoSip above 800'C for the 
sputtered film. A carbon stabilized phase, Si3Mo5, is 
observed above 750'C for the sputtered film, indicating 
carbon contamination during the deposition. Besides 
SiaMos, the Mo-rich phase MonSip is detected at above 
700°C, which suggests slight oxidation during the an- 
nealing, resulting in the Mo-rich film. 
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Heterogeneous Decomposition of Silane in a Fixed Bed Reactor 

S. K. lya, R. N. Flagella, and F. S. DiPaolo 

Union Carbide Corporation, Tonawanda, New York 14150 

ABSTRACT 

Heterogeneous decomposition of silane in a fluidized bed offers an attractive route for the low-cost production of 
silicon for photovoltaic application. To obtain design data for a fluid bed silane pyrolysis reactor, deposition experi- 
ments were conducted in a small-scale fixed bed apparatus. Data on the decomposition mode, plating rate, and 
deposition morphology were obtained in the temperature range 600"-900°C. Conditions favorable for heterogeneous 
decomposition with good deposition morphology were identified. The kinetic rate data showed the reaction to be first 
order with an activation energy of 38.8 kcallmol, which agrees well with work done by others. The results are promis- 
ing for the development of an economically attractive fluid bed process. 

Fluid bed pyrolysis of silane involves the hetero- 
geneous decomposition of silane gas on hot silicon 
seeds to produce free-flowing particles of silicon. The 
method offers the potential for converting high purity 
silane into pure, low cost silicon that is directly pro- 
cessable using Czochralski or ribbon growth tech- 
nology for photovoltaic application. 

Under the sponsorship of the Jet Propulsion Labora- 
tory, Union Carbide is currently engaged in the design 
of a first-generation fluid bed silane pyrolysis devel- 
opment unit. This development effort was initiated 
after a preliminary assessment of the technology indi- 

Key words: production of silicon, silane decomposition, hetero- 
geneous decompoation, fluid bed reactor. 

cated that the process has an economically attractive 
potential for the production of low cost silicon. How- 
ever, a sustained development effort is required to 
demonstrate the technical feasibility of the fluid bed 
process. In order to assemble a suitable design of the 
process development unit, it was determined that im- 
portant data were required on permissible silane feed 
concentrations, deposition rates, and silicon product 
morphology. A review of pertinent literature revealed 
that data on critical silane concentration, above which 
unfavorable homogeneous decomposition occurs, were 
available only at high temperatures in the ranqe 800"- 
1100°C. For economical operation of the fluid bed re- 
actor, temperatures in the 600"-700°C range are pre- 
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ferred since silane feed concentration can be higher at 
lower temperatures. Thus the cost of recycling hydro- 
gen for diluting the feed is less at  lower temperatures. 
Also, literature data on plating rates were available 
only for epitaxial deposition, and no information was 
available on growth of irregularly shaped particles. 
Furthermore, there was some question as to whether a 
dense and coherent deposition morphology could be ob- 
tained in the temperature range of interest. 

In order to obtain the above design information with 
a modest expenditure of time and effort, it was decided 
to conduct silicon deposition experiments in a small- 
scale fixed bed reactor. The specific objectives of the 
fix8a-bed experiments were to: ( i)  identify bed tem- 
peratures and silane feed concentrations which favor 
heterogeneous decomposition and suppress the homo- 
geneous mode; (ii) determine the heterogeneous de- 
composition rate of silane, and (iii) obtain a qualita- 
tive description of the deposition morphology. 

Experimental Procedure 
Apparatus.-The experimental apparatus, shown in 

Fig. 1, consisted of a quartz reactor with an internal 
diameter of 1 in. The bed of silicon particles was con- 
tained in a 0.78 in. ID quartz liner inserted into the re- 
actor. The liner was used to protect the reactor in the 
event the silicon bed became plugged during a run. 
Packed bed height ranged from 4 to 6 in. for decom- 
position mode experiments, and was held fixed at 2.5 
in. for kinetic rate experiments. Three thermocouples, 
one each in the top, middle, and bottom portions of the 
bed, were used to measure the temperature. Bed heat- 
ing was accomplished by inductive coupling on a metal 
sleeve surrounding the quartz reactor. The sleeve ex- 
tended Y4 in. above and below the silicon bed. End 
effects were countered by concentrating heat input at  
the ends by adjusting the coil pitch. It was, therefore, 
possible to obtain a nearly uniform temperature dis- 
tribution through the length of the packed bed. Tem- 
perature variation from top to bottom of the bed dur- 
ing kinetic experiments was typically of the order of 
10°C. A 5 kW, 455 kHz generator was used for the 
induction power source. The gas exiting the silicon bed 
was cooled by a cooling coil wrapped around the bot- 
tom part of the reactor. Such cooling ensured that un- 
decomposed silane leaving the bed during kinetic rate 
experiments did not react on the reactor wall. 

A mixture of hydrogen and 20% silane, together 
with hydogen used for further diluting the feed gas, 
and helium used for purging was stored in cylinders in 
a secure, well-ventilated shed located outside the ex- 
perimental area. All cylinders were properly valved 
and pressures were regulated to suitable levels before 
the gases were brought to the reactor vicinity. Pres- 
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Fig. 1. Fixed bed reactor 
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sure relief valves were provided in all the gas lines. 
The gases were passed through 0.6 micron filters and 
check valves were provided in the lines to prevent re- 
verse flow. The gas flow rates were controlled by hand 
needle valves and monitored by rotameters. A gas 
mixing chamber filled with glass beads was provided 
to ensure proper mixing of the feed gases to the re- 
actor. The pressure drop across the reactor and reac- 
tor filter was measured, and the reactor exit stream 
was cooled and directed to a burner for safe disposal. 
A sample from the exit gas was sent to a Gow-Mac 
thermal conductivity cell to monitor silane concentra- 
tion in the stream. 

Silicon preparation.-The silicon used to make up 
the bed particles was obtained by crushing 3 in. diam 
rods produced by chemical vapor deposition. The 
ground particles were screened to a size in the range 
of 1190-2000 microns, giving an average particle size 
of 1595 microns. Initial experiments on the mode of 
silane decomposition were conducted using the above 
particles. Later in the experimental program, in an 
attempt to control fibrous growth, the crushed silicon 
particles were washed first with hot hydrochloric acid 
for 30 min to remove metallic impurities introduced by 
crushing. The particles were then etched with a mix- 
ture of acetic acid, nitric acid, and hydrofluoric acid 
in the ratio 1: 1.5: 1, respectively. To prevent excessive 
reaction, the etch duration was limited to about 2 min, 
which resulted in a 10-12% weight loss in the silicon 
sample. The particles were then washed with deionized 
water followed by a wash with methanol. Since the use 
of silicon particles prepared in the above manner re- 
sulted in a reduction of surface fiber growth, all fur- 
ther experiments, including the kinetic rate experi- 
ments, used etched particles. 

The etching procedure reduced the total metallic 
impurities in the silicon from 48 to 5 ppm, as deter- 
mined by induction coupled plasma emission spectros- 
copy. The etching step also resulted in a reduction in 
particle size to a surface-average diameter of 1509 
microns. 

The poured and tapped bulk densities of the etched 
silicon were determined to be 1.14 and 1.27 g/cm3, re- 
spectively. The void fraction was calculated to be 
0.51 (poured) and 0.46 (tapped). The surface area of 
the etched particles was measured by BET method 
using krypton at -196"C, and found to be 0.20 m2/g. 

Test procedure.-The silicon bed was heated to the 
desired temperature and the desired flow rates of feed 
gases were established through the reactor. Concentra- 
tion of silane in the feed and effluent streams was 
measured. The pressure drop across the bed was moni- 
tored continuously throughout the run. The desired 
run duration was typically 30 min for decomposition 
mode experiments, unless the bed started to plug up 
with fine powder, in which case the run was tenni- 
nated immediately. After the completion of the run, 
the bed of particles was poured from the quartz liner 
and visually examined. A sample from the bed was 
also examined with a scanning electron microscope. The 
microscope pictures showed powder if the reaction was 
homogeneous, and no powder if the reaction was het- 
erogeneous. By mounting and polishing the particles 
into cross sections, the microscope also revealed the 
deposition morphology. The above experiments cov- 
ered a temperature range of 600"-900°C. 

For decomposition rate experiments, a typical run 
duration was 10 min. The rates were measured by 
noting the reduction in silane concentration as the gas 
stream passed through the packed bed held at  a speci- 
fied temperature. At each bed temperature, runs were 
conducted at several flow velocities. The rate data were 
obtained at  576", 621°, and 676°C. 
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Discussion of Results 
Mode of decomposition and deposition morphology.- 

A number of experimental runs was conducted on 
the mode of decomposition. These experiments covered 
silane feed concentrations in the range 0.5-20 mol 
percent (m/o) and bed temperatures in the range 
600"-900°C. Each run was made at a predetermined 
temperature and silane concentration, and the result of 
that run was then interpreted as either homogeneous 
or heterogeneous decomposition, depending on the pres- 
ence or absence of fine powder in the bed. Because of 
this procedure, the distinction between homogeneous 
and heterogeneous decomposition appears as a band 
instead of a line in Fig. 2, which presents the data as 
a relation between silane feed concentration and bed 
temperature. The two lines connecting the solid and 
open circles in the figure constitute the boundary of 
a band that separates the homogeneous and heteroge- 
neous decomposition regions. The critical silane con- 
centration curve above which gas phase, homogeneous 
decomposition predominates, lies within this band. For 
instance, the critical silane concentration is between 
1.5 and 5% at 800°C and between 10 and 16% at 700°C. 

Data obtained by Eversteijn (1) and by Murthy 
et at. (2) in horizontal epitaxial reactors at  higher 
temperatures are also shown in Fig. 2 for comparison. 
Critical concentration curves in these two cases were 
determined by gradually increasing the silane concen- 
tration in a constant temperature reactor until powder 
was visually observed. It may be seen that at any tem- 
perature, the critical silane concentration determined 
by the above investigators differs from each other by 
an order of magnitude even though both of them used 
analogous reactor systems. 

Most of the initial experiments in the current work 
were conducted using a packed bed of high purity, 
unetched silicon particles. Data on the mode of de- 
composition for these particles appear to agree well 
with the extrapolation of data points obtained by 
Murthy et al. Scanning electron micrographs of these 
particles after depositi~n showed fibrous growth to be 
dominant. Figure 3A shows fine powder, whereas Fig. 
3B is a typical illustration of fibers. Some nodular 
growth, which is the preferred morphology, was also 
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observed, but fibers were predominant. In the experi- 
ments it was observed that at  a fixed silane feed con- 
centration, the fibers became smaller in diameter as 
the decomposition temperature was increased. If the 
temperature was well into the homogeneous region, the 
fibers eventually disappeared and fine powder was 
formed. 

Pressure drop across the silicon bed was usually a 
good indication of the type of decomposition and the 
deposition morphology. Figure 4 shows pressure drop 
across the bed during typical experimental runs. In 
run 22, the rapid increase in the pressure drop indi- 
cated immediate generation of large quantities of fine 
powder. When the deposition on particle surface was 
fibrous, as in run 8, the rise in bed pressure drop was 
more gradual. This is verified by the scanning elec- 
tron micrograph in Fig. 3B, which shows fibrous 
growth. 

After many tests with unetched silicon particles 
which showed predominantly fibrous growth, it was 
suspected that metallic impurities on the particle sur- 
faces were providing nucleation points for fiber growth 
and, if the surfaces were clean, fibers could be elimi- 
nated. Recent work by Osada et al. (3) tended to con- 
firm the thought that fibers were caused by metallic 
impurities on the particle surface. To test this hy- 
pothesis, a sample of high purity silicon was acid- 
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Fig. 4. Packed bed pressure drop curves with etched and un- 
etched silicon for 9.8% silane, different decomposition modes. 
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washed and etched as described earlier. Tests with 
etched silicon did, indeed, result in particles with a 
dramatic reduction in fiber growth. This is illustrated 
in the scanning electron microscope picture 3C. Figure 
3D shows the polished cross section of a silicon particle 
from the above experiment. The deposition was dense, 
firmly attached to the particle surface, and averaged 
about 25 microns in thickness. This is the type of sili- 
con plating that is most desirable in a fluid bed pyrol- 
ysis reactor. As shown in Fig. 4, the pressure drop 
across the bed was constant in time when there was 
dense growth on etched silicon particles (run 23). 

In the decomposition experiment using etched silicon 
particles, a feed silane concentration of 9.8 m/o was 
used. Powder formation was observed at 701" and 
668°C; however, a t  652°C no powder was formed, as 
illustrated in Fig. 2. Previous tests at the same silane 
feed concentration using unetched silicon particles had 
indicated no powder formation at 696°C. Thus the 
operating temperature for heterogeneous decomposi- 
tion using high purity, acid-washed and etched sili- 
con particles was lowered by 44°C compared to the 
case with unetched particles. No further experiments 
were conducted on the decomposition mode; the lower 
boundary of the band separating homogeneous and 
heterogeneous regions was estimated by drawing a line 
parallel to the one obtained for unetched particles. 

In the above experiments, it was possible for a small 
portion of the incoming silane to have deposited on 
the reactor wall approximately Y4 in. above the top of 
the packed bed. However, since the surface area of the 
wall was substantially smaller than that of the parti- 
cles, depletion of the feed silane before reaching the 
bed was considered to be negligible. 

Heterogeneous decomposition rate.-The decomposi- 
tion of silane into silicon and hydrogen is an irrevers- 
ible reaction whose rate becomes significant at  tem- 
peratures above 400°C. In the present work, kinetic 
rate measurements were conducted at  576", 627", and 
676°C. The data were correlated by a first-order rate 
equation. 

The integrated form of the rate equation for a first- 
order irreversible reaction in a plug flow reactor for 
a system of changing density is given by Levenspiel 
(4),  as follows 

where k = reaction rate constant, sec-1; T = space 
time, sec; EA = fractional change in system volume be- 
tween no silane conversion and complete silane con- 
version; XA = fractional conversion of silane = 
( C A ~  - CA)/CA~;  C A ~  = mol percent silane in feed; 
and CA = mol percent silane in emuent. A plot of the 
right-hand side of Eq. [I] vs. T will result in a straight 
line of slope k for data points at  constant temperature. 
As shown in Fig. 5, the current data fit well with the 
first-order rate Eq. [I]. 

Equation [I]  assumes that true plug flow existed in 
the reactor. This implies that while lateral mixing is 
permissible, there can be no mixing or diffusion along 
the flow path. In Fig. 6, the normalized reactor effluent 
concentration (5) is plotted against kT. If there is no 
deviation from plug flow, the slope of the least-squares 
regression line will be -1 and the intercept will be 1. 
From the current data plotted as shown in Fig. 6, the 
slope is equal to -1.0033 and the intercept is equal to 
1.0047. This is a good fit and verifies that for the range 
of conditions of the current tests, there is no diffusional 
effect and plug flow is a valid assumption. 

The rate measurements showed no dependency on 
either feed composition or flow velocity, within the 
range of current experiments that covered silane con- 
centrations from 5 to 10% and feed superficial velocities 
from 0.4 to 1.3 ft/sec. The reaction rate constants at 

SPACE T I H E  T, SEC 
Fig. 5. Plot of first-order rate data for silane decomposition in 

a packed bed of silicon particles. 

Fig. 6. Plot of normalized effluent composition vs. kT, verification 
of plug flow. 

576", 627", and 676°C were determined to be 0.585, 
1.55, and 6.71 sec-1, respectively. The activation energy 
for the heterogeneous decomposition reaction was de- 
termined by plotting In k vs. 1/T as shown in Fig. 7. 
The calculated activation energy is 38.8 kcal/mol, which 
is close to the value of 37 kcal/mol reported by Ever- 
steijn and-Put (6) .  Based on the current experiments, 
the rate constant for the decomposition reaction may 
be written in the Arrhenius form 

k = 5.14 x 109 exp (-38,80O/RT) [21 

Figure 8 shows a plot of silicon growth rate in microns 
per minute per percent silane plotted as a function of 
temperature. Data points from the current work com- 
pare well with the results obtained by Eversteijn and 
Put (6) from epitaxial deposition. 

Conclusions 
The current work has identified feed silane concen- 

trations and bed temperatures favorable for hetero- 
geneous decomposition of silane in a packed bed reac- 
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Fig. 7. Anhenius plot of first-order reaction rate constants 

tor. It has also shown that deposition morphology is 
significantly influenced by the purity of the silicon- 
particle surface. Acid-washed and etched high purity 
silicon particles yield dense growth. The decomposition 
rate measurements have shown the reaction to be first 
order, with an activation energy of 38.8 kcal/mol, with- 
in the range of current experimental conditions. 

Based on the above conclusions, it is recommended 
that fluid bed silane pyrolysis work should utilize a 
starter bed of acid-washed and etched high purity 
silicon. A good operating point for the pyrolysis reac- 
tor is 10% silane feed concentration and a bed tem- 
perature in the vicinity of 640°C. Under these condi- 
tions, the decomposition should be primarily hetero- 
geneous, the reaction rates should be sufficientIy high 
so that complete silane conversion can be expected in 
a small fluid bed, and the deposition morphology should 
be dense and coherent. 
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An Experimental Study of Motion of Electrons and Holes in YD,S 
Crystal as Revealed by Cathodoluminescence 

Lyuji Ozawa*,' 

Zenith Radio Corporation, Glenview, Illinois 60025 

ABSTRACT 

The average migration distance (L) of radiation-induced carriers in Y,O,S insulator, under no externally applied 
field, has been studied by measuring the inflection points of the concentration dependence curve of activator lumines- 
cence and crystal sizes. A quasi-one-directional migration of free carriers, for which the relationship L = dC-' ,  is 
inferred from the experimental results. 

Electron beam irradiation of crystals creates plasma generated secondary electrons) and pairs of electrons 
electrons (1) (i.e., incident electrons plus internally and holes (EH's) (2) (i.e., radiation-induced carriers) . . .  

Electrochemical Society Active Member. 
in the volume in which the incident electrons have 

Present address: Central Research Laboratories, Chicago, Mat- penetrated. The EH'S Can move out from the place 
s u g h ~ E l e c t r i c  Industrial Company, Limited, Franklin Park, 1111- in which they are created. Under irradiation by an 
n01S OUIS1. 

Key words: luminescence, phosphor, photoconductor. electron beam of phosphor crystals, therefore, the ac- 
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tivator ions in crystals are excited directly by the 
plasma electrons, resulting in a weak cathodolumin- 
escence (CL), and/or indirectly through mobile EH's, 
giving rise to an efficient CL. If the activator ions are 
excited by mobile EH's, the number of the directly 
excited activator ions (in the penetration volume) by 
the plasma electrons is negligibly small (less than 
1%) and activator ions are predominantly excited by 
mobile EH's. Hence, the radiative recombination of 
EH's at  activator ions in the phosphors is a major 
concern in the discussion of the efficient CL. However, 
the mechanism of the efficient CL in phosphors is not 
clearly understood because of the vagueness of the 
motion of EH's in phosphor crystals under no externally 
applied field. One experimental difficulty in determin- 
ing the motion of EH's in the crystals, which are placed 
under no externally applied field, is the lack of any 
internal detector of the motion of the mobile EH's in 
the highly insulated phosphor crystals. Then, three- 
dimensional spreading of EH's has been assumed under 
the conditions of no applied field. Several attempts to 
explain the CL mechanism, based on three-dimensional 
spreading of EH's, have been made in the last several 
decades (3). They are not able to explain satisfactorily 
all of the experimental results (e.g., linear, sublinear, 
and superlinear dependence of CL on the exciting in- 
tensities and on activator concentrations). Thus a clari- 
fication of the motion of EH's in phosphor crystals is 
an essential necessity to discuss cathodoluminescence. 

Recently, it has been shown that the activator lumin- 
escence can be used as a good internal detector of EH's 
(4, 5). The activator ions are uniformly distributed in 
the crystal and never move out of thzir positions 
under ordinary conditions to generate EH's in crystals. 
For the excitation of activator ions, the activator ions 
must be visited (or sampled) by EH's that are travel- 
ing in the crystal. Hence, the activator ions which are 
distributed randomly on cation sites and emit a charac- 
teristic luminescence when excited are good internal 
detectors of the motion of EH's, and the various aspects 
of the motion of the mobile EH's can be revealed by 
studying the activator luminescence as a function of 
concentration of the activator ions [i.e., the concen- 
tration dependence (CD) curve of the activator lumin- 
escence]. In this report, we shall try to figure out, as a 
first-order approximation, a motion of EH's in Y20zS 
by measuring the inflection points of the CD curves of 
the particular activator CL as a function of the median 
crystal sizes ($M) .  

In CL study, we usually measure the time-averaged 
activator luminescence intensity, < I > ,  which is given 
by a result of the volume integral of the action of EH's 
to activator ions in the finite crystal volume and unit 
time (4). In order to obtain a mathematical solution 
of the volume integral, we must know the physical 
properties such as the capture cross section of activator 
ions, mobi'ity of the carriers, charge density, charge 
distribution in the crystal, and so on. We do not deter- 
mine the physical properties because of the difficulty 
of obtaining the single crystals of the phosphors, and 
within a limitation of our knowledge, there are no 
available data regarding the physical properties of 
the carriers in the rare earth phosphors. We measured 
<I> as the total results of the action of the EH's to 
activator ions in the crystal and in unit time under 
the given excitation conditions, regardless of the de- 
tails of physical properties. In the analysis of the re- 
sults of < I > ,  therefore, one may be allowed to draw a 
macroscopic (instead of a microscopic) picture of the 
motion of EH's. Although it is the macroscopic picture, 
a quasi-one-directional migration of EH's in the crys- 
tal, under no externally applied field, can be inferred 
from the experimental results of < I > .  

Experimental Results 
The average migration distance (L) of EH's in the 

tiny crystals of YzOzS, which were distributed in log- 
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normal distribution (6), has been studied by measuring 
the CD curves of < I >  of CL from the screens. The 
preparation of the samples of Y20zS (6) and the mea- 
surements of <I> of CL (7) have been reported in 
the previous publications. The measurements of < I >  
were made on the phosphor screens. In the screen, <I> 
is proportional to the number of quanta emitted from 
the excited activator ions in the crystals on the screen 
in unit time. The screen is usually large (e.g., 1 cmZ) 
compared with the crystal size (e.g., about 10 pm). In 
such a screen, the excitation of activator ions only oc- 
curs in the crystals in the first layer of the irradiation 
side because the penetration depth of the incident elec- 
trons (10 kV) is about 0.4 pm (a), and EH's are never 
transferred to other crystals [the crystal is covered 
with surface recombination centers of EH's (9)] .  When 
the size of the electron beam on'the screen is kept con- 
stant for all measurements (it is usually so), <I> is 
proportional to the number of the excited activator 
ions in one crystal on the screen in unit time. Thus, we 
can take account of < I >  as the results of the action of 
EH's to activator ions in one crystal (in the median 
size) laying on the screen. 

We assume that EH's in the crystal can be moved 
out from the volume in which they are created, and that 
the migration of an EH terminates on the first visit to 
an unexcited activator ion; the average migration dis- 
tance of EH's increases as activator concentration (C) 
decreases. Thus the CD curve should be inflected (i.e., 
have a discontinuity in the curve) at  the activator con- 
centration C* corresponding to the average migration 
distance which is of the order of the crystal size (i.e., 
L = $M). Therefore, when the activator ions are dis- 
tributed randomly on cation sites, and there is no en- 
ergy transfer between activator ions, the relationship 
between the L of the first-trapped carriers (electrons 
or holes) and activator concentration can be studied by 
using the crystal size and activator concentration C* of 
the CD curve; L is equal to the crystal size (L = @M) 
at C*.  (It should be noted that the experimental value 
L is only average migration distance because L is de- 
termined from the crystal size; in the present case, 
there is a log-normal distribution of crystal size of 
YZO2S phosphor, i.e., the crystals are not all the same 
size and +M is the median size of the crystals.) 

The inflection of the CD curves plotted on a logarith- 
mic basis can be observed when the measurements are 
carried out in the wide C range, including the area in 
which the concentration quenching mechanisms are in- 
volved (e.g., 10-6 to 5 x 10-1 mol fraction). How- 
ever, many reported CD curves are not studied in the 
entire C range mentioned above; the CD curves study- 
ing for the analytical purpose (10) were made in the 
wide C region but below C* where < I >  was propor- 
tional to C, and for the determination of the optimum 
activator concentration which was of practical interest, 
the measurements were carried out in the C region 
above C*. In both cases, one could not observe the in- 
flection of the CD curves. 

YzOzS offers us a favorable case to study because the 
motion of both electrons and holes in the crystal can 
be detected separately by their E U + ~  and Tb+3 lumin- 
escence and because microcrystals of different sizes can 
be prepared (6). The study, however, is complicated 
by the fact that the value of C* of the given crystal 
size of Y202S:Eu differs greatly with the excitation 
mode [e.g., d-c and pulse excitation (4) 1.  For instance, 
the value of C,*, for 1 psec pulse excitation, of YzOzS: 
Eu (3 pm) is 1 x 10-4, whereas the value of CD*, for 
d-c excitation, is 2 x 10-3 (20 times greater). A set 
of CD curves showing a pulse width effect on the value 
of C* is given in Fig. 1; the CD curves covering short 
pulse excitation to d-c excitation were obtained with 
a constant peak intensity at repetition of 16.7 msec 
in the C region from 2 x 10-5 to 1 x It may be 
seen that for pulse widths shorter than 2 Met, the 



Vol. 129, No. 7 MOTION O F  ELECTRONS AND HOLES 1537 

Fig. 1. Concentration dependence curves of time-overaged Eu+3 
(5Da * ?Fz) luminescence intensities of Y202S:Eu (+M = 3 rm) 
under irradiation of vorious pulse widths of electron beam. 

value of Cp* is independent of activator concentration 
and remains at C = 1 x 10-4; the value of C,* is not 
influenced by the excitation intensity. For pulse widths 
longer than 500 rsec, the value of CD* also stays con- 
stant, but C = 2 x 10-3 and is influenced by the excita- 
tion intensity; the value of CD* increases as the exci- 
tation intensity increases. The transition from Cp* to 
CD* (i.e., C*) occurs in the pulse width range between 
2 and 500 psec. 

The above results allow us to use the value of Cp* 
for the study of the relationship between L of the EH's 
and C. Tb is used to detect hole migration and Eu is 
ilsed for electron migration (4). Figure 2 shows the 

: r (in Y ~ O ~ S )  

' '5 
I I J 
-4 

10 10 lo3  l o2  
activator concentration (mole fraction) 

Fig. 2 Crystal size +M vs. Cp*(Tb) and Cp*(Eu), and CD*(EU) 
obtained under two different beam densities: 0.2 and 0.5 pAlcm2. 

experimental curves of +M (= L) vs. Cp* (Tb) and 
Cp* (Eu), together with CD* (Eu) for two different in- 
tensities of the excitation (0.2 and 0.5 pA/cm2). #M is 
the median crystal size, which is determined from the 
sedimentation weight method (+M 2 0.5 pm). It can 
be seen that the values of Cp* (Tb) and Cp*(Eu) fit a 
straight line, which is expressed as 

where d is the distance between the nearest cations 
(Y-Y); d = 3.5A for YzGS. Because the migration dis- 
tance of electrons and holes is expressed by Eq. [I] and 
the activator luminescence substantially arises from 
the recombination of EH's at activator ions, and for 
general reasons, we use the term EH instead of the 
term "first-trapped electron" (or hole) in the follow- 
ing discussion, even though the recombination process 
is determined by the first-trapped carriers at activator 
ions. 

Discussion 
The experimental results in Fig. 1 and 2 show that 

the values of C* and slopes of the CD curves of YzOzS: 
Eu in the same crystal size are changed with the condi- 
tions of the excitations. There is an explanation for the 
different values of C* by the change in the ratio of the 
surface area to the volume of the crystals in the differ- 
ent sizes ( l l ) ,  but this is not the present case. The 
values of Ca are changed with the pulse widths (in- 
stead of the crystal sizes) even though the ratio of the 
surface area to the volume maintain constant (with the 
same crystal size). In order to explain the experimen- 
tal results, we shall discuss the following: (i) the 
quasi-one-directional migration of EH's; (ii) the pulse 
width effect on C*; and (iii) the nature of the carriers. 
It should be noted that as already mentioned. the dis- 
cussion made from the results of <I> only allow giv- 
ing a first (or zero) order approximation of the mo- 
tion of the EH's. For a microscopic picture, we must 
study further the physical properties of the carriers 
and activator ions in the single crystal, but we only 
study the time-averaged-luminescence intensities on 
phosphor crystals in a log-normal distribution. 

Quasi-one-directional migration of EH1s.-Using ac- 
tivator luminescence as the internal detector, we have 
experimentally studied the migration distance of EH's 
in highly insulated crystals (the resistivity being 
greater than 10'0 a-cm) under no externally applied 
field, which is difficult to study with other techniques. 
We have found experimentally the relationship L = 
dC-1 for the migration of the carriers in Yz02S. An ex- 
planation of this result is given below. 

We assume that the migration of an EH is terminated 
on the first visit to an unexcited activator ion. Because 
C-I is the average number of cations per activator ion, 
dCF1 is in accordance with the average length 1 
"walked" by the EH before the EH is trapped at _the 
unexcited activator ion. The relation of L = +M = 1 = 
dC-1 can be interpreted as the average distance of the 
migration of the EH's is equal to the average length 
walke_d by one EH, giving rise to the relationship 
L = 1. Therefore, the migration of each EH terminates 
at  the activator ion arranged on one-directional line of 
cations. Thus, a quasi-one-directional migration of EH's 
is deduced from the experimental results of <I>. 

This is a significantly different viewpoint from the 
three-dimensional migration. In-the three-dimensional 
case, the average displacement 1 3 ~  of the EH is given 
by the edge of the volume containing one activator 
ion (the number of cations in the volume is given by 
dC-I), and 13D = dC-113, even as the average walked- 
length of the EH is given by dC-1. Thus the three- 
dimensional migration distance L ~ D  (= +M) is not 
equal toTSD and should be proportional to dC-If3, i.e., 
LSD = kldC-113, but this is not observed. 
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The results of the quasi-one-directional migration of 
EH's in the crystal, under no externally applied field, 
indicate that the migration of EH's is not by the random 
walk (5) ; for one-directional migration, EH's must be 
under a driving force that is generated internally in 
the crystal. The internal driving force may be related 
to the electric field created by one or combination of 
(i) the static field produced by the impurities or by the 
electric charges trapped at the chemical impurities (in- 
cluding activator ions) and at  the crystal defects; (ii) 
the gradient field produced by the charges and/or ther- 
mal distribution induced by irradiation of electron 
beam (12); and (iii) the charges created in the surface 
volume of the crystal as a consequence of the ejection 
of the true secondary electrons from the crystal (13). 
However, these are not yet clearly understood. Further 
study may prove an interesting subject. 

Pulse width effect on C*.-The values of C* of 
Y202S:Eu in the same crystal size are changed with the 
pulse widths of the electron beam (Fig. 1).  For the 
explanation of these experimental results, the kinetic 
model (11) is incompetent because of the same crystal 
size. The dependence of C* on the pulse widths is prob- 
ably related to (i)  the lifetime of the excited activator 
ions; (ii) the number of activator ions in the domain 
(as defined afterward); (iii) the random sampling of 
the domains by EH's; and (iv) the correlated migra- 
tion of EH's. We shall discuss these below. 

Lifetime of the excited activator ions.-A statistical 
description of the lifetime of the excited activator ions 
is as follows. Each excited activator ion emits a photon 
after remaining (holding) for sometime in its excited 
state (i.e., lifetime) and returns to the ground state. 
The holding time of many excited activator ions in 
the crystal is not constant and it likely follows the 
general rule of holding time, i.e., a Bernoulli distribu- 
tion in which the probability density G( t )  is given by 

Therefore, the distribution function g ( t )  is given by 

where h is a constant and, for luminescence, is given 
by l / r  where r is average lifetime as computed from 

r is related to 1/A where A is Einstein coefficient. 
The decay curve of the 5Do (Eu+3) luminescence from 

Y202S:Eu under pulsed cathode ray excitation holds 
Eq. [3] and r = 500 psec ( r  is determined at l/e of 
the maximum intensity). Since 99.999% of the Eu+3* 
in the excited state returns to the ground state (Eu+3) 
in 5 msec, it can be said that at  the repetition rate of 
16.5 msec, almost all of the Euf3* excited by the EH's 
created by one pulsed electron beam of 10 msec pulse 
width return to the ground state before (the migration 
of the EH's created by) the next electron pulse starts. 
This leads to the experimental results of Fig. 1, obtained 
with pulse width shorter than 10 msec: <I> is propor- 
tional to the number of the excited activator ions by 
the EH's (i.e., the outcome of the trials of the EH's) 
created by a single pulse of the electron beam. For this 
reason, the discussion on <I> of Fig. 1 will deal with 
the statistical outcome of the trials of the EH's created 
by a single electron beam pulse shorter than 10 msec 
in the crystal. 

Number of activator ions in domuins.-To compute this, 
we take account of a crystal cube equal to the crystal 
size +M. In this cube, @M = L = d/Cp* and the number 
of cations on the cube edge is given by 

We assume that the direction of the forward migra- 
tion of EH's coincides with that of the incident radiation 
(because the total area of the one side of the crystal 
is uniformly irradiated with electron beam), and the 
first cation on the incident plane begins the one-direc- 
tional line of cations. The length of the line is limited 
by the crystal size. We shall hereafter call this crystal- 
size-limited line of cations the "domain." Hence, (I /  
Cp*) domains can be arranged in any plane parallel 
to the migration direction, and (1/Cp*)2 available do- 
mains can be arranged in the cube crystal. 

The value of (1/Cp*)2 is also in accordance with the 
number of activator ions in the crystal cube and each 
domain, of the length +M = d/C,*, statistically con- 
tains one activator ion. It follows that each domain 
always contains more than one activator ion when C > 
Cp*. In contrast, when C < Cp*, the number of acti- 
vator ions in the crystal is less than the number, (I /  
Cp*)2, of available domains; some domains contain no 
activator ion and others contain only one activator ion 
each. Thus there are two entirely different situations 
of the domains containing activator ions, depending on 
whether C > Cp*. This calculation shows that the in- 
flection point of the CD curve may not be simply re- 
lated to the saturation of the excited activator ions (5). 

Random sampling of domains by EH1s.-The probabil- 
ity that the number of the EH's migrating in a specified 
domain during the lifetime of the excited activator 
ions, under the ordinary CL excitation conditions, can 
be computed as follows. The migration process of car- 
riers on the lattice sites is a Markov process; the lattice 
site that has released the carrier to the next lattice site 
is ready to receive other migrating carriers because the 
lattice site has no previous history (i.e., statistical in- 
dependence). This suggests that each EH has a statisti- 
cally independent migration in the domains. This means 
that the EH's can migrate in the same domain, although 
not at the same time. Thus the possible number of 
simultaneously coexisting EH's in the crystal may be 
greater than the number of the domains calculated as 
(1/Cp*)2 (= 109 EH's for 10 pm crystal). As an ex- 
treme case, the maximum number of the coexisting 
EH's in the crystal is equal to the number of cations in 
the crystal and is computed to be (1/CP*l3, or about 
10x3 for 10 pm crystal. This large number is for EH 
"droplets" but it is far from the actual number of CL 
conditions; the number of EH's created by the ordinary 
CL conditions (10 kV, 1 pA/cm2 beam in 500 psec for 
10 pm crystal) is about lo7 EH's indicating that EH's in 
the crystal are better described as EH "gas." (It can 
be said that the excitation conditions of ordinary CL 
are far from the saturation for EH's creation.) The 
calculated results suggest that the EH's should migrate 
randomly in the domain, i.e., a random sampling of the 
domains by EH's. The probability that an EH randomly 
migrates in a specified domain during r is computed as 
107/109 = 10-2; therefore, the probability that two 
EH's randomly migrate in the same domain during r 
is given by (10-2)2 = 10-4 which is negligibly small 
for consideration. Accordingly, it can be said that each 
domain may have one EH during r if the domains are 
randomly stmpled by the EH's. In this case, L of EH's 
is equal to 1 walked by one EH, and the relationship 
@M = L = 7 retains for all the pulse widths. Conse- 
quently, C,* = C* = CD* = d/L = constant for a 
given crystal, and the value of C* exhibits no pulse 
width effect. This has been observed Y202S:Tb (the 
hole migration in Y202S). 

Correlated migration of EH1s.-In the case of YzOzS: 
Eu (detecting the electron migration), however, CD* + 
C* # Cp*. The values of C* are changed with the pulse 
width (Fig. I ) ,  and the curve of CD* us. @M are simply 
shifted, in parallel with the curve of L = dC-l,.to 
high activator concentration as the excitation intensity 
increases (Fig. 2).  These results indicate that the ran- 
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dom sampling of the domains by EH's is not applicable 
to the electron migration in Y&S. 

The results in Fig. 2 show that the linear relationship 
between the average migration distance and the values 
of CD* is held for the d-c excitation at the various ex- 
citation intensities, indicating that the quasi-one-direc- 
tional migration of EH's is thoroughly retained for the 
d-c excitation. Therefore, the shift of the values of 
CD* (and C*) with the excitation intensities is possibly 
due to the increase in the number of EH's, which have 
the quasi-one-directional migration, in the same do- 
main during the lifetime of the excited activator ions. 
In other words, the domains may have EH's more than 
one during the lifetime of the excited activator ions. 
If this is true, the EH generated recently in the pulse 
duration selectively (rather than randomly) migrates 
in the domain in which the previous EH's have been 
migrated (i.e., a correlated migration). 

To estimate the number of the correlated EH's mi- 
grating in the same domain during the pulse duration, 
we assume one activator ion is excited only once in its 
lifetime (i.e., activator ion in an excited state is no 
longer acting as the recombination center of EH). We 
also assume that when the n EH's migrate in the same 
domain at  different times during the single pulse dura- 
tion, the walked length of the first migrating EH is 
calculated as 7 = d/C', and the walked length of the 
nth EH is n times of the i (= nil. Accordingly, at  C* 
the crystal size @M is no longer equal to i but is equal 
to the migration length walked by the last EH (i.e., @M - 
= nl = nd/C* = d/Cp*). Under the above assumptions, 
we estimated the experimental number of the EH's, 
which migrate in the same domain using the equations 
of 

C* 
C* = nC,* or n =- [el 

CP* 

Cp* is constant for a given crystal, so that C* increases 
as n increases. 

Figure 3 shows the experimental curve of n (= C*/ 
Cp*) as a function of the pulse widths of the electron 
beam. The data are replotted from Fig. 1. I t  can be seen 
that for the pulse widths shorter than 2 psec, only one 
EH migrates in the same domain (e.g., n = I ) ,  giving 
rise to C,*. The value of n increases with increasing 
pulse widths longer than 2 psec, and gives rise to the 
observed value of C*. 

In reality, the length of the recently migrating EH 
during the pulse duration longer than the lifetime of 
the excited activator ions might be slightly compli- 
cated. For pulse widths longer than the lifetime of the 
excited activator ions (e.g., longer than 10 psec), some 
excited activator ions are de-excited and they have a 
chance of the re-excitation by the recently migrating 
EH's. In this case, @M should be equal to the longest 
length walked by the EH in the domain under the equi- 

I -2 = 500 psec 

pulse width (psec) 

Fig. 3. Experimental curve of n (calculated from C*/Cp*) as a 
function of pulse widths of electmn beam. 

librium conditions between excited and de-excited acti- 
vator ions. The longest time interval for the equilibrium 
is likely the average lifetime s (= 500 psec), where + 
is of course a constant for the given phosphors. There- 
fore, the value of C7 is no longer dependent on the 
pulse widths longer than T and remains a constant, 
equal to CD'. The values of CD* and C" shift to higher 
C as the excitation intensity increases (Fig. 2) because 
of the increase in the n value. 

Thus we gave an explanation of the pulse width ef- 
fect on C* (and CD*) with the correlated EH's migra- 
tion. The reason why the highly correlated electron 
migration occurs in YzOzS is not understood. 

Nature of carriers.-In the above discussion, we have 
not specified the nature of the carriers (excitons or free 
carriers). It is, however, found that the study made on 
the CD curves provides for a clue of the nature of the 
carriers in Yz02S. There is a difference between the 
values of CD* with Tb and Eu; as already described, 
the values of CD* (Eu), detecting the electrons, depend 
on the excitation intensity and shift parallel to itself 
to higher values as the excitation intensity increases. 
In contrast, no difference was observed with CD* (Tb), 
detecting the holes. Because the lifetime of E u + ~ *  is 
almost the same as that of Tb+3* (about 500 psec) and 
the measurements of C D * ( T ~ )  and CD* (Eu) were 
made with the same excitation conditions, one allows 
us to draw a conclusion from above results that elec- 
trons and holes in YzOzS are not associated with each 
other, i.e., each is a free carrier. 

A Proposed Model of Cathodoluminescence 
The results of the quasi-one-directional migration 

of EH's and the radiative recombination mechanisms of 
EH's at  activator ions (4) may allow one to propose the 
following atomistic model of generation of EH's, mi- 
gration, and recombination at  activator ions in the 
highly insulated phosphor crystals. Using Y202S:Eu as 
an example, we shall try to exulain the proposed model 
as follows. We assume that EH's are generated by elec- 
tron transfer from 0 - 2  (and/or S-2) to Yt3,  and since 
no bandgap luminescence is observed, the inverse elec- 
tron transfer, from Y+Z to 0-1 (or S-I), is forbidden. 
We also assume that the lattice ions (i.e., yttrium, oxy- 
gen, and sulfur) are not acting as recombination cen- 
ters for EH's. For the case of YzOzS, YC3 (which has 
received an electron) is converted to Y+2, which then 
releases the electron to the next nearest YC3.  The elec- 
tron migrates on Y+3 sites arranged on a line by repeti- 
tion of the above mechanism. The hole migrates on 0-2 
(or S-2) sites arranged on a line by similar migration 
mechanisms. The migration terminates by electron 
trapping at  an Euf3 site; this gives rise to the rela- 
tionship L = dC-1. The Eu+3 is converted to E u + ~ ,  
producing a negatively charged local field. A hole is 
attracted to this region and is captured by the E u + ~  
to form the excited state (Eu+3*). The Eu+3* emits a 

creation 
Of 

E - H  

trapping capture emission 
O f  of 

electron hole 

k 
L = d C-' 

21 luminescence process 
migration (fixed place) 
distance 

Fig. 4. A proposed model of generation, migration, and re- 
combination of radiation-induced carriers at activator ion. 
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photon and returns to the ground state ( E u + ~ )  to re- 
peat the excitation process with another EH. Figure 4 
illustrates the proposed model. The reduction process 
(Y+3 + Y+2) and ( E u + ~  -t E u + ~ )  are observed in po- 
larographic studies (14). 

As a concluding remark, it has been shown that the 
activator luminescence is a new tool in studying the 
motion of mobile (radiation-induced) carriers in in- 

ganic and Inorganic Materials," H. P. Kallman, 
Editor, John Wiley and Sons, Inc., New York 
(1962); G. F. F. Garliek, "Luminescence of In- 
organic Solids," P. Goldberg, Editor, Academic 
Press, New York (1966); J. D. Kingsley and G. W. 
Ludwig, This Journal, 117, 353 (1970); A. Roth- 
warf, J. Appl. Phys., 44,752 (1973) ; H. Yamamoto 
and A. Tonomura, J. Lumin., 12, 947 (1976); R. C. 
Alig and S. Bloom, This Journal, 124,1136 (1977). 

sulator crystals. Even though it is only allowed to 4. L. ~ z a w a ,   his Journal, 128,140 (1981). 
draw the macroscopic (first-order approximation of) 5. L. Ozawa and H. N. Hersh, Phys. Rev. Lett., 36, 
picture from the present work, a quasi-one-directional 683 (1976). 
migration of free carriers and the correlated migration 6. L. Ozawa, This Journal, 124,413 (1977). 
of the electrons in YzOzS crystal are inferred from the 7. L. ozawa, ibid., 122,1222 (1975). 
experimental results. Further experiments by using a J. S. Prener, ibid., 122, 1516 (1975). 
single crystal or a thin film and the theoretical con- 
sideration are, we feel, necessary to illustrate a com- 

g e  U' Phys' Rev'1 -% 544 (lg40); G' Gergelyl 
3. Phys. Chem. Solids. 17, 112 (1960); "Surface 

plete picture of the motion of the carriers in highly Physics of Phosphors and Semiconductors, C. C. 
insulated phosphor crystals. Scott and C. E. Reed. Editors. Academic Press. . . 

Manuscript submitted Sept. 2, 1981; revised manu- 
script received Dec. 7,1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 

New York (1975). ' 

10. S. Larach, Anal. Chim. Acta, 42, 407 (1968); R. N. 
Kinseley, F. C. Laabs, and V- A. Fassel, Anal. 
Chem.. 41.50 (1969). 

11. F.   ore head, ~ h y s .  ~ k v .  B, 17, 3433 (1978). 
12. D. J. Gibbons, 3. Phys. D, 7,433 (1974). 
13. G. F. Amelio. 3. Vac. Sci. Technol.. 7. 593 (19701: 

Publicatiom costs of this article were assisted by A. J .  ~ e k k e r ,  Solid State Phys., 6; 251 (1958) ; R: 
Matsushita Electric Industrial Company, Limited. Kollath, Handbook Phys., 21, 232 (1956); Bru- 

ining "Physics and Application of Secondary 
REFERENCES Electron Emission," Pergamon Press, Lonilon 

1. D. Bohn and D. Pine, Phys. Rev., 92, 609 (1953). (1954). 
2. C. A. Klein, J. Appl. Phys., 39, 2029 (1968). 14. C. P. Sinha, "Complexes of the Rare Earths," Per- 
3. M. Balkanski and F. Gans, "Luminescence of Or- gamon Press, New York (1966). 

Preparation, Optimization, and Cathodoluminescent Properties of a 

Line Emission Penetration Phosphor 

Thomas E. Clark* and Charles T. Burilla 

Sperry Research Center, Sudbury, Massachusetts 01 776 

ABSTRACT 

A multicolor line emission penetration phosphor, suitable for use in high brightness CRT's, has been developed. 
The system consists of multilayered powder particles containing a green-emitting La,O,S:Tb core, a nonluminescent 
La,O,SO,:Tb middle layer, and a cover coating of small (-1 pm) red-emitting YV0,:Eu particles. Preparation of the 
phosphor involves two basic steps: (i) the controlled oxidation of La,O,S:Tb particles to produce an onionskin surface 
layer of La,O,SO,:Tb and (ii) coating of the core particles with the small YV0,:Eu particles using a gelatin adsorption 
technique. Optimization with respect to brightness and color range yielded a system that was significantly brighter 
than previously developed line emission penetration phosphors while providing a comparable color range. Further, 
large size core particles were found to improve the phosphor system performance due to a saturation of the red 
component brightness at high working voltages. The paper discusses details of the preparation, optimization, and 
cathodoluminescent properties of this system. 

Multicolor penetration cathode-ray tubes enjoy a 
range of applications in modern display systems (1-2). 
In the case of avionic displays, the system must be 
designed to operate under the extreme condition of 
sunlight falling perpendicular to the faceplate (-10,000 
fcd), as well as the more typical lighting levels of day- 
time flight (-100 fcd) (2-3). Display readability under 
high lighting levels is normally maintained by increas- 
ing the display brightness and employing a contrast 
enhancement device. However, for a given penetration 
phosphor screen, increased brightness, which is ob- 
tained by increasing the beam current density, leads to 
a decrease in the screen lifetime (4). This fact, coupled 
with limitations in the coulomb ratings, luminous effi- 
ciencies, or designed operating voltages for state-of- 
the-art multicolor penetration phosphors has led to the 
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rare earth. 

employment of directional filters in order to simul- 
taneously meet display readability requirements and 
obtain satisfactory screen lifetimes. The attendant dis- 
advantage of directional filters caused by the need for 
the viewer to carefully position his head with respect 
to the display is accepted in order to take advantage 
of the improved light transmission and hence improved 
screen lifetimes obtainable with these filters. Although 
selective filters (e.g., narrow passband filters) do not 
suffer the mentioned disadvantage of the directional 
filter, their use has been limited by the lack of a pene- 
tratfon phosphor with acceptable cathodoluminescent 
properties. An improved penetration phosphor, de- 
signed for such an application, has been developed. Its 
preparation, performance, optimization, and cathodo- 
luminescent properties form the subjects of this paper. 

Approach.-The ability to control the depth of elec- 
tron penetration into the phosphor screens of CRT's by 
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adjusting the electron beam voltage (5) is exploited in 
multicolor penetration tubes by employing a multi- 
layered phosphor system. Thus at  low voltages only 
the phosphor "closest" to the electron source is ex- 
cited yielding an output color corresponding to its 
emission, while at the highest voltage inner phosphor 
layers are also excited yielding an output color that 
is determined by the relative emission intensities from 
the contributing phosphors. Intermediate voltages then 
give rise to different relative emission intensities and 
hence different colors. 

Of the various possible approaches for constructing 
the requisite multilayered phosphor system, those util- 
izing multilayered powder particles (6-12) have re- 
ceived considerable attention for reasons of enhanced 
luminous efficiencies (7) or ease of subsequent tube 
manufacture (10). An early version (7) of a mixed 
two-component system using red- and green-emitting 
phosphors involved the formation of a nonluminescent 
"onionskin" on the surface of ZnS: Cu (green-emitting) 
powder particles. This dead-layer green (DLG) com- 
ponent was then mixed with a commercially available 
red-emitting phosphor allowing the preparation of a 
multicolor phosphor screen using the same procedure 
employed in monochrome tube preparation. ZnS: Cu, 
however is not ideally suited for use in high brightness 
displays because of its reduced luminous efficiency 
under the high current density conditions found in 
these displays (11). Furthermore, it is not ideally 
suited for use with selective filters because of the 
broad-band nature of its emission. 

In another approach, Galves (10) developed an 
efficient penetration phosphor consisting of a Zn#i04: 
Mn core particle covered with a nonluminescent layer 
on top of which was a coating of small red-emitting 
W04: Eu particles. He also demonstrated the enhanced 
efficiency of this single-particle system as compared to 
a dual-particle system in which the DLG containing a 
ZnzSiO4: Mn core was simply mixed with standard size 
W 0 4 :  Eu particles. These penetration phosphors, how- 
ever, also use a broad-band green-emitting phosphor 
which reduces their suitability for use with selective 
filters. 

An early version of a single-particle penetration 
phosphor system containing only line-emitting phos- 
phor components was developed by Tecotzky and 
Mattis (12). Its preparation involved a controlled sul- 
fidization of Rz03:Pr (R = Y or Gd) particles to yield 
a core of red-emitting R203:Pr and a contiguous sur- 
face layer of green-emitting Rz02S:Pr. Although, the 
narrow-band aspect of the component phosphor emis- 
sions makes this system well suited for use with selec- 
tive filters (13), the presence of alternative red- and 
green-emitting phosphor components with superior 
cathodoluminescent efficiencies and color saturation 
(11, 12, 14, 15) provide opportunities for improvement 
in the system performance. 

The penetration phosphors that have been under 
development in this laboratory employ only line- 
emitting phosphor components. The earliest version 
(8) included standard size YV04:Eu particles mixed 
with a DLG consisting of Laz0zS:Tb particles covered 
with an onionskin layer of nonluminescent LazO?S04: 
Tb. A subsequent improvement in color coordinates 
was obtained by using a red-emitting phosphor par- 
ticle containing a nonlumipescent core (9). In an at- 
tempt to improve upon the luminous efficiencies of 
these previous efforts, development of a performance 
optimized single-particle penetration phosphor was 
undertaken. It consists of the previously described 
Laz0zS:Tb DLG core particle coated with small red- 
emitting YV04:Eu particles. The specific objectives of 
the performance optimization were to prepare and 

change less than 15 kV, and (iii) had the maximum 
red brightness. The optimization sequence included 
four basic steps. First, the efficiency of the coating 
process (i.e., surface coverage per coating application) 
was optimized. This was followed by the selection of 
a preferred particle size for the DLG core material. 
The red component brightness was then maximized 
and finally the working voltage for the red mode was 
maximized. 

Experimental 
Synthesis.-Preparation of the single-particle pene- 

tration phosphor involved the initial formation of a 
DLG component with the appropriate barrier-layer 
thickness, followed by a coating step in which small 
WO4:Eu particles were adhered to the surface of the 
DLG particles. The DLG synthesis followed the pro- 
cedure of Ignasiak and Veron (8) which consisted of 
a controlled oxidation of La202S:Tb particles to yield 
a contiguous surface layer of La~OzS04:Tb. The rela- 
tive inefficiency of LazOzS04 as a host for Tb-activated 
cathodoluminescence allows this oxidation product to 
act as a nonluminescent barrier layer on the green- 
emitting core material. Coating of the DLG with small 
red particles was accomplished using the gelatin ad- 
sorption process described by Kell (16). This process 
involved three basic steps: (i) coating the DLG powder 
particles with an adsorbent film of gelatin, (ii) expos- 
ing the filmed DLG particles to a liquid dispersion of 
the small red-emitting particles, and (iii) removal of 
the excess small particles via the differential sedimen- 
tation rates that result from the particle size differ- 
ences. The resulting coated core particles contained 
essentially a monoparticle thick layer of small phos- 
phor particles. In the following synthetic procedure, 
the conditions given correspond to the penetration 
phosphor found to yield the optimum performance. 

Synthesis of LazOzS: Tb-LazOzSO*: Tb particles.-log 
of LazOzS:Tb (commercial phosphor, P-44) that had 
been previously size classified to remove particles 
smaller than 16 pm in diameter were oxidized in a 
rotating quartz chamber for 60 min at 749°C. [See 
Ref. (8) for details of the reaction chamber.] A moist 
oxygen flow of 20 cm3/min was maintained during re- 
action and, although thermogravimetric, low voltage 
electronic and surface analysis data (17) indicate a 
negligible oxidation rate below 500°C, a blanket of 
argon was kept over the material during the complete 
preheat and cool-down periods. 

Coating procedure.-50 ml of a 1% stock solution of 
gelatin, prepared as described by Kell (16), were di- 
luted with water to 500 ml, clarified by warming to 
30°C, and acidified with glacial acetic acid to a pH of 
4.0. Then 50 ml of the acidified gelatin solution were 
placed in a 75 ml polyethylene bottle containing 5.0g 
of the core phosphor particles, agitated for 25 min, 
settled, and the supernatant removed by aspiration. 
This was followed by 5-6 water washes to remove any 
excess gelatin. A liquid dispersion of the small red 
phosphor particles, prepared by ultrasonically agitat- 
ing 1.65g of YVO4:Eu (Levy West Type 1505q) in 50 
ml of water and acidifying to a pH of 3.9, was then 
added to the filmed core particles, agitated 25 min, 
settled, and the supernatant removed by aspiration. 
Following two water washes a second coating of gela- 
tin was applied to the particle-coated particles and 
the excess gelatin was again removed with water 
washes. Following a wash with a 37% formaldehyde 
solution to harden the gelatin, the excess nonadhering 
small phosphor particles .were removed by washing 
with ethanol as many times as necessary. Finally, the 
material was air dried, lightly crumbled, and sifted 
through a 30 pm sieve. 

characterize the phosphor that- (i) yielded Measurements.-Cathodoluminescent properties, ex- 
a "red to green" color range, (ii) required a voltage cept where noted, were measured via transmission 
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through samples held in a demountable CRT designed 
to handle up to 16 samples at a time. [See Ref. (8) for 
details of the apparatus.] A pulsed electron beam of 
50 psec duration and a 1 kHz refresh rate, operated at  
0.5 pA, was focused to a spot of 3.0 mm diam for each 
accelerating voltage level. Brightness measurements 
were made using a Spectra Brightness Spot Meter 
(Model UB M ,  Photo Research Corporation) and emis- 
sion spectra were obtained with a Jarrel-Ash M meter 
Ebert scanning monochromator. Using a scanning rate 
of 25 nm/min, digitized spectra were recorded at  1 nm 
intervals. Corrections in the spectra for photomulti- 
plier response, grating losses, and baseline variations 
were made prior to calculating the color coordinates 
using the 1931 C.I.E. colorimetric system. Phosphor 
screen samples were prepared on Nesatron glass using 
standard settling techniques and were not aluminized, 
except where otherwise noted. Optimized screen load- 
ing densities (mass per screen area) were obtained for 
the three types of phosphors evaluated: green-emitting 
core particles, small-particle-coated penetration phos- 
phors, and the standard size red-emitting W 0 4 : E u .  
These screen coating densities yielded the maximum 
brightness for the respective phosphor types and were 
used in subsequent screen preparations. 

Discussion and Results 
The first step in the performance optimization of the 

single-particle penetron was to optimize the coating 
efficiency. Beginning with preparative parameters used 
by Kell (16), a trial-and-error adjustment of several 
parameters was then conducted in order to find a set 
of conditions that yielded a satisfactory coating effi- 
ciency for this system. Factors considered in the opti- 
mum search included the quantity and pH of the small 
particle dispersion and the length of time that the 
small particle dispersion was exposed to the filmed 
DLG core particles. On the basis of scanning electron 
microscopic analysis, a practical optimum coating effi- 
ciency of about 75% was obtained. Scanning electron 
photomicrographs of a coated particle, shown in Fig. 1, 
illustrate the level of surface coverage obtained as well 
as the size distribution of the small coating particles. 
As can be seen, the coating particle diameters range 
from considerably less than 1 rm to greater than 2 fim. 

The influence of the core particle size on the bright- 
ness us. voltage curves was determined experimentally 
by coating undoped La202S particles of various size. 
A batch of LanOzS, reported to be 1.6% greater than 
32 pm and 1.8% less than 5 pm in diameter, was size 
classified into four categories: <6, 6-10, 10-16, and >16 
pm. Coated samples for the three larger diameter cate- 
gories were prepared in a manner so as to minimize 
differences in the nature of the coatings. Several phos- 
phor screens, differing in screen loading density, were 
prepared for each of the size categories. Red bright- 
ness us. voltage curves for these samples are shown 
in Fig. 2. In Fig. 2a, we see that the screen loading 
density range used encompasses the optimum value for 
the particle size range considered. This is seen by the 
fact that the relative brightness diminishes as the 
screen loading density is increased or decreased from 
6.8 mg/cmz. A comparable range of screen loading 
densities was used for the 6-10 and 10-16 pm core 
material, but in neither case was an optimum screen 
loading density established. However, in both cases, 
the brightness increased as the screen loading density 
decreased, for the entire density range covered. Thus, 
the optimum screen loading densities for these smaller 
sized particles apparently occur at lower values than 
that for the >16 pm core material. 

A comparison of brightness us. voltage curves for 
the three groups of core material is shown in Fig. 2d. 
The curves shown are for the screen loading density 
that yielded the maximum brightness in each of Fig. 

Fig. 1. Scanning electron micrographs ot a core particle con- 
taining a single coating of small YV04:Eu particles. 

2a, b, and c. As can be seen, the >16 pm diam core 
material resulted in a sublinear red brightness curve 
while the other two core materials yielded essentially 
linear curves. Since the diminished red emission of 
the >16 rm diam core material at  high voltage would 
lead to a greener output color in the completed system, 
this size core material was selected for use in the sub- 
sequent optimization steps. The fact that the screen 
loading densities for the two groups with the smaller 
core diameter were not completely optimized simply 
means that they would be as bright or brighter at the 
optimum screen loading density. Thus, the reason for 
preferring the >16 pm core material remains valid. 

The reason that the coated >16 pm diam core mate- 
rial exhibits a greater degree of sublinearity than the 
other two groups of material derives from differences 
in the amount of beam energy absorbed in the red- 
emitting coating us. the nonluminescent core for these 
different size core particles. The three curves in Fig. 
2d should have a common region at the lower ac- 
celerating voltages corresponding to electron penetra- 
tion that is essentially limited to the coating layer of 
luminescent particles. As the accelerating voltage, and 
therefore electron penetration, is increased, the ratio 
of beam energy absorbed in luminescent us. nonlumi- 
nescent material becomes dependent on the core par- 
ticle size. For the limit of a very small diameter core 
particle the phosphor screen would appear to the elec- 
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tron beam to consist essentially of a multiparticle thick and thus would yield the greenest color output at any 
layer of small luminescent coating particles. The red phosphor coating level. 
brightness in this case would show a linear dependence Data in Table I indicate that with more than one 
on voltage similar to that found for the standard size coating layer the desired green output at  the high 
YV04:Eu in Fig. 2d. At the other extreme of a very working voltage is shifted to yellow. As Fig. 3 il- 
large diameter core particle, the phosphor screen lustrates, this is due, in part, to the increased red 
would appear to the electron beam to consist of a emission from the thicker luminescent coating layer. 
monoparticle thick layer of the small W 0 : E u  coat- However, it is also due to the diminished green emis- 
ing particles. The shape of the brightness us. voltage sion from the core particle that results from the re- 
curve in this case would be similar to the sublinear duced beam energy reaching the core in the double 
curves found for thin luminescent films (10, 18). layered material. 

The luminous efficiency of the red-emitting compo- The final step in the performance optimization was 
nent in the penetration phosphor was next maximized to obtain the highest possible red mode working volt- 
by coating successive layers of the YV04:Eu onto 
La2OzS:Tb particles and evaluating the influence on 
the output color coordinates. ~h~ only constraint limit- Table I. Colorimetric pmperties at 17 kV of Laz02S:Tb particles 

ing the number of coating layers was the requirement coated with successive layers of small YVO4:Eu particles 

of being able to produce a "green" color output at  an 
acceptable working voltage. Untreated LazOzS:Tb was No. of red Color coordinates Equivalent 
used here as the core particle material because it would p:$g,h,Or x v wavelength (nm) 
provide the greatest green emission intensity at  any 
operating voltage (compare the relative brightness of 1 0578 0.571 562 
the untreated LazO2S:Tb us. DLG samples in Fig. 4) 2 0.445 0.508 573 
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Fig. 3. Red brightness vs. accelerating voltage curves for > I6  pm 
diam core particles coated with 1 and 2 layers of small YVO4:Eu 
particles. 

age so as to yield the maximum red brightness a t  a 
given beam current density. To accomplish this, the 
core particle with the thickest barrier layer that would 
still yield an acceptable green output within 15 kV 
of the red working voltage was determined by trial- 
and-error. Table I1 contains the preparative condi- 
tions, while Fig. 4 illustrates the relative green bright- 
ness us. voltage for the DLG's investigated in this step. 
Cathodoluminescent data for the red phosphor coated 
DLG's are presented in Tables 111-V and Fig. 5. 

Figure 5 contains plots of the equivalent wavelength 
and relative brightness of the samples at two beam 
voltages us. the core particle oxidation time. Curves 
are shown for beam voltages of 9 and 17 kV. The equi- 
valent wavelength curves show a steady shift to longer 
wavelengths as the oxidation time is increased. This 
red shift is due to the reduction in green emission 
from the core particle as the barrier layer thickness is 
increased. Indeed, if the oxidation time was increased 
sufficiently, the two curves would eventually converge 
at the equivalent wavelength corresponding to the 

Table II. Oxidation conditions for the dead-layer green sample 
preparations' 

Fig. 4. Green brightness vs. accelerating voltage curves tor com- 
mercial 1azOzS:Tb and several dead-layer green samples consist- 
ing of a nonluminescent La202S04:Tb surface ond a green-emitting 
La202S:Tb core. The curve numbers refer to the sample identifica- 
tion of Table II where the respective oxidation treatments ore 
listed. 

1 +-------a REL. BRIGHTNESS AT 17 kV I 
Reaction Reaction 555 1 I I I I I I 1 0  

t ime temp 
Sample (min) (k2'C) Mass (8)  0 20 40 60 80 100 120 140 

OXIDATION TIME (min.) 

It 80 751 8.0 Fig. 5. Plot of equivalent wavelength and relative brightness, a t  
60 749 

3 75 750 : 9 and 17 kV, as a function of the core particle oxidation time. 
90 752 8.0 

5 105 750 8.0 
120 750 8.0 red emission of the coating particles. Examination of 

the brightness curves shows that the brightness at both 
Maintained a moist oxygen flow rate of -20 cmqmin during voltages decreases with an increase in oxidation time. 

all oxidation runs. This is also due to the reduction in green emission as 
t Maintained an argon flow rate of -40 cm8/min during this 0x1- the barrier layer thickness is increased. H ~ ~ ~ ,  the two dation run. 
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Table Ill. Cothodoluminescent data for dead-layer green particles (LazO~S:Tb-La20250~:Tb) cooted with small YVOI:EU porticles* 

9 kV accelerating voltage 17 kV accelerating voltage 

Number of Color coordinates Relative Color coordinates Relative 
Core particle coating bright- bright- 

type*. layers x v n e s s ( % ) t  A e ( n m ) t  z v n e s s ( % ) t  Ae(nm) t  

The values in parenthesis correspond to measurements made through 2 mm of BG20, a selective filter. 
**The  numbers refer to the sample preparation in Table 11. 
t The brightness measurements are relative to that obtained for standard size commercial W0d:Eu. 
t The equivalent wavelength was calculated us. the CLE source C. 

Table IV. Comparison of the voltage dependent output color for 
two cooted samples differing in the dead-loyer thickness of th l  

core particles 
- - -. . -. . . 

Color coordinates Equivalent 
Voltage wavelength 

Sample. (kV) x J ( h . , ) i  
- .  . 

2 6 0.642 0.355 604 
7 0.613 0.378 599 
9 0.551 0.425 589 
10.5 0.516 0.459 583 
17 0.399 0.549 566 
19 0.388 0.564 564 

4 7 0.636 0.359 603 
9 0.604 0.387 597 
10 0.584 0.401 594 
13 0.517 0.455 584 
17 0.441 0.518 572 
20 0.434 0.512 572 

-.. 

The numbers refer to the sample preparation in Table 11. 
t The equivalent wavelength was calculated us. the CIE source 

C. 

considerably more than 13 kV (from less than 7 kV to 
more than 20 kV), to produce the same color change. 

Based on the previously stated objectives and the 
above discussion, entry 4 in Table I11 was selected as 
the optimum single-particle penetration phosphor. The 
color range of the phosphor, as a function of voltage, 
is shown in Fig. 6. As can be seen, four distinct colors 
are obtainable within an 11 kV voltage change. Table 
V gives data obtained for the optimum single-particle 
phosphor presented here and the dual-particle system 
previously developed by this laboratory (9) .  The lat- 
ter system employed the same type of DLG particles; 
however, they were mixed with normal sized red- 
emitting particles containing a luminescent La2OzS:Eu 
onionskin surface and a nonluminescent core. As can 
be seen, the single-particle system results in luminous 
efficiency increases in the red and green modes of 63% 
and 32%, respectively, without a loss in color range. 
Furthermore, the higher red mode operating voltage 
for the single-particle system implies an 84% im- 
provement in brightness under conditions of equal 

Table V. Cathodoluminescent properties of two line emission current density. These results are consistent with those 
penetrotion phosphors. See the text for details of the phosphor of Galve~ (lo),  to the extent that the two approaches 

systems" 
. . 

are comparable. 
-- - Conclusions 

Color 
Luminous coordlnatest A four color line emission penetration phosphor, 

Voltage eff. - - -  suitable for use in high brightness displays, has been 
Phosphor system (kV) (IumenlW) x developed. The system consists of multilayered powder 

Properties measured in sealed aluminized CRT's using a raster 
scan. Breakthrough voltages were -3 kV. 

t Color coordinates were measured through 2 mm of BG20 filter. 0.6 1 \ 
curves would converge to the brightness value due to 
the coating particles if the oxidation time were in- 
creased sufficiently. Y 0.5 - 

Since a red shift in color output at  9 kV corresponds 
to an effective increase in the red mode working volt- 
age, we see that this increase occurs at  the cost of 
reduced brightness and a degraded green output color 
at 17 kV. Both of these deficiencies, however, can be 0.4 
overcome by using a sufficiently high green mode 
working voltage. From this point of view, the in- 
creased red mode working voltage leads to an in- 
creased green mode working voltage. However, Table 
IV indicates that an increase in the red mode working 
voltage also leads to an increase in the minimum volt- 0.3 0.4 0.5 0.6 0.7 
age change required to produce both desired output 
colors. Thus, whereas sample 2 requires an 11 kV x 
voltage change (6-17 kV) to produce a given color Fig. 6. Color coordinates a t  the indicated voltages (kV) for 
change (he from 604 to 566 nm), sample 4 requires entry 4 in Table I l l .  
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particles containing a green-emitting LazO2S:Tb core, 
a nonluminescent LazOzS04:Tb middle layer, and a 
cover coating of small red-emitting W04:Eu particles. 
Optimization with respect to brightness and color range 
yielded a system that was significantly brighter than 
previously developed line emission penetration phos- 
phors while providing a comparable color range. Fur- 
ther, large size core particles were found to improve 
the phosphor system performance due to a saturation 
of the red component brightness a t  high working 
voltages. Finally, the line emission nature of the phos- 
phors used in this system makes i t  ideally suited for 
use with selective filters. 
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Saturation of (Zn, Cd)S:Cu, Al Cathodoluminescent Phosphors at 
High Current Densities 

I. Experimental Phenomena 

James R. McColl 

GTE Laboratories, Incorporated, Waltham, Massachusetts 02254 

ABSTRACT 

Efficiency loss due to high electron beam current density in green-emitting (Zn, Cd)S:Cu, A1 phosphors has been 
measured for Cu and A1 concentrations ranging from 27 to 1500 ppm. The severe loss of efficiency exhibited by 
commercial phosphors with activator concentrations in the 20-75 ppm range is somewhat alleviated at higher concen- 
tration. However, the improvement is far less than expected from a simple activator-depletion model, and saturation 
effects are nearly constant from 100 to 500 ppm, showing that a second mechanism for saturation is important in this 
material. It is also found that saturation is independent of repetition rate, but depends rather on the net dose of 
electron beam charge delivered in a single pulse or scan. Laser photoexcitation experiments in the blue and U.V. show 
that analogous saturation occurs for all modes of excitation. Thus the second saturation mechanism is neither a 
thermal effect nor electric field quenching. The second paper in this series will show that the second saturation 
mechanism in ZnS-type phosphors is excited-state absorption. 

I t  has long been known that phosphors of the ZnS degree, but the effect is much more pronounced for 
family, like ZnS or (Zn, Cd)S activated with Cu, Ag, ZnS-type phosphors than for other types (2-5). The 
or Au and coactivated with Al, Ga, In, or halide ions, effect is important for color television picture tubes 
exhibit sublinear response, i.e., their efficiency drops because ZnS:Ag.Al or ZnS:Ag,Cl is used as the blue 
at high current density (1). Most cathodoluminescent primary, and (Zn,Cd)S:Cu.Al, as the green. For ex- 
phosphors exhibit this saturation behavior to some ample, in a 19 in. picture tube operated at 2 mA beam 

current, typical for a highlight scene, the efficiency of 
Key words: cathodoluminescence, phosphors, CRT phosphors. the green-emitting primary is typically 20-35% lower saturation. 
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than at  0.1 mA. In addition to this loss of potential 
picture tube brightness, a color shift toward pink can 
be detected in highlight scenes because the europium- 
activated red-emitting primaries used in most color 
picture tubes do not exhibit saturation. The effect is 
significant but tolerable in conventional picture tubes, 
but would be accentuated in picture tube designs with 
higher beam current density, such as postdeflection ac- 
celeration tubes, projection TV tubes, or conventional 
tubes with improved gun design. 

In the research reported in this paper, I have ex- 
perimentally investigated saturation in (Zn,Cd)S: Cu,AI 
phosphors induced by high electron beam current den- 
sity. There have been previous reports on measure- 
ments of phosphor efficiency us. current density. Gen- 
erally, these reports have compared (Zn.Cd)S:Cu,Al 
of a single composition with other, less easily saturated 
phosphors. One of the goals here is to characterize the 
effect of varying activator concentration on saturation 
behavior. It has been a recurring theme in the litera- 
ture of this subject that one of the saturation mecha- 
nisms in ZnS-type phosphors is activator depletion 
(1). This term refers to the loss of efficiency caused by 
using up the available activator centers with an ex- 
citation density comparable to or exceeding the acti- 
vator concentration. This mechanism can be tested by 
varying activator concentration, since activator de- 
pletion should be less pronounced for a given level of 
excitation when the activator concentration is raised, 
and vice versa. The effect of electron beam dwell time 
and repetition rate on saturation are also characterized 
in this paper, both to provide information necessary 
for standardizing phosphor measurements and to yield 
insight into saturation mechanisms. 

The content of this paper follows its original presen- 
tation (6). That is, it is a report of an experimental 
survey of phenomena relevant both for design of 
cathode ray tubes and for gaining insight into mecha- 
nisms causing nonlinear response. The research pre- 
sented here shows that activator depletion is indeed 
an important mechanism for saturation in ZnS-type 
phosphors, but that another mechanism is also i m ~ o r -  
tant, particularly at  the higher activator concentrations 
where activator depletion becomes less pronounced. 
The results of a second, more theoretical investigation 
(7), will be presented in another publication. The 
latter investigation shows that the second mechanism 
for saturation in ZnS-type phosphors is excited state 
absorption. 

Fnaerimental 
The phosphors used in this study were preuared a t  

the GTE Chemical and Metallurgical Division, 
Towanda, Pennsylvania, by standard production tech- 
niques. The samples of (Zn,Cd)B:Cu,Al contained 8% 
CdS by weight before firing. Cu and A1 concentrations 
ranged from 27 to 1485 ppm. expressed as weight metal 
per weight of phosphor. The phosphors were settled 
onto tin oxide coated glass plaques using potassium 
silicate-barium acetate as binder. The plaques were 
not aluminized. Saturation measurements were car- 
ried out at  screen weights optimized for maximum 
brightness, determined indixridually for each sample. 

The dependence of phosphor efficiency on beam cur- 
rent densitv was measured bv an adaptation of the 
method of Gibbons et  al. (4). Figure 1 presents a 
schematic illustration of the apparatus. An electron 
gun produced a beam of 4 kV electrons, which was 
then accelerated to typically 20 kV by a postaccelera- 
tion cage, in which was mounted a rotatable sample 
holder with eight plaques. The whole apparatus was 
mounted in a stainless steel vacuum chamber, with 
fused quartz windows, that was capable of maintaining 
a pressure of 2 x 10-7 mm Hg. 

Light emitted by the phosphors was measured 
through the glass plaques by means of a microspot 

ACCELERATION 
CAGE: 16 kV MULTISAMPLE 

ELECTROSTATIC 
DEFLECTION 

MICROSPOT RAOIOMETER 

25 pm PINHOLE 

MIRROR FUSED OUARTZ 

Fig. 1. S c h e m a t i c  i l l u s t r a t i o n s  of o p p o r a t u s  u s e d  f o r  p u l s e d  s t a -  

t i o n a r y  s p o t  phosphor s a t u r a t i o n  measurements.  

radiometer. This device consists of an achromatic lens, 
a 25 pm diam pinhole set at  twice the focal length of 
the lens, and an RCA C31034 photomultiplier, which 
has essentially flat spectral response in the visible 
spectrum. When properly focused, the microspot 
radiometer views a spot of 25 pm diam; this is suffi- 
ciently smaller than the typically 1 mm electron beam 
spot diameter that one may consider the area viewed 
as being excited by essentially constant current density. 

Relative efficiency of phosphors was measured by 
alternately moving test samples and reference phos- 
phors into the path of the electron beam, keeping the 
beam and radiometer fixed. This departure from the 
method of Gibbons et al. (4), avoids possible changes 
in beam spot profile that might be caused by deflecting 
the beam (in our case, electrostatically). In each series 
of measurements, five test phosphors and three stan- 
dards were mounted in the apparatus. One of the stan- 
dards, red-emitting Y203:Eu3+, was used to deter- 
mine beam current density, as described in detail 
below. Test phosphor efficiency was measured relative 
to a second standard, green-emitting La202S: Tb3+. Al- 
though La202S: Tb3+ displays slightly sublinear re- 
sponse, its use as a reference was advantageous since 
its color and brightness are comparable to the test 
phosphors. A third standard, a reference sample of 
(Zn,Cd) S: Cu,Al, was included to check reproducibility. 

The measurements were made with a pulsed, station- 
ary beam. Pulses of from 0.25 to 2 psec duration from a 
Hewlett Packard Model 214A Pulse Generator were 
applied to the grid of the electron gun. Repetition 
rate was varied from 7 to 60 pps. In contrast to Gib- 
bons et al. (4), intensity measurements were always 
made at  the brightest part of the electron beam spot, 
and current density was varied by varying total beam 
current. In a typical run, each plaque was measured 
at  four different places at each current density to aver- 
age out small nonuniformities. Most samples were re- 
settled and measured in three separate runs. 

As mentioned above, the intensity of light emitted 
from Yz03:Eu3+ was used to obtain beam current 
density. It was first ascertained that this phosphor does 
not saturate under the conditions of this experiment. 
This was done by modifying the microspot radiom- 
eter to view the whole spot, rather than a small por- 
tion, by replacing the pinhole with a neutral density 
filter. The electron beam was then set to a relatively 
high current and the focus was varied; this changed 
the current density but not the total power delivered 
to the plaque. Thus a change in total light output was 
expected only for those phosphors that saturate. No 
change was noted with YzOs:EuS+. A decrease in light 
output amounting to a few percent was noted with 
LasOzS:Tbs+ when the beam was focused; as expected, 
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there was a sharp drop with the (Zn,Cd)S: Cu,Al phos- 
phors. 

Electron beam current density calibration was car- 
ried out as follows. To be determined was the calibra- 
tion constant K between current density J and micro- 
spot radiometer photomultiplier current I with the 
YzO3:Eu+3 plaque as target, related by J = KI. Since 
the total beam current i is equal to the integral of 
current density over the area of the plaque, the follow- 
ing equalities can be stated 

The total beam current i on the left-hand side of Eq. 
[I] was measured with a Pearson Electronics Model 
2100 current transformer, through which was passed 
the high voltage lead to the postacceleration cage; the 
latter acts as a Faraday cage. The integral for the 
right-hand side of Eq. [I] was determined by slowly 
scanning the beam in a 2 x 2 mm raster pattern of 20 
lines with 22 measured points per line. The resulting 
two-dimensional intensity profile was measured and 
stored in a Nicolet Model 1073 Signal Averager. The 
needed integral was computed numerically. An ex- 
ample of an intensity profile and its integral are pre- 
sented in Fig. 2. 

The linearity of response of the microspot radiometer 
system was assured by operating the photomultiplier 
at  average and peak currents low enough to prevent 
saturation. Linearity of response was also tested with 
neutral density filters. 

ACTIVATOR CONCENTRATIONS 
In -1 I 

Experimental Results and Discussion 
The first goal of this investigation was to ascertain 

the role of activator concentration on nonlinearity. 
Activator concentrations in phosphors for color TV 
tubes are usually chosen to yield maximum brightness 
at relatively low current density, corresponding to 
about 50 p A  beam current in a conventional tube. The 
resulting optimum concentration for (Zn,Cd) S: Cu,Al 
is typically 20-75 ppm for Cu, depending on the par- 
ticular measurement conditions of a given manufac- 
turer. Somewhat higher concentrations can be used, 
however, with little loss in low-current-density bright- 
ness. Since the activator-depletion model predicts that 
saturation should be alleviated by higher activator 
concentration, raising the activator concentration 
seems to be a reasonable approach. 

Figure 3 presents data on phosphor efficiency rela- 
tive to LazOzS: Tb3+ for five sets of Cu and Al concen- 

Fig. 2. Oscillograrn of photomultiplier response from spot radi- 
ometer during slow raster scan of Y&:EU"+ phosphor. Lower 
trace: photomultiplier response. Each "hump" represents one 
horizontal scan. Upper trace: integral of lower trace. 

CURRENT DENSITY l ~ l c m ~ )  

Fig. 3. Efficiency of (Zn,Cd)S:Cu,Al phosphors relative to 
LazOzS:Tb3+ vs. peak current density in pulsed stationary spot 
experiment with repetition rate = 60 pps and pulse duration = 
0.5 psec. 

trations. The measurements were carried out with a 
pulsed stationary spot of 0.5 psec duration, 60 pps 
repetition rate, and peak current density up to 0.12 
A/cmz. The ratio of Cu to Al concentration is constant 
for this set of phosphors. 

It is evident from Fig. 3 that there is significant 
saturation in this range of current densities and that 
activator concentration strongly affects both low-cur- 
rent-density efficiency and saturation behavior. The 
efficiency extrapolated to zero current density is high- 
est for the lowest activator concentration, and vice 
versa. Conversely, saturation is reduced with higher 
activator levels. 

I t  can be concluded that saturation behavior is at 
least in part an activator depletion effect, especially 
at very low activator concentration; increasing the Cu 
concentration from 27 to 74 ppm reduces the magni- 
tude of saturation substantially. However, further in- 
creases in Cu concentration yield much less improve- 
ment, showing that either another phenomenon is con- 
tributing or that some of the increased activator con- 
centration is inactive. Above 500 ppm, concentration 
quenching becomes severe. 

A second goal of this investigation was to charac- 
terize how the peak current density J,, dwell time r, 
and repetition frequency f contribute to saturation be- 
havior. These factors contribute to the average cur- 
density J,, according to 

Saturation effects are often reported as a function of 
J.,, but it seems obvious that phosphor efficiency 
might well depend separately on the factors that 
determine J,,. 

Figure 4 presents phosphor emission intensity us. 
repetition frequency for (Zn,Cd)S: Cu,Al, LazOzS: Tb3+, 
and Yz03:Eu3+. For all three phosphors, intensity is 
proportional to repetition frequency, even though the 
sulfide was being excited so strongly during the ex- 
periment that its efficiency was only 45% as great as its 
low-current-density value. That is, the efficiency is 
independent of repetition rate even when there is 
strong saturation. This was true over the whole avail- 
able range of current densities and dwell times. 

The pattern of the excitation could also be varied 
with little effect on efficiency. For example, nearly 
constant emission intensity from the sulfides was ob- 
tained with 60 single pulses/sec, 30 sets/sec of two 
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REPETITION RATE (pps) 

Fig. 4. Photomultiplier response vs. repetition rate in pulsed 
stationary spot experiment. 

pulses 63.5 psec apart (the NTSC horizontal scan 
period), and 15 sets/sec of four pulses 63.5 psec apart. 
This implies that the phenomena responsible for satu- 
ration in the sulfides recover in a TV horizontal scan 
period. One conclusion that can be drawn from this 
is that sample heating does not contribute to phosphor 
saturation under these conditions. The instantaneous 
temperature rise resulting from a pulse is 

where V is beam voltage, p is beam penetration depth, 
and C and d are phosphor heat capacity and density, 
respectively. For J ,  = 0.12 A/cm2, V = 20 kV, z = 0.5 
psec, and p = 3 pm, the temperature rise per pulse is 
aT N l0C, far too small to change phosphor efficiency. 
The lack of a repetition frequency effect implies that 
the time-averaged temperature rise is also insufficient 
to change phosphor efficiency. 

Figure 5 presents relative phosphor efficiency us. 
pulse duration and peak current density in an experi- 
ment in which the product J,z was held constant. It is 
apparent from Fig. 5 that the phosphor efficiency is 

n ~zn.cd)s:cu 156 ml. AI I I M  wml 

.- 12". Cdl S Cu. All 
1.2 

DWELL ' ' I ' =CONSTANT 
TIME 2 1 0 5  0.25.r 

Fig. 5. Efficiency of (Zn,Cd)S:Cu,Al phosphors relative to 
LazOzS:Tb3+ vs. peak current density in 60 pps pulsed stationary 
spot experiment Product of peak current and pulse duration was 
kept constant by adjustment of pulse duration with a vol~re cone- 
sponding to 1," = 5 pA/cm2. 

constant under these conditions, even though the em- 
ciencies are significantly reduced by saturation. These 
experiments were repeated for a variety of other ac- 
tivator concentrations and other values of the product 
J,r, with similar results. It is reasonable to conclude 
that the loss of efficiency due to saturation depends on 
the dose p of beam charge per unit area per pulse: 
p = J,t. Furthermore, since the maximum dwell time 
used in this experiment was 2 psec, it can also be con- 
cluded that the phenomena responsible for saturation 
do not recover significantly in times less than 2 psec. 

From the above results on pulsed stationary beam 
experiments, it is reasonable to suggest that when a 
phosphor is excited by a scanned electron beam (with 
dwell time 6 2  psec), the efficiency loss depends on the 
integrated dose of beam charge per unit area per scan 

Since the center of the beam may not pass over a 
given phosphor particle, a further average over the 
transverse dimensions of the beam spot is also neces- 
sary. 

These results can now be applied to a raster-scanned 
cathode ray tube. Let i be the beam current, D be the 
average beam diameter, t be the time for a horizontal 
scan, and H and V be the horizontal and vertical 
dimensions of the raster, respectively. Then the aver- 
age dose of beam charge per unit area per scan is 

For an elongated beam spot shape, the correct value of 
D to use in Eq. [5] is the spot dimension transverse to 
the beam scan direction. Thus beam current, spot size, 
and scan velocity affect phosphor saturation directly, 
not average current density. Let us choose typical 
values for a representative calculation: i = 1.2 mA, 
D = 1 mm, H = 40 cm, V = 30 cm, and t = 53.5 psec. 
These values yield J,., = i/HV = 1 pA/cmz for the 
time- and screen-averaged current density, and p = 16 
nC/cm2. This corresponds to J ,  = 32 mA/cm2 in our 
0.5 psec pulsed stationary spot experiment. Figure 6 
presents efficiencies of (Zn,Cd)S: Cu,A1 phosphors rela- 
tive to La202S: Tb3+ measured both at J ,  = 32 mA/cmz 
and extrapolated to J ,  = 0. It is evident that in con- 

Cu CONCENTRATION (wt ppm) 

Fig. 6. Efficiency of (Zn,Cd)S:Cu,Al phosphors relative to 
LazOzS:Tb3+ vs. Cu concentration, with [AI]/[Cu] = 1. 
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trast to the case at J, = 0, the response curve at J, = 
32 mA/cmz displays a maximum efficiency us. Cu con- 
centration occurring in the range 50-120 ppm. Mea- 
surements at  lower current density would shift the 
peak to lower concentration, and vice versa. Within 
the range of optimum concentrations for J, = 32 mA/ 
cmz, the average loss of efficiency due to saturation is 
20%. This is in satisfactory agreement with experience 
in raster scanned color TV tubes, in which a typical 
saturation loss at an average current density of 1 p A /  
cmz is 15%. 

Another variable affecting saturation behavior in 
CRT displays is anode potential. It is sometimes ob- 
served that color TV tubes exhibit greater phosphor 
saturation for a given beam current at  higher anode 
potentials. The experiments about to be described were 
aimed at determining whether this is due to phosphor- 
intrinsic properties or extraneous effects. I t  was first 
determined that the light output from YzO3:Eu3+ is 
proportional to anode potential in the range from 20 
to 30 kV. This made it possible to determine current 
density in the usual way with adjustment of the con- 
version factor K for anode potential. Measurements of 
relative efficiency us. current density for anode po- 
tentials of 20, 25, and 30 kV for one sample are pre- 
sented in Fig. 7. It is evident that, for this sample, 
saturation behavior depends solely on current density 
and not on anode potential. Similar measurements 
were made on three other samples whose Cu concen- 
trations ranged from 67 to 257 ppm, with similar re- 
sults and conclusions. It can therefore be concluded 
that the greater phosphor saturation observed in tubes 
operated at higher anode potentials is not phosphor- 
intrinsic, but is probably due to the smaller beam size 
at higher anode potential, which results in larger beam 
current density for the same beam current. 

The lack of dependence of phosphor saturation on 
anode potential is unexpected, and probably results 
from a compensation between two competing effects 
of increasing anode potential: increased incident en- 
ergy/unit area, but decreased energy/unit volume 
within the phosphor. The latter results from the super- 
linear dependence of electron penetration depth on 
beam energy. 

The efficiency data can be usefully summarized in 
an empirical formula 

where e(p,c) is the relative efficiency as a function of p 

(dose of beam charge/cmz)', c is activator concentra- 
tion, ro(c) is the relative efficiency extrapolated to 
p = 0, and ~ ( c )  is a parameter expressing the beam 
charge/cmQequired to reduce the efficiency by a fac- 
tor of d2T 

For any of the samples investigated, Eq. [6] repre- 
sents the dependence of efficiency on beam current 
density within 2%. The dependence of €0 on Cu con- 
centration is presented in Fig. 6; the variation of po 
with c is given in Fig. 8. While Eq. [ti] has no theo- 
retical basis, it is a useful formula in conjunction with 
Fig. 6 and 8 for determining the saturation perform- 
ance of a given phosphor, or for obtaining the optimum 
activator concentration for a given level of excitation. 

Note that, with one exception to be discussed below, 
the data on po us. Cu concentration are independent of 
A1 concentration, provided that the [Al]/[Cu] ratio is 
greater than unity, i.e., as long as the A1 content is 
great enough to guarantee that the dominant emission 
center is the Cu-green center. The single exception in 
Fig. 8 occurs for [Cu] = 27 ppm and [All = 200 ppm. 
This sample exhibited a significant shift from Cu- 
green emission to "self-activated" blue emission as 
current density was increased, so it is hardly surprising 
that its saturation behavior differs from samples that 
did not exhibit self-activated blue emission. 

Saturation under Photoexcitation 
Several measurements of relative efficiency us. ex- 

citation density were performed under photoexcitation, 
to yield insight into the mechanism of phosphor satura- 
tion. Excitation at 337 nm from a pulsed nitrogen laser 
lies at  the peak of the u.v. excitation spectrum for 
(Zn,Cd)S: Cu,Al, and creates free electrons and holes 
by band-to-band excitation. A pulsed dye laser operat- 
ing at  420 nm was also used. Light at  this wavelength 
is absorbed by promotion of electrons from Cu+ cen- 
ters to the conduction band yielding C U ~ +  centers 
and free electrons. Thus there are three distinct 
modes of excitation (including electron beam) to com- 
pare. Excitation density in the photoexcitation experi- 
ments was varied by insertion of neutral density filters 
in the light path; these filters were checked by also 
measuring the response of a lamp phosphor which was 
known to respond linearly. 

The comparison of saturation behavior induced by 
the three modes of excitation is presented in Fig. 9. 
The data shown here are for one sample, but are rep- 
resentative of samples with Cu concentration ranging 
from 27 to 1485 ppm. The obviously common satura- 
tion behavior for the three modes of excitation points 
toward a common mechanism. 

COPPER CONCENTRATION [Cu], (ppm) 

J ( A / ~ ~ I  Fig. 8. Dose of electron beam charge per pulse a t  20 kV re- 

Fig. 7. Relative efficiency ot (Zn,Cd)S:Cu,Al phosphor vs. cur- quired to reduce phosphor efficiency by a factor of d? vs. Cu 
rent density for three electron beam energies. concentration. 
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RELATIVE EXCITATION -ARBITRARY UNITS 

Fig. 9. Relative efficiency vs. relative excitation intensity in 
(Zn,Cd)S:Cu, A l  for electron beam excitation and photoexcitation 
a t  337 and 420 nm. Both ordinate and abscissa have been scaled 
for the three modes of excitation to facilitate illustrating the sim- 
ilarity of the shapes of the three curves. 

One mechanism for phosphor saturation that may be 
operative in Y203:Eu3+ is a quenching effect due to 
electric fields resulting from electron beam charging 
(8). The fact that apparently equivalent saturation is 
induced in (Zn,Cd)S:Cu,Al by u.v, and blue light and 
by electron beam excitation, reduces the possible im- 
portance of this effect for this material. 

Conclusion 
Loss of efficiency of (Zn,Cd) S: Cu,Al phosphors has 

been measured as electron beam current density is in- 
creased, and this saturation behavior has been charac- 
terized with respect to dependence on activator con- 
centration, repetition rate, pulse duration, and anode 
potential. Saturation is more severe at low Cu concen- 
tration (25-100 ppm) than at  medium concentration 
(100-500 pprn). This indicates that activator depletion 
is a mechanism for the sublinear response in these 
phosphors. A simple calculation ill. trates that this is 
reasonable: at  a dose of beam charge of 20 nC/cmz, the 
efficiency of a sample containing 27 pprn Cu is re- 
duced by 30%. Assuming that an electron-hole pair is 
created for each 10 eV of beam energy and that the 
beam penetration depth is 3 pm at 20 kV, the carrier 
density created by 20 nC/cm2 within a penetration 
depth i ~ 1 0 ~ s  cm-3. The Cu concentration of 27 pprn 
corresponds to a number density also of 1018 cm-3, so 
it is indeed reasonable that activator depletion would 
be appreciable under these conditions. 

However, the near absence of concentration depen- 
dence in the 100-500 pprn range and the fact that sam- 
ples in this range are only about twice as resistant to 
saturation as a 27 pprn sample indicates either that a 

second saturation mechanism is involved or that not 
all of the added Cu is effective in the luminescence 
process. There appears to be no corroborating evidence 
for the latter; for example, concentration quenching 
is not particularly severe in the 100-200 pprn range. 
Thus there is evidence that another mechanism is re- 
sponsible for the sublinear response of these phosphors 
at  other than very low activator concentrations. Other 
experiments reported here indicate that the other 
mechanism is not thermal or electric fleld quenching. 

These results show that saturation in (Zn,Cd)S: 
Cu,A1 phosphors can be improved somewhat by mod- 
erate increases in activator concentration. A clear un- 
derstanding of the second mechanism is necessary to 
judge if further improvements are possible. The second 
paper in this series, based on an earlier presentation 
(7). will show that this second mechanism is excited- 
state absorption: a combination of (i) reabsorption of 
emitted radiation by excited Cu centers (Cu+ centers 
that have captured holes to become C U ~ + )  and (ii) 
the analogous Forster-Dexter (9) process. 
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Luminescence of Rare Earth Activated Lutetium Oxyhalide Phosphors 
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ABSTRACT 

Lutetium oxychloride and oxybromide phosphors have been prepared using Tb3+, Tm3+, Ce3+, Sm3+, and Dy3+ 
activators. In general, luminescent characteristics are similar to those found for corresponding lanthanum oxyhalide 
phosphors. The stability of lutetium oxyhalides is markedly decreased apparently due to the effect of the lanthanide 
contraction phenomenon. Apparently for the same reason, emissions from the Tm3+ TP,, excited states occur about 10 
nm lower than those for corresponding lanthanum oxyhalide phosphor emissions. Tb3+, Tm3+, and Ce3+ activated 
phosphors are efficient under x-ray excitation and may have use in image intensifiers for high kilovolt peak applica- 
tions in medical radiography. Emissions from the Tm" 'Po have a broad-band character similiar to that found in 
La0Br:Tm phosphors. 

The luminescent properties of rare earth activated 
yttrium, lanthanum, and gadolinium oxyhalide phos- 
phors have been reported (1-6). LaOBr: Tb phosphors 
are efficient under ultraviolet (2), cathode-ray, and 
x-ray excitations (3). La0Br:Tm phosphors are effi- 
cient under cathode-ray and x-ray excitations and 
show broad-band type emissions at  300 and 370 nm 
(4) .  LaOBr phosphors activated with Ce3+ (5) and 
Dy3+ (6) are also relatively efficient under cathode- 
ray and x-ray emissions. In the process of filling the 
4f electronic shell in the lanthanide series, a large 
contraction of ionic radius occurs from La3f at  1.06A 
to Lu3+ at  0.85A. This so called lanthanide contraction 
affects the basicity and other chemical properties of the 
rare earth ions. I t  is the primary reason for reduced 
stability of lutetium oxyhalides as will be shown in 
this paper. A major 'purpose of this paper is to com- 
pare the luminescent properties of the new lutetium 
oxyhalide phosphors with corresponding lanthanum 
oxyhalides. Because of the cost of Lu2O3 at over six 
dollars per gram, a limited number of phosphor com- 
positions were studied. 

Experimental 
Sample preparation.-The desired amounts of the 

activator and lutetium oxide were first dissolved in 
nitric acid and then coprecipitated as oxalates. The 
mixed oxalates were fired back to appropriate mixed 
oxides at about 1000°C to obtain a highly dispersed 
activator. About log samples of each lutetium oxy- 
halide phosphor were prepared using a gaseous hy- 
drogen halide method previously described (9). Since 
lutetium oxyhalides are relatively unstable at  higher 
humidities, the phosphors were washed in methanol 
that contained stearic acid to impart hydrophobic 
moisture resistant phosphor surfaces. The phosphors 
were kept in air tight glass containers between mea- 
surements. 

Thermogravimetry (TGA) .-TGA analvses were 

disks were dried at  100°C before being placed in the 
demountable CR generator. The emission spectra 
shown in Fig. 3-9 were corrected for differences in 
photomultiplier sensitivities over the spectral range. 

Other measurements.-X-ray diffraction analyses 
were performed using a Diano apparatus. The dif- 
fraction patterns were compared to LaOBr and LaOCl 
patterns and to results reported in the literature 
(10, 11). Absolute densities were measured using the 
well-known pycnometer method. 

Output under x-ray excitations were measured on 
powder plaques using a special apparatus which con- 
tains a GE dental unit x-ray generator coupled to a 

30 

500 700 900 
OC 

Fig. 1. TGA curves for LuOCl and LuOBr between 400' 
1100°C run in dry air at 20°C per minute heating rates. 

and 

made using a du ~ o n t  950-1090 ~he rma l "  Analyzer. 
Sample sizes were 20 mg. Heating rates were 20°C per I I I I I I 
minute using a dry air atmosphere. The data in Fig. 1 
are reported as weight percent changes us. samale eo L U O B ~ -  

temperatures. I I 

' Electrochemical Society Active Member. 
Key words: lutetium oxyhalides, luminescence, preparation, Fig. 2 Reflectance curves for LuOBr and Lu0Br:O.O) Tb from 

characterization. 200 to 330 nm. 

Reflectance and emission spectra.-Reflectance spec- 
tra were obtained on powder plaques using a Cary 14 
spectrophotometer. CaFz powder was used as a refer- 
ence sample. The results in Fig. 2 are reported as per- 

w cent reflectance as a function of wavelength. The emis- 
sion spectra were also abtained using a Cary 14 ap- 
paratus that was coupled to a demountable cathode- 20 
ray apparatus or to a 254 mm excitation source as re- 
quired. The cathode-ray excitation energies were 10 

- LUOBI:.OSTD - ":-.) - 
- - 

kV and 10A. For these measurements the samples were I I I I I I 
220 240 260 280 300 320 

settled onto quartz disks placed in methanol. The A 
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photomultiplier and suitable readout devices. Relative 
readings were compared to LaOBr:O.OOZ Tb commer- 
cial phosphor whose output was set equal to 100. 

Results and Discussion 
During the preparation of lutetium oxyhalides, it 

was found that these compounds are much less stable 
compared to lanthanum oxyhalides. The relative in- 
stabilities of LuOCl and LuOBr are evident from the 
TGA results shown in Fig. 1. In dry air, the decompo- 
sition of LuOBr begins at  about 500°C and is complete 
by about 900°C with a weight loss of 27.5% that is 
nearly theoretical for the reaction 

2LuOBr + 1/2 0 2  + Luz03 + Bra 

In sharp contrast, under these conditions, LaOBr is 
stable to over 1000°C. The decomposition of LuOCl 
begins at  about 700°C and is complete at 1000°C. At 
room temperatures and relative humidity above 6O%, 
lutetium oxyhalides slowly decompose due to a reac- 
tion with condensed moisture according to the reaction 

The hydroscopic nature of LuBr3 accelerates this re- 
action. Apparently because of the decreased basicity of 
Lu compared to La due to the lanthanide contraction, 
the lutetium oxyhalides are much less stable. 

LuOCl and LuOBr were characterized by x-ray dif- 
fraction techniques that show similar patterns to 
LaOCl and LaOBr, respectively. According to Temple- 
ton et al. ( lo),  LuOCl does not crystallize into the 
PbFC1-type tetragonal structure found for LaOCl. 
Mayer et al. (11) found that LuOBr does crystallize 
into the PbFC1-tv~e structure. with mace erouu DA..~ 

so that more detailed aspects of these emissions can be 
observed. The complete spectra between 300 and 700 
nm showed no other unusual emission characteristics 
and are similar to emission spectra reported for the 
corresponding LaOCl phosphors. Assignments of 
transitions are not indicated in most cases since these 
correspond closely to those reported previously for 
LaOBr phosphors (1-6). The emission spectra, under 
CR excitation, for LuOBr: 0.002 Tb are shown in Fig. 3. 
54-7Fj emissions predominate in the ultraviolet-blue 
spectral region similar to those for LaOBr: O.OO2Tb (2).  
However, the 5D4-7F5 emissions at about 542 nm are 
more intense by a factor of 3 compared to LaOBr: 
0.002Tb. It appears that the quenching of the 5Dr7Fi 
emission occurs at  lower Tb concentrations compared 
to LaOBr: Tb phosphor. Possibly the quenching of the 
5D3 emissions due to the cross-relaxation process (12) 
is favored in LuOBr phosphors because Tb-Tb near 
neighbors are more likely to occur since the ionic radii 
of L u ~ +  and Tb3+ are more alike and Tb-Tb near 
neighbors should cause less crystal distortions. This 
quenching phenomenon is more clearly observed in 
LuOBr:O.O5Tb (Fig. 4) where only 5D4-7Fj emissions 
are detected while in the case of LaOBr: 0.05Tb signifi- 
cant 5D3-7Fj emissions are observed (3). The emission 
spectra of LuOCI: 0.05Tb are shown in Fig. 5. The "4- 

7Fg emissions a t  about 540-550 nm are more intense 

P4/nmm and wi& two molecules in the-unit celi. 
These structural differences between LuOCl and Z 
LuOBr may explain some of the differences in emis- 
sion characteristics. The measured absolute density of 2 
LuOBr is 7.1 in good agreement with the value cal- 5 
culated from lattice constants (11). The crystal habit E 
of both compounds is plate-like and the refractive in- 
dexes are greater than 2.1. 

To some extent optimum LaOBr phosphor composi- 
tions were used as guides to choose activator concen- 
trations for the lutetium oxyhalide systems. Some 
qualitative results on color and emission intensities are 400 440 480 nm 520 560 600 
listed in Table I. In general, the LuOBr phosphor have 
more intense emissions than the corresponding LuOCl Fig. 3. Emission spectra for LuOBr:0.002 Tb under CR excitation 
phosphors. Also, the emission colors and intensities are 
similar to the corresponding lanthanum oxyhalide 
phosphors. Figure 2 shows the diffuse reflectance 
spectra for LuOBr and LuOBr: 0.05Tb. The absorption 
edge is a t  about 240 nm for LuOBr and a t  about 265 
nm for LuOBr:O.O5Tb. Under 254 nm excitation, the 
absorption process involves the strong broad-band 
transition 4f-5d of Tba+ (1). ,-, - 

Spectral emissio; Eurves were obtained for several 
phosphors using CR and 254 nm excitations. These re- 
sults are presented in Fig. 3-9. Only selected regions 
of the emission spectra are shown for each phosphor 

Table I. Colors and emission intensities of various lutetium 
axyhalide phosphors 

Excitations and emissions* 

Phosphor 254 nm CR X-rag 

Green S 
Blue, h' 
Orange, M 

~ l u e ,  s 
Green, S 
Blue, W 
Blue, W 

Green S 
Blue k 
 lug M 
Orange S   ell ow'^ 
Blue, S' 
Green, S 
Blue, M 
Blue, M 

Green S 
Blue, b 
Blue, M 
Orange M 
~ e ~ l o w '  w 
Blue, S' 
Green, S 
Blue, W 
Blue, M 

S = strong, M = medium, W = weak emission. Fig. 4. Emission spectra for LuOBr:0.05 Tb under CR excitation 
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A ,nm 

Fig. 5. Emission spectra for LuOCI:0.05 Tb under CR excitation 

and show different crystal field splitting characteristics 
compared to LuOBr: O.05Tb emissions as might be ex- 
pected if LuOCl has a different crystal structure (10). 

The emission spectra for LuOBr:O.O05Ce are shown 
in Fig. 6 using CR and 254 nm excitations. Two distinct 
broad-band emissions occur at 403 and 432 nm corre- 
sponding to emissions to the doublet ground states, 
2F512 and ZF712, respectively. The 403 nm emissions are 
more intense under 254 nm excitation. By contrast, 
LaOBr: O.OO5Ce has a single emission peaking at  430 
nm with a half-intensity width of 70 nm (5). Figure 7 
shows the emission spectra for LuOBr:O.O05Sm using 
CR excitation. The dominant emissions occur at about 
605 nm and correspond to 4Fj12-6H712 transitions. Sig- 
nificant differences are observed when compared to the 
emissions of LaOBr: 0.005Sm. The emission spectra for 

5 

- 10 KV CR Ex. 

300 400 420 440 460 400 
nm 

Fig. 6. Emission spectra for LuOBr:0.005 Ce under CR and 254 
nm excitations. 

Fig. 7. Emission spectra for LuOBr~ .WS Sm under CR excitation 

Fig. 8. Emission spectra for LuOBraOO5 Dy under CR excitation 

LuOBr: 0.005Dy under CR excitation are shown in Fig. 
8. The principal emissions occur at  about 572 nm and 
are almost identical to those found for LaOBr: 0.005Dy 
(6). 

Figure 9 shows the emission spectra for LuOBr: 
0.005Tm under CR excitation. Of particular interest is 
the fact that the emissions at  357, 368, 388 nm from the 
highest excited states of Tm3f (3P levels) have signfi- 
cant broad-band character as compared to the 1G4-3Hs 
narrow-band emission at  460 nm typical of rare earth 
activators. Previous studies (4) on LaOBr: 0.005 Tm 
show this striking broad-band character even more 
clearly using high resolution spectrophotometry. Sig- 
nificantly these emissions from the 3Pj levels are about 
10 nm lower compared to those found in LaOBr: 
0.005Tm. Studies are in progress to better define these 
interesting differences in emission spectra and the 
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Fig. 9. Emission spectra for LuOBr:0.005 T m  under CR excitation 

causes for broadening of the emissions from the high- 
est excited states of Tm3++. 

Since Lu0Br:Tb phosphors are efficient under 254 
excitation, emission colors and relative quantum effi- 
ciencies were measured for several phosphors. These 
results are presented in Table I1 and are compared to 
LaOBr: 0.05Tb. In general the emission colors are sim- 
ilar to LaOBr: O.05Tb. LuOBr: O.05Tb has a greener 
emission color as would be expected from the spectra 
shown in Fig. 5. The relative quantum efficiencies are 
quite high. 

The relative outputs and emission colors were mea- 
sured for several phosphors using 90 kV peak x-ray 
excitation. These results are listed in Table 111. The 
emission intensities were compared to those for 
LaOBr:O.O02 Tb set equal to 100. Based on a conver- 
sion efficiency of La0Br:Tb of about 18-20% (13), the 
relative energy efficiencies of LuOBr:Tm, LuOBr:Tb, 
and Lu0Br:Ce phosphors exceed 10%. These phos- 
phors may have application in image intensifiers for 
use in medical radiography where high kV peak x- 
rays are required and where high phosphor costs are 
not important. A comparison of color points for 

Table II. Emission colors and relative quantum efficiencies of 
terbium-activated lutetium oxyhalides under 254 nrn excitation 

Color 

Phosphor Rel. QE z Y 

LaOBr:O.OSTb 85% 0.316 
LuOBr:O.O5Tb 

0.503 
92% 0.313 0.543 

Luo sLao.sOBr:O.O5Tb 89% 0.327 0.524 
LuOC1:O.OSTb 84% 0.246 0.662 

Table Ill. Relative brightness and emission colors of various 
lutetium oxyhalide phosphors under 90 kV peak x-ray excitotion 

(LaOBr:O.WZTb = 100) 

Color 
Re1 x-ray 

Phosphor output x 21 

LuOBr:O.O5Tb under 254 nm (Table 11) and x-ray 
(Table 111) excitations indicates a significant differ- 
ence in X-coordinates. Possibly the 5D4-7F4 and 5D4-7F:1 
emissions have higher intensities under x-ray excita- 
tions thus contributing to a color shift. 

Summary 
The lanthanide contraction occurring between La 

and Lu affects both chemical stability and luminescent 
properties of lutetium oxyhalide phosphors. Lutetium 
oxyhalides are less stable at  higher temperatures and 
are more readily hydrolyzed by water compared to 
lanthanum oxyhalides. In general LuOBr phosphors 
have more intense emissions compared to LuOCl phos- 
phors. Quenching of the 5Ds-7F4 emissions occurs at 
lower Tb3+ concentrations in lutetium oxyhalide phos- 
phors apparently due to a greater tendency for forma- 
tion of Tb-Tb near neighbor associated pairs increas- 
ing the probability for a cross-relaxation process to 
occur. As in the case of La0Br:Tm phosphors, emis- 
sions from the 3Pj levels of Lu0Br:Tm have signifi- 
cant broad-band character even under high resolution 
spectrophotometry. Further, these emissions have un- 
expectedly shifted to lower wavelengths by about 10 
nm. In general, other luminescent properties are simi- 
lar to those found for lanthanum oxyhalide phosphors. 

Terbium-activated lutetium oxybromides and oxy- 
chloride phosphors are efficient under 254 nm excita- 
tions. Under x-ray excitations LuOBr:Tb, LuOBr:Tm, 
and Lu0Br:Ce phosphors have energy efficiencies in 
excess of 10%. Potential applications for these phos- 
phor are in image intensifiers for use in medical ra- 
diography where high kilovolt x-rays are required. 
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The Influence of Intermittent Growth Procedures on Dislocation 

Densities in InP Epi-Layers 
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Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The influence of intermittent growth procedures on dislocation densities in iso-epitaxial layers, grown on highly 
dislocated (001) 1nP substrates by LPE, has been assessed using etch pitting. It is observed that the incorporation of 
an isothermal hold in the growth sequence reduces the density of dislocations in the epl-layer. The major reduction 
occurs during growth following the isothermal arrest. However, the interrupted growth schemes involving partial 
melt-back of an epi-layer as well as melt-back followed by an isothermal hold are not effective in reducing the 
dislocation density. 

It is generally agreed that the performance, reliabil- 
ity, and degradation behavior of opto-electronic de- 
vices are affected by the presence of dislocations (1-7). 
Olsen (2) has investigated the influence of interfacial 
lattice mismatch on 111-V compounds on device per- 
formance. It is found that the increased mismatch has 
deleterious effects on the electro-optical properties of 
transmission photocathode and transmission secondary 
electron multipliers. Furthermore, that dislocations 
play an important role in the degradation behavior of 
(Ga,Al)As/GaAs DH lasers is well documented (3-5). 
A consensus has emerged that dark line defects (DLD's) 
observed in degraded regions originate from existing 
dislocations. DLD's oriented along the <110> directions 
may evolve by the glide of threading dislocations, 
whereas the growth of <loo> DLD's could occur by 
glide and climb. In addition, the recent work on opti- 
cally degraded InGaAsP epi-layers indicates that non- 
luminescent regions, as revealed by spatially resolved 
photoluminescence, contain dislocation networks (6). 
These clusters also appear to form by the glide of 
threading and inclusion-generated dislocations. More 
recently, Dutt et al. (7) have shown that dislocations 
and stacking faults have a marked effect on the per- 
formance of (Ga,Al)As/GaAs DH LED'S. 

It is apparent from above that to enhance the per- 
formance and device reliability, it is desirable to reduce 
the density of threading dislocations in epi-layers. Sev- 
eral attempts have been made to achieve this objective 
in the past (8-13). They can be broadly grouped into 
two categories: growth schemes involving either the 
imposition of a stress (8-12) or intermittent growth 
procedures (13). Using the latter approach, Saul (13) 
has achieved a drastic reduction in dislocation density 
in Gap epi-layers. In the present shdy,  we have evalu- 
ated, using etch pitting, the influence of different 
growth procedures on the dislocation density of homo- 
epitaxial layers grown on InP substrates by LPE. 
These results constitute the present paper. 

Experimental Details 
These studies were carried out on highly dislocated 

( p  > 105 cm-q), (100) oriented InP substrates doped 
with S ( n  -- 1 x 1019 cm-3). Prior to the epitaxial 
growth by LPE, substrates were polished with 0.5% Br- 
methanol solution to an optically smooth finish. Source- 
piece protection and a shallow In melt-back were in- 
corporated in the growth sequence to eliminate the 
deleterious effects of thermal decomposition of the sub- 
strate (14). Three different growth cycles, schemati- 
cally illustrated in Fig. 1, were empbyed in the present 
experiments. In cycle A, epi-growth was initiated at  
700°C and the resulting homoepitaxial layer was iso- 
thermally aged for 2 hr at 660°C in contact with the 
melt from which it was grown. To assess whether or 

* Electrochemical Society Active Member. 
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not the growth of an epi-layer after the isothermal 
hold is essential to discern the effects of aging on dis- 
location density, one wafer was aged for 2 hr at 640°C 
in contact with the melt and was then withdrawn from 
the furnace without subsequent cooling. In cycle B, 
an epi-layer was partially back-melted by raising the 
temperature from 660" to 670°C and then an additional 
thickness was grown on the back-melted surface. In 
cycle C, A and B were combined with B preceding A. 

The Huber etch (15) has been shown to reliably de- 
lineate all of the macrostructural features in InP (16). 
Consequently, the spatial distribution of dislocations in 
epi-layers was assessed using this etchant and Nomar- 
ski interference contrast microscopy. To evaluate the 
variation in dislocation density with depth, material 
was removed in a controlled manner in a 1.5% Br- 
methanol solution in which the removal rate has been 
measured to be -6.75 pm/min. After a dip in Br-meth- 
an01 solution for a specified period, samples were Huber 

- CYCLE A -.-.- ---- CYCLE B 
CYCLE C 

620 I I I I 
0 i 2 3 4 5 

T I M E  (hours) 
Fig. 1. Schematic representation of intermittent growth pro- 

cedures used for growth of LPE layers. Heating and cooling rates 
were 0.7"C/min. 
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etched. This procedure was repeated several times de- 
pending upon the intermittent growth procedure used. 

Results 
Shown in Fig. 2 is a typical example of etch pit dis- 

tribution observed on the (001) surface of the as-grown 
crystal at low magnification. A distinctive feature of 
this micrograph is the clustering of pits into bands that 
lie along the <110> directions. It is inferred that these 
bands are due to slip and must be caused by thermal 
gradient-induced stresses that exist during crystal 
growth. Furthermore, the dislocation density in these 
substrates averages between -2-7 x 105 cm2. 

Figures 3(a)  and (b) show schematically the spatial 
distribution of dislocations in samples that have under- 
gone cycle A and "modified" cycle A, respectively. The 
latter refers to the isothermal aging experiment in 
which a layer was not grown after the hold. It is clear 
from Fig. 3(a) that a slight reduction in dislocation 
density, i.e., -15%, occurs during the epi-growth that 
precedes the isothermal hold. A similar decrease in dis- 
location density is observed in Fig. 3(b). However, if an 
epi-layer is grown after the pause, dislocation density 
is further reduced, leading to an overall reduction of 
-42% with respect to the underlying substrate. 

Figilre 4(a)  shows a weakly developed slip band in 
an epi-layer which has been subjected to cycle A. The 
layer that was grown after the isothermal hold was 
removed prior to etching. Figure 4(b) depicts a well- 
delineated slip band in the adjoining region of the sub- 
strate on which an epi-layer was not grown. In com- 
paring Fig. 4(a) and (b) it is apparent that the distri- 
butions of dislocations within the slip bands are mark- 
edly different in the two cases. It appears from these 
observations that dislocations may undergo rearrange- 
ment, annihilate each other, and form closed loops 
during the epi-growth. 

The variations in dislocation density with depth ob- 
served in samples subjected to cycles B and C are 
schematically illustrated in Fig. 5 (a)  and (b),  respec- 
tively. Again, a progressive reduction in dislocation 
density during the epi-growth is seen. However, the 
dislocation density appears to increase when layers are 

Fig. 4. Micrographs comparing the arrangement of dislocations 
within slip bands in (a) epi-layer and (b) the adjoining region of 
the substrate. 

grown either after the melt-back or after the melt- 
back and isothermal hold. 

Queisser (17) has suggested that the migration of 
surface ledges across the substrate dislocations could 
reorient them in epi-layers. He envisages that in some 
situations imperfections could be oriented parallel to 
the epi-substrate interface, and this could lead to re- 
duced dislocation density in epi-layers. To assess 
whether or not this occurs during the epi-growth, 
thin homoepitaxial layers, 2 pm thick, were grown on 
back-melted InP: Sn substrates, and the distribution of 
dislocations in the epi-layer was correlated with that 
of the underlying substrate by etch pittirig. Illustrated 
in Fig. 6(a) is an etch pit pattern observed on an 
epitaxial layer. Figure 6(b)  shows the same area as in 
Fig. 6(a) except that the layer has been removed using 
a Br-methanol solution. Comparing the patterns ob- 
served in Fig. 6(a) and (b) (see the area marked A ) ,  it 
is clear that in the majority of cases there is one-to-one 
replication of imperfections during the epitaxial growth 
of thin layers. Furthermore, even though the etch pit 
patterns in Fig. 6(a)  a n d  (b) are essentially identical, 
the separation between the corresponding pits in these 
two micrographs is not the same. This effect must be 
due to the fact that dislocations in the substrate are 
not oriented normal to the (001) plane. 

Discussion 
Several interesting observations emerge from the 

preceding study. First, if the dislocation density in sub- 
strates is moderately high (-2-7 x l o 5  cm-2) and 
some of the dislocations are clustered into slip bands, a 
progressive reduction in dislocation density is observed 
during the eai-growth. Second, it is clear from Fig. 3(a) 
and (b) that an epi-layer must be grown after an iso- 
thermal hold to effect a further reduction in disloca- 
tion density. Third, cycles B and C are not effective in 
reducing the number of dislocations in iso-epitaxial 
layers. Fourth, there is essentially one-to-one replica- 

Fig, *, Typical dislocation etch pit distribution observed on a 
tion of imperfections during iso-epitaxy and disloca- 

(001) InP:S substrate, The marker represents 0.1 mm. tions in epi-layers do not appear to be oriented parallel 
to the e~i-substrate interface. 

The moderate decrease in dislocation density ob- 
served during the epi-growth as well as the effective- 

7 4 2  X 104crn-2 
ISOTHERMAL 

9 , q 1 1  

0 8  X 1 0 5 ~ m - 2 ~ o L D  
ness of cycle A in reducing dislocations can be com- 
prehended as follows. Consider a possibility where two 

1 19X105cm-2 2 0 9  x 1o5cm-2 edge dislocations having opposite Burgers vectors are 
tzpm START OF close to each other in the substrate, Fig. 7 (a). This situ- 

EPI GROWTH , 27X105Cm.2 SUBSTRATE ation is l~kely to exist within slip bands that consist of 

( 0 )  
positive and negative dislocations. When an epi-layer is 

(bl grown, the two dislocations could come together to 
Fig. 3. Schematic representation of variations in dislo:ation form a closed loop as schematically shown in Fig. 7(b). 

density w ~ t h  depth: the samples underwent (a)  cycle A and (b) The formation of closed loops would be facilitated by 
isothermal hold but no growth ofter the hold. glide and climb. Both of these processes could be af- 
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Fig. 5. Schematic representa- 
tion of variations in dislocation 
density with depth: the samples 
underwent (a) cycle B and (b) 
cycle C. 

Fig. 6. Etch pit pattern observed on (a) a 2 am thick, epitaxial 
layer and (b) the underlying InP:Sn substrote. Compare etch pit 
patterns around areas marked A in both micrographs. 

fected by the attractive elastic interactions that occur 
between dislocations'.of opposite signs. Furthermore, 
it is implicit in the preceding discussion that the rear- 
rangement of dislocations occurs within the slip band 
only during the epi-growth. This suggestion is con- 
sistent with the observations of Fig. 4. 

It is visualized that the incorporation of an isothermal 
hold during growth would allow more time for glide 
and climb to occur. In addition, as suggested by Saul 
(13), the climb kinetics should be enhanced because 
of the influx of point defects from the melt into the epi- 
layer. This suggestion is borne out by the recent work 
of Small et al. (18) on the diffusion of A1 into GaAs. 
They have obssrved that when GaAs epi-layers are in 
contact with a Ga-Al-As melt, A1 diffuses considerably 
faster into GaAs epi-layers. It is therefore envisaged 
that two fairly well separated dislocations having oppo- 
site Burgers vectors could come close to each other by 
glide and climb. During the subsequent epi-growth, dis- 

Fig. 7. Schematic illustrating 
the formation of a closed loop 
from two edge dislocations of 
different Burgers vectors: (a) 
two edge dislocations within the 
substrate and (b) after they have 
come together within the epi- 
layer to form a closed loop. This 
process is facilitated by glide 
and climb. 

START OF 

(b) 

locations could come together to form a closed loop as 
envisaged in Fig. 7 (b). 

Figure 6(a)  shows the typical terrace morphology 
observed in the present investigation. Pak et al. (19) 
have seen similar morphologies in LPE grown InP. Fur- 
thermore, the layer growth probably occurs by the 
lateral movement of these terraces. Since the substrate 
dislocations do not appear to undergo terrace-induced 
reorientation in the epi-layer as envisaged by Queisser 
(171, it is unlikely that this mechanism is responsible 
for the reduction in dislocation density observed during 
cycle A. 

I t  is tempting to speculate on the lower limit of dis- 
location density for cycle A to be effective. It can be 
seen from Fig. 3 that an isothermal hold is effective in 
reducing the dislocation density from -lo5 cm-2 to 7.4 
x 104 cm-2. It is envisaged that a dislocation density of 
-105 cm-2 may represent the lower limit. Assuming 
that these dislocations are homogeneously distributed, 
the interdislocation spacing would be -30 rm. Since 
both climb and glide are assumed to be involved in the 
formation of closed loops and since the attractive force 
between dislocations of opposite Burgers vectors varies 
inversely as a function of the separation, a distance of 
greater than -30 pm would be difficult to bridge in a 
reasonable amount of time. 

It has been demonstrated in Fig. 6 that when a thin 
epi-layer is grown on the back-melted, polished sub- 
strate, dislocation densities in the epi-layer and the 
substrate are comparable. On the other hand, a slight 
increase in dislocation density is observed in epi-layers 
grown on samples that have undergone cycles B and C. 
To trace the origin of these differences, surface-mor- 
pho!ogies of back-melted InP substrates and epi-layers 
were examined, and these results are reproduced as 
Fig. 8. It appears that the back-melting of polished sub- 
strates produces roughness on a very fine scale [Fig. 
8 (a)], whereas the characteristic terrace morphology of 
epi-layers is retained after the melt-back [Fig. 8(b)I.  

SUBSTRATE 

(a 

EPI -LAYER 

DISLOCATION 
L0,OP 

I 

I 
I 
I 
I 
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Fig. 8. Typical surface morphologies observed on (a)  a back- 
melted InP substrate, and ( b )  a back-melted epi-layer. The marker 
represents 1.0 mm. 
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ABSTRACT 

An analytic model for the growth kinetics of silicon thermal nitridation has been developed, in which the nitrogen 
radicals diffused across the as-grown thermal silicon nitride layer have been characterized by a characteristic diffusion 
length. It has been shown that the direct thermal nitridation of silicon in ammonia gas or nitrogen gas is similar to the 
silicon oxidation in oxygen or steam when the characteristic diffusion length of the nitrogen radicals is much larger 
than the as-grown silicon nitride layer. However, when the thickness of the as-grown silicon nitride film is larger than 
the characteristic diffusion length of the nitrogen radicals, the thickness of the as-grown silicon nitride film tends to 
saturate. The self-limiting growth has been verified to be the "logarithmic" relation of the developed model, and the 
activation energy of the quasi-saturation thickness has been shown to be the activation energy of the characteristic 
diffusion length. Based on comparisons between the experimental data and the developed model, the characteristic 
diffusion length has been shown to be very short and has been estimated to be smaller than 10A for nitridation 
temperature below 1200"C, and its activation energy has been estimated to be of 0.181 eV. Moreover, the linear growth 
rate constant and the parabolic growth rate constant of the as-grown thermal nitride films have been estimated to be of 
1.286 and 1.546 eV, respectively, which are smaller than those of the silicon oxidation in dry oxygen or steam ambient. 
In addition, it has been shown that the linear growth rate constant of the thermal nitridation using ammonia gas is 
larger than that of the thermal oxidation using dry oxygen or steam ambient, which predicts that the surface-limited 
reaction of the silicon surface in ammonia gas is faster than that in dry oxygen or steam ambient. 

Silicon nitride films, which exhibit high structure 
density, high dielectric constant, good electrical prop- 
erties, and strong inertness toward chemicals, have 
been widely used in semiconductor devices and inte- 
grated circuit fabrications. However, high quality sili- 
con nitride films have been prepared by expensive 
methods such as chemical vapor deposition (CVD) or 
plasma deposition. In  modern silicon technologies, 

Electrochemical Society Active Member. 
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thicker silicon diode films (>1000A) with satisfactory 
quality and precise thickness can be easily obtained 
by the direct thermal oxidation of the silicon surface. 
However, thin silicon dioxide films (<50OA) with high 
quality and reproducible properties have become a 
challenge for the present technique. Before 1976, much 
effort was made to prepare the s i l i ~ n  nitride films by 
using the reaction of the silicon surface in nitrogen 
ambient; however, no continuous nitride films had 
been obtained (1-5). Until 1978, Fujitsu Laboratories 
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Limited (6) had reported that continuous and uniform 
silicon nitride films could be obtained by the direct ni- 
tridation of the silicon surface in nitrogen or ammonia 
ambient. Later, thermally grown silicon nitride films 
for the gate insulator of the IGFET devices had been 
successfully fabricated (7), and the dielectric constant 
of the as-grown films was shown to be about 30% 
larger that that of the silicon dioxide films. Moreover, 
it had been shown that low surface state density and 
high electron mobility could be obtained for an n- 
channel MOSFET. I t  is believed that thermally grown 
silicon nitride films will be the important materials for 
device applications, especially for the gate insulator of 
future submicron MOS devices. However, no detailed 
reports on the growth kinetics of the as-grown thermal 
nitride films have been given. It has been shown (5, 
6, 8) that the thermal nitridation of the silicon surface 
was quite different from the thermal oxidation of the 
silicon surface. In the case of thermal oxidation the 
growth kinetics can always be described by the ex- 
pression, XO2 $- AXo = B ( t  $- r), where X, is the oxide 
thickness, t is the oxidation time, r is the initial oxide 
thickness, and A and B are the growth rate constants. 
The major difference between the thermal nitridation 
and the thermal oxidation is that the as-grown thermal 
nitride films have higher structure density, so "self- 
limiting" growth can easily occur for the thermal nitri- 
dation of the silicon surface in nitrogen or ammonia 
ambient. Although the growth kinetics of the as-grown 
thermal nitride films are not yet clear, this self-limiting 
growth property does become a unique advantage for 
some semiconductor devices in which thin insulator 
films with high quality and precise thickness are 
needed. 

In this paper an analytical model for the thermal 
nitridation of the silicon surface has been developed 
to interpret the growth kinetics of the as-grown ther- 
mal nitride films at  different nitridation temperature. 
Experimental results of the as-grown thermal nitride 
films using ammonia gas for nitridation temperature 
from 700" to 1200°C are given and compared with the 
developed model. Based on comparisons between the 
experimental results and the developed model, the 
growth rate constants and characteristic parameters 
of the thermal nitridation in ammonia gas have been 
first deduced. Moreover, discussions and conclusions are 
given. 

Growth Kinetics Model 
There are three basic steps for the thermal nitrida- 

tion of the silicon surface. These steps can be easily 
understood from Fig. 1. First, the nitridant species must 
be transported from the bulk of the ammonia gas to 
the thermal nitride-gas interface. Second, the nitridant 
species diffuse across the thermal nitride film. Third, 
the nitridant species react with the silicon surface. 
According to Fig. 1, the three fluxes corresponding to 

Gas Si3N4 Si '- - - - - - - - G 
( F$ 

Fig. 1. Growth kinetics diogrom of the thermal nitridation 

each step must be equal at  each boundary. In region 
(I) ,  the nitridant flux F1 can be expressed by (7) 

where Cc is the concentration of the nitridant species 
in the ammonia ambient, Cs is the concentration of the 
nitridant species at the thermal nitride-gas interface, 
and hc is the mass-transfer coefficient. 

If we assume that Henry's law is valid, then the con- 
centration at  the outer surface of the thermal nitride 
Co is proportional to the partial pressure of the ni- 
tridant species next to the thermal nitride surface Ps, 
i.e., Co = HPs, where H is the Henry law constant. 
In addition, if we assume the equilibrium concentra- 
tion of the nitridant species in the bulk of the ammonia 
gas to be CU, then C* can be related to the partial 
pressure of the nitridant species Pc by C* = HPc. Ac- 
cording to the ideal gas law, Cc = Pc/keT and Cs = 
Ps/keT, we may then rewrite Eq. 111 as 

where h is the gas phase mass-transfer coefficient in 
terms of concentrations in the solid, which is given by 
h = hc/Hk~T. 

In region 111, the reaction rate at  the nitride-silicon 
interface, which is proportional to the concentration of 
the nitridant species at  the interface CI, can be ex- 
pressed by 

F3 = k3 CI 131 

where k, is the chemical surface-reaction rate constant 
for thermal nitridation. 

In region 11, the flux of the nitridant species can be 
assumed to be a diffusive flux, and is expressed as 

where DN is the diffusivity of the nitridant species in 
the thermal nitride film. 

According to the continuity equation, we define a 
characteristic time constant TN for the nitridant species 
across the thermal nitride. We may then write the 
continuity equation as 

For steady state, the diffusion equation for the nitri- 
dant species across the thermal nitride film can be 
written as 

where LN = (DNTN) 'h is the characteristic diffusion 
length for the nitridant species across the thermal ni- 
tride film. 

Using the boundary conditions at x = 0 and X,, i.e., 
C(0) = Co and C(X,) = CL Eq. 161 can be easily 
solved. The result is 

CI sinh (e) + CO sin. (E) 
LN 

C(X) = 171 

sinh (2) 
Since the flux must be continuous at  each boundary, 

i.e., FI = Fz(x = O ) ,  Fg = F2(X = X.) = 
dC(x) 1 , the concentration of the ni- -DN - 

dX 1z=z0 
tridant species at  the thermal nitride-silicon inter- 
face can be expressed in terms of C*. The result is 
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The flux of the nitridant species reaching the thermal 
nitride-sillcon interface is given by 

where N1 is the number of the nitridant species in- 
corporated into a unit volume of the thermal nitride. 

Solving Eq. L9J and assuming X, = 0 for t = 0 we 
obtain 

LNA sinh (2) + ZLN'[ c o s h ( 2 )  - 1 1  = ~t 

[I01 
where A and B are separately defined as 

Note that Eq. [lo] can be used to calculate X, in 
terms oft ,  and the result is 

The growth rate of the thermal nitride is then written 
as 

There are two extreme cases that deserve further 
discussion. In the case of X, << LN, Eq. [lo] can be 
simplified to 

Xoz + AX, = Bt 1151 

where sinh(X,/L~) ez XJLN and cosh(X,/L~) s 1 - 
Yz (X,/LN)~ are used in Eq. 1101 to obtain Eq. 1151. 

From Eq. [I51 it is clearly seen that when X, is very 
small and Xo << LN, the surface reaction growth will 
be dominant, which is the same as the conventional oxi- 
dation of the silicon surface. In this case, the constants 
A and B can be reduced to the conventional expres- 
sions, i . e ,  

Similarly, two distinguished regions can also be 
classified. From Eq. 1151, when Xo << A, we may ob- 

B B 
tain X, = - t where - is referred to be the linear 

A A 
rate constant; when X, >> A, we obtain X, = (Bt) % 
where B is the parabolic rate constant. Note that Eq. 
1151 is valid when the condition X, << LN is satisfied, 
so the parabolic relationship may not exist if the diffu- 
sion length is very short. 

In the case of Xo >> LN, Eq. [lo] or Eq. El31 can 
be sim~lilied to 

The growth rate in this case can be written as 

It is clearly seen that the growth rate in this region 
is very small when the nitridation time is long and 
the diffusion length of the nitridant species across the 
thermal nitride layer is short. This region is called the 
"logarithmic region!' Due to higher structure density 
of the as-grown thermal nitride films, the character- 
istic diffusion length is very small, so the logarithmic 
relationship can be easily accomplished for shorter ni- 
tridation time. That is why thermal nitridation has the 
property of ''self-limiting" growth. Moreover, based on 
Eq. [19], the characteristic diffusion length of the ni- 
tridant species across the thermal nitride film can be 
deduced. 

A typical plot of Eq. I131 is shown in Fig. 2 for 
reference. It is clear that A, B, and LN can be deduced 
by matching Eq. 1131 and the experimental data if 
three regions can be clearly classified. 

Experimental Results and Discussion 
Silicon p-type <loo> oriented wafers were used as 

the starting materials. After degreasing in an organic 
solvent such as ACE and TCE, the wafers were boiled 
in sulfuric and nitric acids. Before loading into the 
quartz tube, the cleaned wafers were dipped into buf- 
fered hydrofluoric acid for 1 min in order to remove the 
native oxide on the silicon surface, and then were 
rinsed in deionized water. The wafers were kept dry 
using a nitrogen gun, and immediately loaded into the 
prepurged quartz tube for nitridation. During the ni- 
tridation. the flow rate of ammonia gas was kept at  

I - 
NITRIMTDN TIME, t 

Fig. 2. Typical nitridation time dependence of the as-grown 
thermal nitride film thickness. 
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80 - THEORY . EXPERIMENTS 1 

NITRIDATION TIME ( h r )  

Fig. 3. Comparisons between the growth rate data ot the as- 
gmwn thermal nitride films and the theoretical model. 

about 400 cms/min., The thickness of the fabricated 
thermal nitride films were measured by an ellipsometer. 
Figure 3 shows the thickness of the as-grown thermal 
nitride films as a function of nitridation time in ammo- 
nia gas for nitridation temperature from 700' to 1200°C, 
which indicates an initial rapid growth followed by an 
inhibited growth. Comparisons between the experi- 
mental data and the developed model are also shown in 
Fig. 3 and the parameters used are listed in Table I. It 
is clearly seen that good agreement between the experi- 
mental results and the theoretical calculations is ob- 
tained. Moreover, the characteristic diffusion length of 
the nitridant species across the thermal nitride film is 
shown to be smaller than 10A for the nitridation tem- 
perature below 1200°C. Figure 4 shows the linear rate 
constant B/A as a function of the inverse temperature, 
which gives the activation energy of about 1.286 eV. 
Note that the activation energy of the linear rate con- 
stant for the thermal nitridation is much smaller than 
that of the thermal oxidation (E. = 2.0 eV for dry Oz 
oxidation). The main reason for smaller activation en- 
ergy during the initial nitridation is mainly due to slow 
surface reaction between the nitridant species and the 
silicon surface. Similarly, the parabolic rate constant 
B as a function of the inverse temperature is shown 
in Fig. 5, in which the activation energy is estimated to 
be about 1.546 eV. Figure 6 shows the characteristic dif- 
fusion length as a function of the inverse temperature 
which gives the activation energy of about 0.181 eV. It 
is clearly visualized that the logarithmic region of the 
thermal nitride growth is mainly due to the limited dif- 
fusion of the nitridant species across the thermal nitride 

Table I. The characteristic parameters used to calculate the 
theoretical curves shown i n  Fig. 3 

film rather than due to the surface reaction between 
the nitridant species and the silicon surface. From the 

d & "  0.8 " 0.9 . ' '  1.0 1.1 
INVERSE TEMPER4TUFE,1000/T ( O K ~  ) 

NOT" 

Fig. 4. The measured linear growth rate constant of the as- 
grown thermal nitride films as a function of the inverse tempera- 
ture. 
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Fig. 5. The measured parabolic growth rate constant of the as- 

gmwn thermal nitride films as a function of the inverse tempero- 
ture. 
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B/i\ I v / h r l  

168.1 

69.94 

15.4  

16.81 

11.16 

1.11 

2.01 
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4 . 6 7 1  

4.112 
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1.071 

1 .454 

1 I I 
0.65 0.7 a75 as 0.85 0.9 ass to  105 
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Fig. 6. The measured characteristic diffusion length of the 
nitridant species across the as-grown thermal nitride films as a 
function of the inverse temperature. 
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estimated activation energy, we may conclude that the 
reaction between the silicon wafer and the ammonia gas 
is slow and the as-grown thermal nitride films do have 
higher structure density than that of the thermally 
grown silicon dioxide. 

Conclusions 
An analytical model for the growth kinetics of silicon 

thermal nitridation has been developed and compared 
to the experimental data. The characteristic parameters 
of silicon nitridation in ammonia gas, such as the linear 
rate constant, the parabolic rate constant, and the dif- 
fusion length of the nitridant species across the thermal 
nitride film, have been deduced and characterized. I t  
has been shown that the diffusion length of the nitri- 
dant species across the thermal nitride film is smaller 
than 10A when the nitridation temperature is below 
1200". In addition, the self-limiting growth property 
of the silicon thermal nitridation in nitrogen or ammo- 
nia is shown mainly due to the shorter characteristic 
diffusion length of the nitridant species across the as- 
grown thermal nitride films which have higher struc- 
ture density. 
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Doping of Ga,,AI.As Grown by LPE with Si and Ge 
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ABSTRACT 

The electrical and optical properties of p-type Ge and Si-doped Ga,_A,As (x - 0.39-0.42) layers grown by liquid 
phase epitaxy in an He ambient have been investigated as a function of the atom fraction of Si in the melt, X,,. For X,, 
in the range 1.5 x 10-Vo 1.5 x lo-' the hole concentration at room temperature is relatively unaffected while the hole 
mobility decreases monotonically with addition of Si, suggesting close compensation of Si.species. As a result, in the 
low temperature photoluminescent spectra, the pair transition via the shallow Si acceptors is quenched relative to that 
via the deep Ge,, centers. For X,, i 5 x adding 0.9 ppm 0, to the growth ambient decreases the compensation 
due to the removal of the background S donor, and thereby increases the hole concentration by a factor of 2-3 and 
enhances the pair transition via the Si acceptors as well. The addition of 0, during LPE growth is not, however, 
always practical as it has been found to affect the uniformity of thin epitaxial layers. 

Germanium (1) is frequently used as a p-type dopant 
in the G ~ I - ~ A ~ , A ~  ( x  - 0.40) cladding layer of the 
GaAs- (GaA1) As double heterostructure (DH) grown 
by liquid phase epitaxy (LPE) for the fabrication of in- 
jection lasers, and is preferred over other acceptor dop- 
ants like Be, Zn, or Cd which have either hazardous 
properties (Be), high diffusivity (Zn) (2), or low solu- 
bility (Cd) (3). The use of Ge is, however, not without 
its problems. High conductivity in the p-cladding layer 
is often desired for efficient confinement of carriers in 
the lasing active region and for reduced temperature 
dependence of the current threshold (4, 5). Increasing 
the Ge doping level to achieve high conductivities in 
the ternary decreases the aluminum segregation coeffi- 
cient and radiative efficiency (6). Another approach to 
increase the conductivity would be to add a second ac- 
ceptor dopant in the layer with Ge. Silicon might be 
thought to be a good candidate for this purpose since it 

Electrochemical Society Active Member. 
Key words: photoiumineseence, Hall measurements, compensa- 

tion. 

has been reported to be a p-type dopant for growth 
under LPE conditions at temperatures below 800°C (7) ; 
it gives rise to a shallower acceptor level than Ge (8) 
and its segregation coefficient in (GaA1)As is at  least 
an order of magnitude higher than Ge (6, 7). In this 
paper we report the results of adding varying amounts 
of Si in the range 10P4 to 1.5 atomic percent (a/o) to 
the LPE growth solution containing 5.5 X 10-I a/o of 
Ge and 2 x 10-1 a/o of A1 (for x -. 0.4 in the solid). 
We find that addition of Si does not result in increased 
conductivity indicating that Si, which is amphoteric, is 
closely self-compensated in the solid under our growth 
conditions. This compensation also manifests itself in 
reduced low temperature photoluminescent intensities 
of pair transitions involving Si acceptors, relative to 
those involving Ge. An increase in the conductivity by 
a factor of 2-3 is observed when small amounts of 0 2  
are added to the generally used He growth ambient, for 
Si doping less than 5 x 10-3 a/o. However, the use of 
0 2  during LPE growth of (GaA.l)As DH structures is 
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not always practical since it has been found to affect 
the uniformity of the layers (9, 10). 

Experimental 
The G ~ I - ~ A ~ , A S  ( x  ,- 0.39-0.42) layers, typically 3-4 

pm thick, were grown on Si-doped GaAs substrates at  
780% in a liquid phase epitaxial reactor. The growth 
was carried out in a nonreducing high purity He am- 
bient and the GaAs saturation material had been syn- 
thesized in boron nitride crucibles.' The He was purified 
by passing it through three sets of stainless steel coils 
that were held at 77 K and contained 13x and 5A mo- 
lecular sieve and activated charcoal. The stainless steel 
gas supply lines were maintained leak-free by using 
either welded or vacuum connections. The purified gas 
was found to contain less than 1 ppb Hz02 and less than 
1 ppb 0 2  (11). The layers were doped with Ge and Si. 
The atom fraction of Ge in the melt, Xc, ,  was kept con- 
stant at -5.6 x 10-"hile Xsi was varied between 3.5 
x 10-6 and 1.5 x 10-2. Samples grown in three differ- 
ent reactors were studied. For some runs either 0.3 or 
0.9 pprn 0 2  was added to the He ambient. This was 
achieved by mixing the He gas with a calibration sam- 
plea containing 10 pprn 0 2  in He. 

The aluminum composition of the as-grown layers 
was measured from the bound exciton lines (12) at low 
doping levels (Xsi - 1.5 x 10-5) and by double crystal 
x-ray diffractometry (13) and x-ray energy dispersive 
spectroscopy (14) at high doping levels. The carrier 
concentrations of the layers were measured at room 
temperature on cloverleaf van der Pauw samples by 
Hall effect after removal of the substrate at the center 
of the cloverleaf by etching in a solution of Hz02 buf- 
fered with NHlOH (15). Zinc (2%)-gold wires were 
used for ohmic contacts and measurements were made 
with an applied magnetic field of 1 kG. The low tem- 
perature photoluminescence measurements were made 
at 5.5 K using the 5145A line from an Arf ion laser, 
with power densities between 1.6 and 720 W/cm2. 

Results and Discussion 
The aluminum composition of the layers varied be- 

tween 0.39 and 0.42 in the doping range studied and all 
the layers were p-type. The room temperature hole 
concentration and the Hall mobility of the layers are 
shown in Fig. 1 and 2. The data from samples not doped 
with Si are arbitrarily marked at Xsi - 10-6. From Fig. 
1 it is seen that addition of Si in the range Xsi -1.5 
x 10-5 to 1.5 x 10W2 does not have any effect on the 
carrier concentration for the He and He + 0.3 pprn 0 2  
growth ambients described above.4 An increase in the 
carrier concentration by a factor of 2-3 occurs for sam- 
ples grown in He + 0.9 pprn Oz ambient, as long as the Si 
level is below 5 x a/o: at higher Si doping addition 
of 0 2  does, in fact, reduce the hole concentration. While 
the hole concentration is virtually unaffectcd by Si dop- 
ing, the room temperature Hall mobility, above Xsi M 

10-4, monotonically decreases with Xsi for all samples 
grown in either He ambient or He + 0, ambient. The 
decreasing Hall mobility indicates an increasing num- 
ber of ionized impurity centers with addition of Si. This 
and the relatively constant hole concentration suggest 
that Si is incorporated in Ge-doped Gal-,Al,As as a 
closely compensated species just as it is in the absence 
of Ge (8). The increase in the carrier concentration at 
low Si levels in samples grown in He + 0.9 pprn 0 2  am- 
bient is most likely a result of removal of the back- 
ground donors. Sulfur has been previously identified as 

'This is done to minimize the unintentional Si contamination 
that could occur from the commonly used GaAs saturation mate- 
rial that has been svnthesized in quartz containers. 

The water vapor content was measured using a Model 2100 h y  
grometer manufactured by Panametrics, Waltham, Massachusetts. 

Sun~lied bv Airco. 
t ~ h . <  hole 6onccntrations of the sam1,les firourn in Hc ambient 

and doped wllh only Ge varied by a factor of 2-3 due to variations 
in the harkeround donor level. For th:s reason. rn these samnles ~t 
was~not ~ ~ L i i b ~ e  t o  estfmate the~effect of  addins ~i below XI,  < 

$ 1 0 1 5 1 1 1 1 1 ' 1 ' 1  1 1 ' 1 1 3 ' 1  ' ( ' ' 1 1 1 1  

to-s lo4 
ATOM FRACTION OF Si I N  MELT (XSi) 

Fig. 1 .  Room temperature hole concentration (cm-3) as a func- 
tion of atom fraction of Si in melt (Xsi) for Ge-doped Gal.eAlo,sAs 
(Xcc - 5.6 X 10k3) for LPE growth under He, He + 0.3 ppm 
02, and He + 0.9 ppm 0 2  ambients. The samples doped only with 
Ge are marked arbitrarily at  Xsi - 10 -"see text). 

I 1 1 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1  I I I I I I I I !  1 1 1 1 1 1 1 1 1  t I 
10-6 to5 10'~ 10-3 40-2 

ATOM FRACTION OF Si IN MELT (XSi) 

Fig. 2. Roam temperature Hall mobility (cm2/Vsec) as a function 
of atom fraction of Si in melt (Xsi) for Ge-doped Gan fiA!o.rAs 
(Xc, - 5.6 X for LPE growth under He, He + 0.3 ppm 
Oz, and He + 0.9 ppm 0 2  ambients. The samples doped only 
with Ge are marked arbitrarily at  Xsi - 10-6 (see text). 

the major donor impurity in samples grown similarly to 
those used in the present study (16). Further, addition 
of Oz 6 1 pprn has been shown to remove (16,17) -1017 
~ r n - ~  S,5 which is the background donor level in our 
samples grown under He ambient. However, with fur- 
ther addition of Si the increase in the carrier concentra- 
tion becomes less, suggesting that the addition of 02 
does not remove the Si donors contrary to what has 
been reported in GaAs (18-21). 

The compensation of Si also manifests itself in the 
low temperature low excitation level photoluminescent 
spectra from these samples. Figure 3 shows spectra for 
three different Si concentrations for growth under He, 
He + 0.3 pprn 02, and He + 0.9 pprn 0 2 .  At low Si 
levels the spectra are generally characterized by two 
prominent donor-to-acceptor (D-A) pair transitions 
[Fig. 3 (a)  I. The higher energy band (1.95-1.96 eV) is 
observed in crystals doped only with Si (8) and is at- 
tributed to D-A transitions involving shallower SiA, 

EThe mechanism of removal of S by 0- is not clear at present. 
While S can be removed as SO?, thermodynamic considerations in- 
dicate thst All01 and GalO:, are much more stable than SO* at the 
growth temperature. However, there is clear indication that Oz 
addition reduces S (see Ref. 16). Further, it should be noted that 
at the 01. levels we have used we did not observe anv svstematic 

10-3 on the hole concentration. change in the A1 composition in the layers. 
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PHOTON ENERGY (eV) 
Fig. 3. Photoluminescent spectra a t  5.5 K from Ge and Si-doped 

Ga+.~Alo,rAr (Xc, - 5.6 X 10-3) for Xsi - 1.5 X (a), 
1.5 x 10-4 (b), and 1.5 x 10-2 (c) for LPE growth under He 
(solid), He + 0.3 ppm 0 2  (dashed), and He + 0.9 ppm Oz (dash 
dot) ambients a t  an excitation intensity of 80 W/cm2. 

acceptors (En - 60 meV) (8) while the lower energy 
band (1.88-1.89 eV) is due to D-A transitions involving 
deeper G ~ A ,  acceptors (En - 100 meV) (6). These 
transitions will be referred to as Si and Ge bands, re- 
spectively. As Si is added, the Si band completely dis- 
appears in Fig. 3(b)  and (c) for samples grown in He 
ambient. This counterintuitive result is a consequence 
of compensation by an increasing concentration of Si 
donors. The shallow Si acceptors are all ionized in a 
compensated sample, and will not contribute to the D-A 
luminescence at an excitation level sufficiently low that 
the quasi-Fermi level remains above the shallow ac- 
ceptor level [see Fig. 2 of Ref. (17) I. The addition of 
oxygen reduces the amount of compensation by remov- 
ing S donors and thus the higher energy Si pair transi- 
tion tends to dominate the spectra since more neutral 
shallow acceptors now become available. This effect of 
oxygen is most clearly seen as low Si doping [Xsi - 1.5 
x 10-5, Fig. 3 (a ) ]  but it does persist weakly at  higher 
doping levels [Xsi - 1.5 x 10-4, Fig. 3(b),  where, in 
the absence of oxygen, the Si band is not seen at  all. 

This interpretation is confirmed by the fact that the 
Si band in samples grown with Xsi >1.5 X for 
which it is absent at  low excitation intensities, can be 
observed at  higher levels of excitation. This is shown in 
Fig. 4 for a sample grown with Xsi - 4.5 x 10-4 inHe + 
0.3 ppm Oz ambient. The Si band, which is seen only as 
a weak shoulder at  low excitation conditions, is domi- 
nant at  high excitation levels. As the excitation power 
density increases, the quasi-Fermi level drops below 
the Si acceptor levels and makes them available for 
pair transitions (17). Consequently when compensation 
exists the intensity of radiative transitions through 
compensated acceptors increases superlinearly with 
excitation power density (17). 

While the presence of oxygen drastically affects the 
intensity of the Si band, it hardly influences that of the 
Ge band, indicating that the density of Gens centers is 

PHOTON ENERGY (ev) 
Fig. 4. Photoluminescent spectra a t  5.5 K from Ge(Xc, - 5.6 X 

10-3) and Si(Xsi - 4.5 x 10-4)-doped Gao.aAlo.4As grown under 
He + 0.3 ppm O2 a t  excitation densities of 80 and 720 W/cm2. 
Note that the narrow band a t  1.96 eV obsewed a t  720 W/cm2 is  
probably a free-to-bound transition associated with Si. 

not greatly affected. The integrated intensity of the Ge 
band is plotted as a function of Xsi in Fig. 5. For all the 
three growth ambients the Ge band initially increases 
with Xsi up to Xs, - 10-4 and above this value it re- 
mains essentially constant. The increase in the Ge band 

ATOM FRACTION OF Si IN  MELT,Xsl 

lo2 _ 

Fig. 5. Integrated photoluminescent intensity a t  5.5 K of the 
Ge donor-to-acceptor pair band a t  an excitation intensity of 80 
W/cm2 as a function of atom fraction of Si(Xs1) in the melt for 
Ge-doped Ga0.6A10.4As ( X G ~  - 5.6 X 10-3) for LPE growth 
under He, He + 0.3 ppm 02, and He + 0.9 ppm @ ambients. 
The samples doped only with Ge are marked arbitrarily at Xsi - 
10-6. 
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with increasing Xsi, at  low Xsi, is a natural consequence 
of increasing concentration of Si donors. 

The Ge band shifts to longer wavelengths at  high Si 
doping levels, as shown in Fig. 6. For all the three 
growth ambients the shift is more than 100 meV above 
Xsi - 10-3. Such large shifts as a function of doping 
have been observed in heavily compensated samples 
(22, 23). Furthermore, at  high doping levels the Ge 
band shifts to shorter wavelengths with increasing 
excitation intensity, the shifts being typically 20-30 
meV for an order of magnitude change in excita- 
tion intensity. Once again such large shifts in D-A 
transitions with excitation intensity are characteristic 
of compensated samples (17, 22). 

lrnplications of 0 2  Addition during LPE Growth 
Our results show that the conductivity of p-type Ge- 

doped Gal-,Al& (x - 0.39-0.42) is not affected by 
the addition of Si for LPE growth at  780°C under He 
ambient.. This is a result of the incorporation of Si in 
G ~ I - ~ A ~ , A S  as closely compensated species. However, 
for Si doping less than 5 x 10-3 a/o, addition of 0.9 ppm 
0 2  to the He growth ambient increases the hole concen- 
tration by a factor of 2-3, giving a room temperature 
carrier density of -3 x 10'7 ~ m - ~  for a Ge doping level 
of Xce - 5 X in the p-Gao.sAlo.4As cladding layer 
of the (GaA1)As DH laser structure. Though this 
level of carrier density in the p-cladding layer is ade- 
quate for carrier confinement (4) in the lasing active 
region, using 0 2  to achieve this is not always prac- 
tical. Oxygen contamination during LPE growth of 
(GaA1)As DH laser structures has been found to affect 
the uniformity of the layers (9) and cause absence or 
near absence of the active layer (rake lines) (24) in 
the stripe region of the laser (10). 

The increase in the carrier density achieved by the 
use of Oz is due to the removal of compensating donors 
(16) as evidenced by the relative changes in the in- 
tensities of the Si and Ge pair bands. The reduction in 
the compensation in p-Gal-zAlrAs has also been found 
to occur when Hz is added to the growth ambient (16, 
17). Therefore the use of Hz during LPE growth has the 
same effect as Oz in increasing the carrier density in 
p-Gal-,Al,As and at the same time avoids the deleteri- 
ous effects of 02 on the uniformity of the layers. It 

should, however, be mentioned that for achieving car- 
rier densities higher than 3 X 10'' ~ m - ~  in the p- 
Gar-zA1,As cladding layer dopants other than Ge and 
Si should be tried and in this regard the use of group I1 
acceptors should be reexamined. 
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An Open-Tube Method for Diffusion of Zinc into GaAs 

R. Jett Field* and Sorab K. Ghandhi** 

Electrical. Computer, and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

Highly reproducible zinc diffusions from 0.03 to 1.5 pm have been made into GaAs using a CVD zinc-doped silica 
source capped with phosphosilicate glass. This structure permitted the use of an open-tube, flowing inert gas diffusion 
system. Diffusions were made from 400" to 700°C. with surface hole concentrations from 0.1 to 1.0 x 10"' cm-', and 
junction depths from 300X to 1.5 pm. The diffusion coefficient and the hole concentration obtained by this technique 
are very close to those obtained by sealed ampul techniques using a Zn,,A, source. However, this open-tube system is 
more convenient to use, and gives highly reproducible results. 

Highly doped p+  layers in gallium arsenide are use- 
ful for ohmic contacts, as well as for forming pC-n 
junctions. Zinc is often used in this application be- 
cause of its high solid solubility. One approach for 
forming this layer is by diffusion, although epitaxy 
and ion implantation have also been used. 

The diffusion of zinc in GaAs has been the subject of 
many investigations, most of which have involved the 
sealed ampul technique. Precise control of both the 
arsenic and the zinc vapor pressure in the ampul is re- 
quired to give reproducible results (1). Moreover, the 
use of sealed ampul is generally considered to be a 
serious practical problem in commercial device fabri- 
cation. 

This paper reports the formation of shallow, highly 
doped p+-regions in GaAs by the open tube diffusion 
of zinc in a flowing inert gas ambient. The diffusion 
source is a layer of zinc-doped silica, grown by chemi- 
cal vapor deposition (CVD), which can be easily re- 
moved after diffusion by buffered HF. A cap layer of 
phosphosilicate glass (PSG) is used to prevent loss of 
zinc and decomposition of the GaAs during the diffu- 
sion. No damage to the GaAs surface is caused by 
either the depositions or the diffusion process. 

Preliminary results with this method have been re- 
ported previously (2). This paper presents further de- 
tails, and covers a range of junction depths that are 
useful in modern devices. It shows that this technique 
provides precise control of junction depth, and is as 
simple to implement as diffusion processes for ele- 
mental semiconductors such as silicon. Hole concen- 
trations obtained by this technique are higher than 
have been reported for ion-implanted layers in GaAs. 
Moreover, high temperature anneal steps, which are 
commonly used with ion implantation, are avoided by 
this approach. 

Experimental 
The technique used for these diffisions is briefly de- 

scribed as follows. A film of ZnO-SiOz is used as the 
dopant source, and is deposited on the gallium arsenide 
surface by chemical vapor deposition. This is followed 
by a cap layer of phosphosilicate glass (PSG). When 
necessary, a PSG layer is also deposited on the back- 
surface of the slice to prevent deterioration of the 
GaAs during the diffusion step. After deposition of 
these layers, diffusions are carried out in an open- 
tube furnace, in a flowing nitrogen gas ambient. Sub- 
sequently, the PSG and ZnO-SiOz layers are stripped 
in buffered HF. 

Junction evaluation was carried out by four-point 
probing of the surface after successive anodization and 
stripping. Total junction depth was also measured on 
a step using a multiple beam interferometer, and 
served as a check against the anodization technique. 
Finally, Hall measurements were made to separate 
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the contributions of mobility and carrier concentration 
to the resistivity of the diffused layer. 

Layer growth.-The apparatus used for the ZnO- 
SiOz and PSG depositions was a resistance-heated, 
cold-wall chemical vapor deposition system. The dep- 
ositions of PSG (3) and of ZnO (4) by this type of sys- 
tem have been described previously. Gases provided to 
this system were argon,l oxygen,' phosphine,z and 
silane" Diethylzinc* (DEZ) was contained in a stain- 
less steel bubbler maintained at 25°C. Its vapor pres- 
sure is 2.9 kPa (22 Torr) at this temperature, so that 
it can be readily transported in vapor form by this 
means. 

ZnO-SiOz films were deposited at  350°C by the si- 
multaneous oxidation if DEZ and silane using argon as 
a carrier gas. Flow conditions for these depositions 
were as follows: 40 ml/min argon flow through the 
DEZ bubbler; 0.5 ml/min silane flow (referenced to 
pure silane gas) ; 25 ml/min oxygen flow; and 7.0 i/min 
argon gas flow. The ZnO-SiOz film thickness was nomi- 
nally 1000A + 1076, as determined by its interference 
color and by measurements with a multiple-beam in- 
terferometer. The typical growth time was 6 min for 
these layers. 

The PSG cap was deposited at 350°C by the simul- 
taneous oxidation of phosphine and silane with argon 
as a dilutant. Here, flow conditions were 2 ml/min pure 
silane, 0.3 ml/min pure phosphine, 15 ml/min oxygen, 
and 2 l/min argon. A cap thickness of 2000A rt: 10% 
was used, with a typical growth time of 6 min. Both 
the ZnO-SiOg and PSG layers were deposited in the 
same system. Layers on the top face of the GaAs were 
deposited in a single operation. 

Diffusions.-Diffisions were carried out in an open- 
tube furnace at temperatures from 400" to 700°C, with 
nitrogen5 flowing at 20 cm/min. Diffusion times be- 
tween 5 min and 21 hr were used for these experi- 
ments. Some samples were diffused in a 1: 1 nitrogen: 
hydrogen gas mixture. This gave the same results as 
diffusion in pure nitrogen, so that use of this gas mix- 
ture was discontinued. After diffusion, the glassy lay- 
ers were removed by means of buffered HF. 

Measurement techniques.Junction depths and dop- 
ing profiles were determined by making four-point 
sheet resistance measurements after successively re- 
moving thin layers from the surface until the diffused 
region was totally removed. This was done 'Jy anodiza- 
tion in an electrolyte (5) consisting of one part of a 
3% aqueous solution of tartaric acid to two parts pro- 

'UHP Grade, Matheson Gas Products, East Rutherford, New 
Jersey. ' 500 DDm in UHP Argon, Matheson Gas Products, East Ruther- 
ford New Jersey 

3 36,000 ppm in UHP Argon, Matheson Gas Products, East Ruther- 
ford New Jersey 

4 5k Electronic 'Grade. Ventron Corporation, Danvers, Massaehu- 
setts. 

6 Commercial Grade, Air Products and Chemicals. Incorporated. 
Latham. New York. 
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pylene glycol, and removal of the anodic oxide with 
dilute HCl. The thickness of the removed layer was 
taken as 14A of GaAs per volt of anodization potential. 
This was checked by masking part of the GaAs during 
these experiments and determining the total step 
height with a multiple beam interferometer and a 
scanning electron microscope. A second method of re- 
moval, which gave similar results, consisted of etching 
in a 150: 3: 1 HP:N&OH:H~OZ volume solution (6). 
The typical etch rate was 0.16 pm/min for the diffused 
region when this etch was used. 

The average mobilities of samples diffused from 400" 
to 700°C were determined by a-c Hall effect measure- 
ments because of the low values of hole mobility as- 
sociated with heavy doping. A Hall effect and four- 
point resistivity pattern was defined photolithographi- 
cally and mesa-etched in Caro's etch.6 Ohmic con- 
tacts were made without annealing, using conductive 
silver paint,7 and were checked for linearity by means 
of a curve tracer. This pattern also verified the ac- 
curacy of the four-point probe measurements. 

The hole concentration was determined assuming 
N = l ( e R ~ ) ,  with the Hall and drift mobilities as- 
sumed to be equal (7) .  Carrier concentration and mo- 
bility are given in Fig. 1 and 2. 

~H~SOI:HIOZ:HI ratio of 10:l:l by volume. 
7G.C. Electronics, Cat. No. 22-246, Hydrometals, Incorporated, 

Rockford, Illinois. 

Fig. 1. Average hole concentration as a function of reciprocal 
temperature for diffusions from 400" to 700°C. 

Fig. 2. Average Hall mobility as a function of average hole con- 
centration for diffusions from 400' to 700°C. 

Results and Discussion 
All samples had clean, shiny surfaces after the re- 

moval of the PSG/ZnO-Si02 and ZnO-SiOz layers. 
Junction depths were determined by plotting sheet 
conductance us. depth for each sample. The junction 
was assumed to occur where this plot intersected zero 
conductance (8). The sheet conductance data was dif- 
ferentiated to yield the bulk conductivity as a func- 
tion of depth (8). Hole concentration was determined 
(7) to give the carrier profile as a function of depth. 
Typical profiles, for 3 samples diffused at  600°C for 
various times, are givens in Fig. 3, and are extremely 
abrupt in character. The nature of this doping profile 
can be explained with reference to the commonly ac- 
cepted model for zinc diffusion in GaAs. 

Zinc is known to follow the interstitial-substitutional 
diffusion model in GaAs ( 9 ) .  The charge state of the 
substitutional zinc is - 1 (single acceptor), whereas 
that of the interstitial zinc has been determined (1) 
to be $1 (single donor). The solid solubility of substi- 
tutional zinc is higher than that of interstitial. During 
diffusion, the substitutional zinc dissociates, forming 
interstitial zinc and a neutral gallium vacancy. Inter- 
stitital zinc moves many orders of magnitude faster 
than the substitutional during the diffusion process. 

Let Zni+ and Zn,- denote the interstitial and substi- 
tutional zinc species, and PA% the arsenic pressure over 
the sample. Then, it can be shown (10) that the effec- 
tive diffusion coefficient is given by 

where D, and Dl are the diffusion coefficients associ- 
ated with substitutional and interstitial zinc, respec- 
tively. The substitutional term can be neglected, and 
the effective diffusion coefficient written in the nor- 
malized form 

121 

where 
Dsurr = K~NSUT?/PA*~* 131 

Solutions of Eq. [2] have been obtained (9) by Weis- 
berg and Blanc, and result in extremely abrupt doping 
profiles of the type shown in Fig. 3. For these profiles 
the junction depth is relatively independent of the 
background concentration, and is given by 

6 Each curve represents 12-16 measured data polnts (2). 

Fig. 3. Carrier concentration profiles for three diffusions at 
600°C: (a) 5 min, (b) 20 min, and (c) 80 min. 
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SQUARE ROOT OF DIFFUSION TIME (~1~1'2) 

Fig. 4. Junction depth as a function of the square mot of diffu- 
sion time for diffusion temperatures from 400' to 700°C. 

Figure 4 shows curves of junction depth us. t'h for a 
series of diffusion over the 400"-700'C temperature 
range. These are seen to be closely represented by Eq. 
[41. This linear dependence indicates that the ZnO-SiO2 
serves as an infinite diffusant source, and no anomalous 
depletion effects occur within the scope of this experi- 
ment, such as those reported previously for tin-doped 
oxides used for n-type diffusions (11). Consequently, 
the surface concentration for these diffusions is not a 
function of the diffusion time. Figure 1 shows a plot 
of this surface concentration, as obtained from Hall 
measurements of diffused layers, on the assumption 
that the layer is uniformly doped. This is approxi- 
mately true in view of its extremely abrupt doping 
profile. 

Equation [4] can be used to obtain the value of D.,,r 
as a function of reciprocal temperature, which is 
plotted in Fig. 5. This curve is expected to be linear 
from the temperature-dependence of the junction depth 
(12) 

Fig. 5. D s u ~  vs. reciprocal diffusion temperahre. The departure 
from linearity a t  400°C is probably caused by the fall in hole ac- 
tivity coefficient in this concentration mnge. Equation [4] may be 
used to determine the junction depth for any diffusion time and 
temperature above 500'C. 

Conclusions 
Shallow open-tube diffusion of zinc into GaAs has 

been shown to be reproducible using a PSG/ZnO-SiO2 
structure, with no damage to the GaAs surface. Anal- 
ysis of the diffusion data has shown diffusion constants 
and doping levels similar to the most reproducible 
sealed ampul diffusion methods, without using any 
toxic arsenic source, without the inconvenience of 
sealed ampuls. and using an inert gas ambient. 

The p+ regions formed by this method have been 
shown to be heavily doped, and are thus suitable for 
ohmic contacts to lightly doped p-regions, and for the 
fabrication of p+-n junction structures. Any masking 
system used for IC fabrication in the sealed ampul 
technique should be directly applicable to the PSG/ 
ZnO-SiOdGaAs diffusion structure. Furthermore, it 
should be possible to restrict the ZnO-SiOz source to 
specific areas of the GaAs. 

In summary, the open-tube zinc diffusion technique 
described in this paper is very practical and reproduc- 
ible. thus showing clear advantages over conventional 
sealed ampul techniques. 

The departure from linearity at 400°C can be attrib- Acknowledgments 
uted to a fall in the hole in the The authors wish to thank R. Reep and A. Hayner 
4 x 1019 :m-3 concentration range (1). for manuscript preparation. This work was supported 

The surface concentration is given by (12) by the Solar Energy Research Institute, Golden, Colo- 
rado, under Contract No. XS-0-9002-4. 

Nsurl= KsPznHP~Wn ['I 
Manuscript submitted June 25, 1981; revised manu- 

Combining Eq. 131, [4], and [6] scrlpt received Oct. 16,1981. 

Dsud = KsKe2Pzn 
so that 

[TI 

XJ = 1.092Ke.(KsPznt) 181 

Thus the diffusion coefficient and the junction depth 
are independent of the arsenic pressure. In many diffu- 
sion situations (13), however, Pz, and PA* are related 
by the law of mass action. 

Both the diffusion coefficient and hole concentration 
found in this study are very close to those obtained 
with a Zn3Asz source using the sealed ampul technique 
(13). This indicates, from [6] and 171, that the same 
effective Pz, and  PA^^ occur with the PSG/ZnO-SiOz 
and the Zn~Asz sealed ampul systems. 

An discussion of this paper will appear in a Discus- 
sion gection to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 

Publication costs of this article were assisted by 
Rensselaer Polytechnic Institute. 
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The Phase Relations in the Cu,ln,S System and the Growth of CulnS, 
Crystals from the Melt  

F. A. Thiel 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The liquidus in the Cu,In,S system along the Cu,,.,In,,.,-S pseudobinary has been measured. The melting point of 
CuInS, T, = 1115°C is substantially above the earlier literature values. Th_e growth of CuInS, crystals by zone melting 
is described and their defect structure is revealed by etching on the (112) face. 

Recently we have explored the properties of photo- 
diodes made from the ternary compound semiconduc- 
tor CuInSz (1) that is, also, of interest for photo- 
voltaic applications since its energy gap 1.545 eV at  
room temperature (2) is close to the optimum for solar 
power conversion by a single junction cell ( 3 ) .  Several 
homojunction (4), heterojunction (5, 6), and liquid 
junction (7) CuInS based solar cells have been re- 
ported that, at the present state of the art, have power 
conversion efficiences that are well below the theoreti- 
cal limit (8). The reason for this behavior is the dom- 
inance of native defects that control the electrical 
transport properties of CuInSz (9), interfacial reac- 
tions and possibly second phase formation that degrade 
the properties of the cells. A clarification of the rela- 
tive importance of these phenomena and improvements 
in the device performance can be obtained only on the 
basis of experiments with well-characterized single 
crystal CuInSz substrates, and there exists a need for 
fundamental studies in the area of bulk crystal growth 
and characterization of CuInSz. Of the possible choices 
of crystal growth methods for the fabrication of 
CuInSz single crystals, both melt and vapor transport 
techniques have been used (2, 10). Since incorporation 
of the transport agent during vapor growth quenches 
the luminescence of CuInSz, we prefer in this study 
crystal growth from the melt selecting zone leveling 
as the most appropriate technique for controlling com- 
positional variations. In order to pursue the crystal 
growth in an organized manner the phase relations in 
the Cu,In,S system must be established. There exist a 
number of investigations concerning the solidus at  the 
Cups-InzSs pseudobinary where, in addition to the 
compound CuInSp, several thiospinels have been 
identified (11, 12). Also, the homogeneity range on the 
Cul-,Inl+,/sS~ pseudobinary has been studied result- 
ing in a region of existence 0 6 s 5 0.05 (13). Surpris- 
ingly the liquidus in the Cu,In,S system is not well 
documented. Therefore, we conducted a series of ex- 
periments determining the liquidus temperatures for a 
set of preset compositions by an experimental pro- 
cedure similar as described in Ref. (14). 

Figure 1 shows the liquidus temperature as a func- 
tion of composition at  the pseudobinary C U ~ . ~ I ~ ~ . ~ - S .  
We note that the melting point of CuInS, T, = 1115"C, 
is well above the value quoted in the literature (15) 

Key words: crystals, melting, defect structure. 

and that the regions of immiscible liquids extend from 
the In-S and Cu-S binaries into the ternary phase 
field. An attempt was made at  determining the equi- 
librium decomposition pressure of CuInSp P, at T, by 
a method described in Ref. (16). However, in view of 
the relatively large background correction required 
we are only able to specify an upper limit P, ( 1 atm. 

Since for the purpose of photovoltaic applications p- 
type CuInS* is preferred, we grew most of our crystals 
under a sulfur pressure of 1 atm. The zone-melting 
apparatus consisted of two furnace sections adjacent 
to a narrow zone heated by S ic  glow bars similar to 
those described in Ref. (17). The zone width to boat 
length ratio was usually 1:10 and was established by 

s 
O 0 .2 .4 .6 .8 1.0 

x s 
Fig. 1. Liquidus temperature 11 vs. composition at the ( C ~ ~ , ~ l n ~ . ~ ) -  

S preudobinary. 
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Fig. 2 (a) Laue x-my photograph of a (112) wafer of CulnSz; 
(b) etch pits on this ( l l z  face, bromine-methanol etch; (c) etch 
pits on the same face generated by the 3:l:l etch. 

visual inspection. Twinning and gas bubbles are a 
problem but can be removed by repetitive zone scans 
in both directions. Single crystals of CuInSz of -1 cm" 

cross section and several cm lengths have been ob- 
tained with carrier concentrations NA - ND = 1016 
cm-a and hole mobilities p. = 10 cm2 V-1 sec-1. 

In order to evaluate the defect density in the mate- 
rial we etched wafers of our crystals oriented on the 
(113) plane. The polar nature of this plane is best re- 
vealed by etching in concentration HN03 for 3-4 min, 
which leaves the (115) face clear but develops on the 
opposite face a sulfur film. We tentatively identify this 
face as the B face. For a definite identification, x-ray 
measurements as described in Ref. (18) are required. 
Etch pits are developed on the 1 1 % ~  face by etching 
in HZSO~:H~&:HZO = 3: 1: 1 for 45 min at 60°C or by 
exposure to 2% bromine methanol solution for 10-15 
sec. Figure 2 shows microphotographs of etched 115 
faces that reveal -3.5 x 105 defects/cmz. 

Manuscript received Aug. 6,1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 
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A-C Anodizing Processes of Aluminum Alloys 
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ABSTRACT 

Studies have been made of thick a-c anodic films on commercial purity aluminum and aluminum-copper alloys in 
sulfuric and oxalic acid solutions, with particular examination of the constituents in these alloys. Film structure. 
topography, and composition were characterized through electron microscopy and electron probe microanalysis. It 
was found that iron-rich second-phase particles and copper-rich, iron, and manganese dispersed intermetallics 
presented in the 1100-H14 aluminum alloy and in the 2024-T3 aluminum alloy, respectively, have been incorporated 
and retained in the a-c films during their growth. The embedment of these 0.5-10 Fm intermetallic constituents did not 
substantially affect a-c thick porous film growth, filmlelectrolyte and filmlmetal interfaces, film pore and barrier layer 
structures, or uniformity of film thickness. The mechanisms of incorporation of nonreactive iron-rich second-phase 
particles and reactive copper-rich intermetallics into the growing film are discussed. 

The second-phase constituents in commercial alu- for 5-10 min at  -10' to -15"C, and rinsed with a jet 
minum alloys can have an appreciable effect on anodic of ethanol. 
film properties, depending on their type and on con- 
ditions used in anodizing. The behavior of the various 
intermetallic constituents in aluminum alloys during 
d-c anodizing and their effects on d-c film formation 
have been investigated previously by several research- 
ers (1-6). The intermetallic compounds were grouped 
in three classifications (4-6) : those which were more 
reactive than the matrix, those which were equally 
reactive with the matrix, and those which were less 
reactive than the matrix. 

D-C anodizing of aluminum alloys containing nonre- 
active or equally reactive particles, such as iron-rich 
intermetallics in sulfuric acid (1-2) and oxalic acid 
(4-6), respectively, results in embedment of these 
  articles in the films during their formation. D-C 
anodizing of aluminum alloys-containing very reactive 
particles such as copper-rich intermetallics results in 
nonuniform films with an irregular structure due to 
fast dissolution of these intermetallics (2, 5). 

No substantial work has been reported on film 
formation and behavior of second-phase particles un- 
der a-c anodizing conditions. The present work is a 
study of a-c thick anodic films on a commercial pure 
aluminum alloy containing iron-rich intermetallic 
constituents and on an aluminum-copper alloy con- 
taining copper-rich, iron, and manganese dispersed 
particles. Particular attention is given to the incorpo- 
ration of these particles into the growing film and to 
their effects on anodizing processes, film structure, 
composition, and properties. 

Experimental Procedure 
Specimens and surface preparation.-The materials 

used were commercial wrought pure aluminum and 
aluminum-copper alloys designated with AA numbers 
as A1 1100-HI4 and A1 2024-T3, respectively. The 
chemical composition limits (all in weight percent) of 
the A1 1100-H14 were Si + Fe 1.0, Cu 0.20, Mn 0.05, 
Zn 0.1; and of the A1 2024-T3, Cu 3.8-4.9, Si 0.50, Fe 
0.50. Mn 0.3-0.9. ME 1.2-1.8. Cr 0.10. Zn 0.25. The A1 
1100-~14 alloy 'is strain hardened,' reaching tensile 
strength half-way between soft and full hard, half- 
hard, designated by H14. 

The A1 2024-T3 alloy is solution heat-treated and 
cold-worked, naturally aged to substantially stable 
conditions. 

Specimens were cut with a working area 20 x 15 x 
1 mm with a narrow tab. All specimens were degreased 
in trichloroethylene, etched in 10% HF for 4 min, 
washed in distilled water, then electropolished in 20 
volume percent 70% HClOl in ethanol at 8-12 A/dm" 

Electrochemical Society Active Member. 
'Visiting Senior Scientist, IBM Corporation, Poughkeepsie, New 

York 12602. 
Key words: a-c anodizing, intermetallics. aluminum alloys, por- 

ous anodic films. 

Anodizing.-The specimens were anodized potentio- 
statically for 15-150 min in (a) 150-250 g/l sulfuric 
acid at  15"-25°C at constant a-c voltages of 20-30V 
rms, and in (b) 30-90 g/l oxalic acid at 15"-45°C at 
constant a-c voltages of 50-9OV rms. Anodizing was 
done in a 2 liter glass beaker. A-C films were formed 
simultaneously on four specimens (total area of 28 
cmz), each electrode consisting of two specimens. The 
solution was agitated with a glass rod stirrer, and the 
temperature was kept within k0.5"C of the required 
value. A stabilized a-c power supply of 10A, 200V, at 
frequency of 50 Hz was used for a-c anodizing. 

Microscopy and electron probe microanalysis.-In- 
formation generated and achieved by a variety of 
techniques, such as scanning electron microscopy 
(SEM), direct and replica transmission electron mi- 
croscopy (TEM), and electron probe microanalysis 
(EPMA) was found essential for investigating a-c 
film growth, film structure, morphology, and composi- 
tion, particularly for the effect of intermetallics in the 
commercial pure aluminum and aluminum-copper 
alloys used in this work. 

Film surfaces were examined by SEM after applying 
a thin carbon layer to prevent charging in the beam. 
For TEM observation, carbon replicas preshadowed at 
45" with gold palladium were taken of outer film sur- 
faces, the film being removed in 10% HF without at- 
tacking the gold palladium. 

Ultramicrotomy (7) was used to produce ultrathin 
sections (up to 0.1 rm) of anodized specimens to be 
examined by direct transmission electron microscopy. 
Thin strips of an anodized specimen were cut, mounted 
in a polyethylene capsule, impregnated with a resin. 
and cured at 333 K for subsequent sectioning. Section- 
ing was carried out in a direction parallel to the metal/ 
film interface, so the sections are compressed in that 
direction. Dimensions perpendicular to this direction 
are relatively reliable. Composition profiles of cross 
sections were obtained by EPMA. 

Film thickness and impedance measurements.-Total 
film thickness was measured by an eddy current tech- 
nique. Porous film barrier layer thickness was calcu- 
lated from film impedance measurements made with 
an impedance bridge. 

Results and Discussion 
Kinetics and film growth.-Potentiostatic a-c anodiz- 

ing in sulfuric and oxalic acid gave the current-time 
curves shown in Fig. 1 and 2, respectively. These are 
very similar to curves obtained for d-c formation of 
porous anodic films (8). The measured current reached 
a minimum value and then increased, after which it 
remained fairly constant or diminished gradually with 
anodizing time. 
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elemdyh:  170g/1 H,SO. 
tempemlure: 15OC 

voltage: 29V (R.M.S.) 

I - 

- 

- 
I 
I I 

I - 

- 

- I 
I 

I F  

I - 

anodizing time ( min ) 

Fig. 1. Variation of effective current with a-c anodizing time of 
2024-T3 oluminum olloy in H25O4 at  constant temperature and 
voltoge. Anodized area was 28 cm2. 

The behavior of the current-time curves, both in 
oxalic and sulfuric acids, indicated the formation of 
porous type a-c films, while the current fluctuations 
probably indicated local processes of breakdown dis- 

anodizing time (min)  

Fig. 2. Variation of effective current with a-c anodizing time of 
2024-T3 aluminum alloy in oxalic acid solutions a t  25°C and at 
various constant voltages. Anodized area was 28 cm2. 

solution and repair. These were not further investi- 
gated in this study, and nonfluctuated current-time 
curves were chosen as yielding suitable conditions for 
this work. 

SEM and EPMA observations.-Examination of a-c 
anodized surfaces by scanning electron microscopy 
revealed local, mostly elongated, dark sites up to 10 pm 
across, with a light rim. These dark sites are cavities in 
the film surface at  the location of second-phase 
particles removed during the course of anodizing, 
both in sulfuric acid (Fig. 3) and in oxalic acid (Fig. 
4). Furthermore, the cavities indicate that particles 
were embedded and retained in the films through their 
growth. However, those particles which were less 
deeply embedded in the film surface were removed, as 
found earlier in d-c anodizing (1). I t  was noted that 
these cavities maintained the same shape and size un- 
der the various anodizing conditions. implying that 

min. A, 21.5V; f i lm thickness 6 
pm. 0, 23.OV; f i lm thickness 8 
pm. C, 24.5V; f i lm thickness 11 
pm. D, 29.OV; f i lm thickness 39 
Pm. 
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Fig. 4. SEM micrographs of anodized 2024-T3 aluminum alloy in 
oxalic acid solutions a t  25°C and a t  constant alternating voltage 
of 75V for 30 min. A, 90 g/ l  oxalic acid; film thickness 8.5 r m .  B, 
30 g/l oxalic acid; film thickness 5.0 pm. 

second-phase particles did not shrink or dissolve sub- 
stantially during film growth. 

A-C films formed in sulfuric acid at a relatively 
high potential of 29V showed the same shape and size 
of cavities in their surfaces, together with local bright 
distinct strips indicative probably of breakdown of the 
film, as can be seen in Fig. 3D. In this study we will 
not further discuss these extreme conditions (shown 
also in Fig. 1A). 

EPMA observation of cross sections of a-c anodized 
specimens shows the distribution of intermetallics and 
alloying elements in the aluminum alloys along with 
the film thickness. 

Aluminum-copper alloy.-Observations of alumi- 
num-copper 2024-T3 alloy anodized in sulfuric acid 
and oxalic acid are shown in Fig. 5 and 6, respectively. 

Fig. 5. Cross sectional image of 2024-13 aluminum alloy speci- 
men anodized in 170 g/l H2501 a t  15'C and a t  alternating con- 
stant voltage of 26V for 30 min. EPMA obsewation. 

Fig. 6. Cross sectional image of 2024-13 aluminum alloy specimen 
anodized in 90 g/ l  oxalic acid a t  25°C and a t  constant alternating 
voltage of 75V for 30 min. EPMA observation. 

Scanning electron micrographs of aluminum-copper 
specimen cross sections showed the presence and dis- 
tribution of second-phase intermetallics in the alloy 
appearing as bright local sites in Fig. 5 and 6. Figure 5 
also shows dark areas distributed throughout the film 
thickness, with a few also in the alloy. These dark 
sites, which are the same shape and size as the inter- 
metallics in the allov matrix, are probably cavities 
produced by the removal of intermetallics during 
preparation of the cross sections. They indicate the 
embedment of intermetallics in the films during their 
growth. The composition of the intermetallics in the 
aluminum-copper alloy was evaluated through x-ray 
distribution mapping for various elements (not 
shown). It was found that most of the intermetallics in 
the aluminum-copper were copper-rich, probably 
CuA12, while some of the second-phase particles con- 
tained high concentrations of iron and manganese be- 
sides copper; these were probably Al,CuzFe(Mn), as 
found recently (9) in 2024 aluminum alloy. 

Besides the second-phase particles, a uniform dis- 
tribution of magnesium was detected in the alloy as 
well as through the film thickness. Furthermore, a uni- 
form distribution of copper was detected in the alu- 
minum matrix and, to a lesser extent, in the film itself. 
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A-C films formed in sulfuric acid contained a uniform 
distribution of sulfur, similar to d-c films (2, 3 ) .  

Moreover, electron scanning micrographs of a-c 
anodized aluminum-copper alloy in sulfuric and 
oxalic acids showed uniform film thickness and film- 
solution and film-substrate interfaces, indicating that 
the microconstituents did not substantially affect the 
a-c film growth processes when compared with d-c 
film growth, especially on aluminum-copper alloys 
(2,5).  

Aluminum 1100 alloy.-After a-c anodizing of A1 
1100-H14 alloy in sulfuric and oxalic acids, specimens 
were sectioned and examined with an electron probe 
microanalyzer for the presence of alloying elements 
and second-phase particles in the matrix and in the 
oxide film. Electron scanning images of specimen cross 
sections are shown in Fig. 7 and 8. The appearance of 
the film cross section and of iron-rich intermetallics 
was qualitatively the same as for Al-Cu alloy (Fig. 5 
and 6). The embedment of iron-rich particles, prob- 
ably A13Fe constituents (1, 2), during a-c anodizing in 
sulfuric or oxalic acids did not affect the uniformity of 
film thickness and film-electrolyte and film-metal in- 
terfaces. The entrapment of AlnFe second-phase 
particles in d-c films formed in sulfuric acid was re- 
ported earlier (1, 2 ) ,  while other researchers (4, 6) 
reported that iron-rich intermetallics (AlsFe) were 

Fig. 7. Cross sectional image of 1100-HI4 aluminum alloy spc- 
cimen anodized in 170 g/l  Hz504 a t  15'C and a t  constant alter- 
nating voltage of 23V for 30 min. EPMA observation. 

Fig. 8. Cross sectional image of 1100-HI4 aluminum alloy spe- 
cimen anodized in 9 0  g/ l  oxalic acid a t  25°C and a t  alternating 
constant voltage of 75V for 30 min. EPMA observation. 
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anodized at  the same rate as the aluminum matrix in 
sulfuric acid (4) and in oxalic acid (6) .  
TEM observations.-Direct transmission studies were 

limited to specimen cross sections produced by ultra- 
microtomy techniques (7 ) .  These TEM studies usually 
showed structures of film and metal substrate (Fig. 9). 
film/substrate interface, and film pore structure and 
morphology (Fig. 10). 

The electron micrograph (Fig. 9A) of a-c film formed 
on aluminum-copper substrate (metal substrate is 
shown as dark zone at the bottom left corner) showed 
the presence of holes in the middle of the film origin- 
ally occupied by intermetallic particles. In addition to 
intermetallic particle sites now filled with resin, tears 
which were introduced during sectioning are present. 
as shown at  the right-hand edge of the picture. Usually 
no material other than resin was observed at the inter- 
metallic sites. However, there appeared to be material 
present within the large intermetallic site shown in 
the middle of Fig. 9A. This material is probably a por- 
ous oxide film formed adjacent to the intermetallic 
particle surface where it probably stopped growing. 
thin enough to be examined and shown in transmission. 
The pores found in this piece of oxide film at the inter- 
metallic site were around 10 nm in diameter, indicating 
anodizing voltage of -10V at the site (deduced from 
the known experimental value of 1 nm/V for pore di- 
ameter in aluminum films formed in sulfuric acid) 
(10). 

An electron micrograph (Fig. 9B) of an ultramicro- 
tomed section through the aluminum-copper substrate 

fig. 9. Typical direct T E M  of ultramicrotomed sections of a-c 
anodized aluminum-copper 2024 alloy. A, a-c oxide film produced 
in 170 g/l  sulfuric acid a t  25°C a t  constant voltage of 23V for 
6 0  min, reaching film thickness of 19 pm. B, a section of the metal 
substrate showing intermetallic particles in the aluminum-copper 
2024 alloy. 
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Fig. 10. Typical TEM's of ultramicrotomed sections of a-c ano- 
dized specimens. 

showed intermetallic particles which were differenti- 
ated from the matrix because of their greater electron 
scattering cross section and different deformation be- 
havior during slicing. The intermetallics characterized 
and identified by direct TEM observations in the metal 
substrate and in the film were up to 1 rm in size, some 
rounded and some elongated, as shown in Fig. 9. 

The structure and morphology of metal/film inter- 
faces were obtained through direct transmission elec- 
tron microscopy observations of ultramicrotomed sec- 
tions. Typical electron micrographs of anodized com- 
mercial pure aluminum and aluminum-copper in oxalic 
acid are shown in Fig. 10, where the lower portion of 
the micrographs shows a section through the metal 
substrate while the upper portion shows a section 
through the thick porous film. 

A transmission electron micrograph of anodized A1 
1100-HI4 (Fig. 10A) shows the pores and the interface 
structure of the metal/film. The section examined 
shows that the plane of slicing did not coincide com- 
pletely with the plane of the pores; therefore, the com- 
plete length and pattern of the pores could not be ob- 
served. Nevertheless, pores and a uniform scalloped 
barrier layer were evident both in A1 1100 alloy and 
in Al 2024 alloy. Furthermore, Fig. 10A shows that the 
barrier layer thickness was around 75 nm, giving -1 
nm V-1 for films formed on aluminum in oxalic acid, 
similar to the values obtained for d-c films in oxalic 
acid (7). 

Impedance measurements of porous films formed at 
constant d-c and a-c voltages gave the film barrier 
layer thicknesses as shown in Fig. 11. D-C films formed 
on Al 2024 and A1 1100 alloys had barrier layer thick- 
nesses of 0.88 and 1.08 nm V-1, respectively, compared 
with a-c films with values of 0.76 and 0.87 nm V-1 for 
Al 2024 and Al 1100, respectively, within a range of 
anodizing voltage up to 25V. 

cell voltoge ,volts 

Fig. 11. Variation of barrier thickness db with cell voltage of 
d-c and a-c thick anodic films formed in 170 g/ l  sulfuric acid on 
A l  1100 and A l  2024 alloys. 

These barrier thickness measurements indicate that 
the barrier layer thicknesses of a-c and d-c films 
formed under similar anodizing conditions are within 
10% (11). I t  can be deduced, therefore, that the pres- 
ence and the embedment of intermetallic particles 
during this growth did not grossly change the film bar- 
rier layer and its growth rate. 

The embedment of an intermetallic particle into the 
film during its growth can be observed in Fig. 10A. The 
particle, probably AkFe, appeared as a dark zone at 
the metal/film interface. It can be seen that film 
growth through the pore base ceased at  the particle 
interface, resulting in film growth around the particle. 
This will lead to electrical isolation of the particle 
from the substrate. 

In Fig. 10B, no particles were observed at  the metal/ 
film interface. The basic film pore structure of a-c 
films was not affected by the presence of intermetallic 
particles in these alloys. These particles were en- 
trapped into the oxide films in the course of their 
growth, but did not cause. substantial changes in film 
structure, as deduced from the TEM observations. 

Replica observations.-Replicas of film external sur- 
faces were made without further treatment of the 
specimens. Particles present at the surface after ano- 
dizing were replicated. Cavities in the film surface 
originally occupied by intermetallic particles which 
were removed toward the end of the anodizing proc- 
esses were replicated as well. 

Typical surface replica micrographs of a-c films are 
given in Fig. 12 and 13. Figure 12A shows, for A1 2024- 
T3 alloy anodized in sulfuric acid, a particle at the film 
surface (left side of the picture) which appeared sub- 
stantially complete; that is, it did not dissolve in the 
course of anodizing. In addition to the embedded 
particle, two small cavities can be seen in the lower 
right side of the pictures. These are probably due to 
removal of second-phase particles from the film sur- 
face in the course of anodizing and film growth. 

Through the course of prolonged a-c anodizing, the 
film structure might be affected and modified at the 
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Fig. 12. Surface replicas of o-c anodized Al 2024-T3 alloy show- 
ing film surface structure, intermetallics, and intermetallic sites in 
film surface. A, a-c film formed in 170 g/l sulfuric acid a t  15°C 
a t  constant potential of 23V for 30 min, reaching thickness of 8.0 
pm. 0, a-c film formed in 90 g/ l  oxalic acid a t  temperature of 
25°C a t  constant potential of 75V for 30 min, reaching thickness 
of 8.5 pm. 

film/electrolyte interface, primarily by various chemi- 
cal dissolution processes. The film surface structure 
appearing in Fig. 12A was composed of cells up to 30 
nm in size; it was not affected by the presence of 
intermetallic particles in the film surface. 

Figure 126 shows for an a-c film formed in oxalic 
acid the embedment of elongated second-phase 
particles 0.5 pm in size in the film surface. These 
particles appeared as gray sites surrounded by dark 
rims. The surface of the film produced in oxalic acid 
appeared to be much rougher compared with the sul- 
furic acid film (Fig. 12A). 

Surface replicas of a-c anodic films formed on A1 
1100-HI4 are shown in Fig. 13. Figure 13A shows a film 
surface structure in sulfuric acid which was composed 
of cells up to 60 nm in size, similar to a-c film formed 
on 2024-T3 in sulfuric acid (Fig. 12A). Figure 13B il- 
lustrates the anodic film surface structure obtained in 
oxalic acid. A rougher film surface was obtained in 
oxalic acid, probably due to excessive dissolution dur- 
ing film growth. In the area shown in Fig. 13B, two 
elongated intermetallic particles are observed pro- 
truding from the film surface. These surface replica 
observations of a-c film provide direct evidence of 

Fig. 13. Surface replicas of a-c anodic films formed on A l  1100- 
H-14 olloy showing fi lm surface structure and sites of intermetallic 
particles in film surface. A, a-c film formed in 170 g/l sulfuric 
acid a t  temperature of 15°C a t  constant potential of 23V for 30 
min, reaching thickness of 9.5 pm. B, a-c film formed in 90 g/ 
oxalic acid a t  temperature of 25"C, a t  constant voltage of 75V, 
for 60 min, reaching thickness of 20.5 am. 

intermetallic particles being embedded in the film 
surface. 

The overall view given by film observations is that 
intermetallic constituents in the size range of 0.5-10 
pm which react either faster (copper-rich particles) or 
slower (iron-rich particles) than the aluminum alloy 
matrix were entrapped in the a-c thick porous films 
during their formation. Unlike d-c films, where par- 
ticles, especially fast reacting ones, substantially af- 
fected film structure and morphology (2, 5, 6), no 
major modifications or changes were observed in a-c 
films. 

Embedment of intermetallics and a-c film growth.- 
The mode of film formation and the entrapment of 
second-phase intermetallic constituents in the growing 
film under alternating voltage is illustrated schemati- 
cally in Fig. 14. The interpretation in the present work 
of the processes taking place in the course of anodiz- 
ing is based on previous studies of d-c porous film 
growth on aluminum alloys containing intermetallic 
particles (1-6). 

Intermetallic constituents equally or less reactive 
than the matrix.-Under a-c anodizing conditions, film 
growth takes place during the positive half-cycle 
(Fig. 14A). The anodic film is assumed to grow uni- 
formly on the surface free of particles, while the iron- 
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Fig. 14. Schematic of a-c film growth and the embedment of 
second-phase microconstituents during film growth. 

rich particles remain almost inert (1, 2). The corre- 
sponding current densities are illustrated by arrows 
designating the electronic current in the metal. It 
might be noted that initially particle 1 was partly ex- 
posed to the solution and particle 2 resided under- 
neath the metal surface. The metal surface above 
particle 2 was anodized, and film grew continuously in 
a normal growth of porous films, that is, through the 
barrier layer at the pore bases (see Fig. 10). At the 
end of the positive half-cycle, both particles were 
surrounded by oxide film. 

During the negative half-cycle of the alternating 
voltage, the normal growth of porous anodic film came 
to a stop and cathodic reactions took place, such as 
hydrogen evolution and/or cathodic deposition (12, 13). 
The presence of inert or equally reactive intermetallic 
particles led to high cathodic current densities around 
them, compared with the already filmed particle-free 
surfaces, as shown in Fig. 14B. 

Type 1 particles were highly conductive and there- 
fore drew higher cathodic current, either because they 
remained inert, passive, and nonfilmed (AlnFe in 
&So4) or because thin highly conductive oxide film 
was formed on their surface (Ah3Fe in H2C204). An 
anodic film formed on an iron-rich particle contained 
a high concentration of iron (4, 6), which made the 
film highly conductive electronically. The evolution of 
hydrogen at  the particle/acid interface led to de- 
struction or removal of the oxide on the particle sur- 
face (13), exposing the bare surface to the solution, 
which again drew a high cathodic current (Fig. 14B). 

Type 2 particles served as local sites for high cur- 
rent density during the negative half-cycle. These par- 
ticles were originally below the alloy surface, so that 
the oxide above them was the normal porous film. 
Most probably the main cathodic reaction that oc- 
curred above the particle site was the reduction of hy- 
drogen ions, leadin$ to formation of hydrogen gas (12, 
13). The evolution of hydrogen gas, probably formed 
at  pore base, could introduce cracks or peeling of 
fragments of the film, leading to a decrease in film 
local resistance and a subsequent increase in local 
cathodic current density. Furthermore, during the 
negative half-cycle, the intermetallics serving as local 
sites for conducting most of the current resulted in 
cathodic reactions. The already formed anodic porous 
film at particle-free alloy surfaces remained un- 
changed. 

The system was then subjected to positive half-cycle 
of the alternating voltage (Fig. 14C). At this stage, 
anodic film grew to a thickness of dp in addition to 
film thickness dl which had been formed previously. 
The ionic current density in the anodic film an6 the 
corresponding electronic current density in the alloy 

were very small at  particle sites compared with uni- 
form high current density at  the particle-free zones. 
Type 2 particle showed relatively small current den- 
sity; however, it became surrounded with anodic film, 
leading to disconnecting electrically from the matrix 
alloy (4) and consequently to its embedment in the 
growing film. Complete entrapment of iron-rich par- 
ticles in the course of a-c anodizing was illustrated in 
Fig. 7 and 8. Type 1 particle showed very low current 
density compared with the adjacent areas. This cur- 
rent was probably consumed in repairing the dam- 
aged film on the particle surface caused by cathodic 
reactions during the previous negative half-cycle al- 
ternating voltage. At this stage, type 1 particle became 
almost embedded in the film. Evidence can be seen in 
Fig. 13B, where two particles of type 1 are protrud- 
ing from the surface. 
Intermetallic constituents more reactive than the ma- 
trix.-The mode of a-c film formation on aluminum 
alloy containing constituents such as copDer or mag- 
nesium-rich particles which reacted faster than the 
matrix (2, 5, 6) is illustrated schematically in Fig. 14. 

At the start, processes occurring during the positive 
half-cycle (Fig. 14A) were composed of normal por- 
ous film growth together with oxidation and subse- 
quent dissolution of the copper-rich particle (5,  6). 
Type 1 particle probably underwent oxidation-disso- 
lution processes at  the surface exposed to the electro- 
lyte, while particle type 2, which initially was under- 
neath the substrate surface, was not affected. The local 
current density at the particle 2 site was lower, as sug- 
gested previously (2). Film growth during the pos- 
itive half-cycle was considered very similar to normal 
d-c film growth on aluminum-copper alloys resulting 
in dissolution of copper ions (2), yet still retaining low 
concentrations of copper in the anodic film (2, 5) above 
the matrix but not above second-phase particle (6) of 
type 2. 

During the negative half-cycle of the alternating 
voltage, anodizing film growth was essentially stopped 
and cathodic reactions took place. It was assumed that 
the local cathodic high current densities were at parti- 
cle sites. These reactions were probably the formation 
and evolution of hydrogen gas leading to an increase 
in the pH film/electrolyte (12, 14); and cathodic depo- 
sition of dissolved copper ions from the electrolyte, 
particularly at  the particle/electrolyte interface (15). 

As a result of these reactions, the particle surface 
(type 1 in Fig. 14A) probably became coated with cop- 
per. Upon applying the next positive half-cycle volt- 
age (Fig. 14C), the coatings that had been electrode- 
posited on particle surface sites would have to dissolve 
directly or be oxidized and then dissolved. At the 
same time, film growth took place at particle free 
zones, reaching a total thickness of dp + dl. At the 
end of this stage of film growth, particle 2 would be 
electrically disconnected from the matrix and parti- 
cle 1 would be almost embedded before suffering fur- 
ther dissolution, which might change its dimensions 
substantially. The embedment of copper-rich parti- 
cles in the growing film without major change in their 
original dimensions was found in this study, as shown 
in Fig. 5 and 6 (for particles of several micrometers 
in size) and in Fig. 9 and 12 (for particles up to 1 ~m 
in size). 

Conclusions 
The contribution of this study was to show the for- 

mation of a-c anodic thick films on commercial alu- 
minum and aluminum-copper alloys with special at- 
tention to the microconstituent effects. The formation 
of these films involved the flowing of anodic currents, 
mainly through the porous anodic film on the matrix, 
and of cathodic currents through the particles. Non- 
reactive particles were not damaged by the cathodic 
current, while reactive particles that had suffered 
some dissolution during the anodic cycle were cov- 
ered with an electrodeposit of copper during the cath- 
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Diffusion of Gold in Silicon 

M.   ill,' M. Lietz, and R. Sittig 

Brown Boveri Research Center, Baden, Switzerland 

ABSTRACT 

The spreading resistance technique has been used to measure the degree of resistivity compensation in NTD-Si 
samples following Au diffusion under many different conditions. From the theoretical curves of Thurber and Bullis (1) 
these can be converted to substitutional Au concentration distributions, C,. Several new effects have been found, all of 
which can be interpreted using the "kick-out'' mechanism, whereby Au atoms enter substitutional sites by removing 
an Si atom that becomes a self-interstitial, I. The Au diffusion process is then controlled entirely by the local concen- 
tration, C,, and out-diffusion of these self-interstitials. Detailed analyses and numerical solutions of the diffusion 
equations are given, and the experimental results can all be fitted, for instance, at 845°C using an Si self-interstitial 
diffusion constant D, Z 3 x lo-' cm2 sec-'. The time dependence of C, is also explained. For the first time, direct 
evidence for the very rapid diffusion of interstitial gold, Aui, is presented. It is shown that Di  2 cm' sec-' and that 
the equilibrium concentration of Au, is probably greater than or equal to the equilibrium concentration of substitu- 
tional atoms, Au,. The effect of swirl defects on Au diffusion is also demonstrated and explained. 

A well-defined control of the charge carrier lifetime 
represents a major problem during the production of 
high voltage silicon power devices. Due to its well- 
suited combination of characteristics, gold is the pre- 
ferred recombination center, particularly for thyris- 
tors. Therefore the properties of the gold centers and 
the diffusion of gold in silicon have been investigated 
many times over the last twenty years (2-4). 

In spite of all these results, i t  is still not possible 
during production to obtain reproducible gold con- 
centrations from batch to batch even when using iden- 
tical gold diffusion conditions. 

Thus on investigating gold diffusion one has to be 
aware of some influence of the pretreatment of the 
silicon wafers, of the surface preparation technique, or 
the interaction of gold with other impurities. The get- 
tering of gold by a highly doped phosphorus profile 
is well known (5-7) and the interaction with carbon 
atoms has been reported (8) .  

In this paper we report on extensive experiments on 
gold diffusion. Dislocation-free silicon with controlled 
low carbon content was carefully annealed before it 
was used during these investigations. The influence of 

' Present address: Mullard Hazel Grove, Stockport, England. 
Key words: gold, diffusion,'silicon. 

a high temperature process before gold diffusion is 
demonstrated. 

Most important for these experiments is the evalua- 
tion of gold content from measuring its compensating 
effect on the resistivity of the starting material. This 
technique has proven especially powerful when ap- 
plied to neutron transmutation doped silicon, which 
exhibits an absolutely homogeneous doping concentra- 
tion (9) .  By these means, we can determine the gold 
concentration with high spatial resolution and accur- 
acy. Several detaiIs of gold profiles are shown, which 
could not be observed in earlier experiments. These 
features provide important information for detailed 
analysis of the diffusion process. 

Up to now it has generally been assumed that gold 
diffusion is controlled by the Frank-Turnbull mecha- 
nism (10). In recent papers (11, 12), however, it has 
been demonstrated that some characteristics are more 
easily explained using the so-called "kick-out" mecha- 
nism. Our results seem to clearly support this model. 

Experimental 
All work was carried out on float zone silicon slices 

from crystals having carbon concentrations of less 
than 3 x 1016 cm-3. All n-type samples with starting 



1580 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY July 1982 

resistivity greater than 30 ncm were produced by neu- 
tron transmutation doping so that no ,striations were 5 
visible using spreading resistance. 

The initial silicon slices were 1200 pm thick. These 
were cleaned in organic solvents, then at least 50 rm * 
were chemically polished from each side, to leave u 108 
damage-free surfaces. The slices were then subjected 
to a high temperature process (anneal or B-diffusion) 5 
at  a temperature of at  least 1150'C for at  least 2 h r  W 
and subsequently cooled at 1°C per min. The reasons 0 

- 
;-<, 

b - 
- 
- . :. 

: . .  . s, : .  
:. i ; 

.'\ ! : I' 
&' . 

for this will be discussed later. The slices were then 
given another short chemical polish to clean the sur- ; '-L..- ,.fcJ :, . 
faces followed immediately by evaporation of 500A - : \..- .-...,. ,- L,.. /- : ,  . . 
thick gold layers on both sides unless stated otherwise. - . . a 
The gold difision was carried out in air, usually for w 5 hr with a cooling rate of 3°C per min. 

After diffusion the resistivity of the samples was 2 
determined using spreading resistance. Conventional 9 
polished bevels through the slices were used to obtain lo6 
the variation of resistivity with depth. In slices that 
had been evaporated with a masked pattern of gold, 5 5 
the lateral resistivity variations were plotted by lap- fZ 
ping and polishing away half of the sample thickness 2 
and making spreading resistance measurements paral- 
lel to the surfaces. lo5- 

In this way the change in resistivity compared to 
control samples, which had only been subjected to the 
same high temperature process, was obtained. The re- 
sistivity changes were then converted into gold con- 

. . . . 
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- . . 

: 

- . .: . 
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centrations using the calculated results of Ref. (1). The 
absolute precision of gold concentrations determined in 

0 500 1000 
this way is influenced by (i)  changes in resistivity in 
very high resistivity samples (> 500 ncm), which are 

WAFER THICKNESS [ym I 
sometimes found after annealing only; (ii) uncertain- Fig. 1. Spreading resistance measurements perpendicular thmugh 

ties in spreading resistance values above about 5 107 three silicon slices, which were all gold diffused for 5 hr at  a tem- 

and (iii) the very small resistivity peroture of 1010°C. The starting resistivity was (a) 6.4-9.0 flcm 

when the gold concentration is less than 0.2 times the Fz-Si, (b) 80 ncm NTD-Sif (c) 330 NTD-Si. 

background doping. The considerable advantage of this 
method over determination of gold concentration by linearity of the spreading resistance equipment at 
activation analysis lies in the repeatability of the mea- these very high resistances. 
surements and particularly the spatial resolution. Re- Curve (c) was obtained after diffusion into 330 ncm 
sistivity compensation is assumed to measure only the starting silicon. The whole sample has been converted 
substitutional gold concentration. into p-type and the curvature is reversed compared 

M~~~ samples were examined by x-ray topography to curve (a).  I t  is thus clear that, regardless of the 
before and after gold diffusion. no case were more measured values of spreading resistance, the gold con- 
than 50 dislocations found and the majority of samples centration the must be 

were completely free of dislocations. greater than 6 x 1014 cm-3. 

Temperature dependence.-In all samples of ap- 
Results proximately 1 mm thickness, the gold concentration 

Extreme examples of depth profiles.-Some ex- at  the surface is 2-3 times higher than in the center. 

amples showing types of spreading resistance profiles The gold concentration in the centers of the slices 

that can obtained are given in Fig. All three after 5 hr of gold diffusion at temperatures between 

samples were gold diffused at 1010°C for 5 hr. 810" and 1010°C are shown in Fig. 2. Each point repre- 
sents an average value calculated from the results 

Sample (a) is FZ silicon containing resistivity stria- slices from at least 10 different starting crystals. 
tions in the range 6.4-9.0 ncm. The phosphorus con- ~~~i~~~ variations of 2 50% from the average value 
centration has been considerably compensated by the were found. 
diffused-in gold, but the sample has remained n-type 
throughout. We find here that the gold concentration Single-sided gold diffusion.-A 330 n m  n-type silicon 
decreases continuously from surface to center of the slice was cut in half and one piece was gold evaporated 
slice, which is not in agreement with other authors on both sides, the other piece on one side only. Both 
(3, 13-15). The gold concentrations are estimated to pieces were simultaneously diffused for 5 hr at  825'C. 
be NA,(0) = 14 x 1014 cm-3 at the surface and N~ , ,  Figure 3 shows spreading resistance measurements 
(500 cm) = 7.3 x 1014 cm-3 at the center of the (a) on the piece with gold on both surfaces and (b) 
slice. on the piece with gold on the surface at  0 pm but no 

Sample (b) was initially 80 ncm NTD silicon. At On the surface at 1100 mLrn. 

the surfaces, the initial resistivity has been overcorn- Whereas the gold concentrations for (a) and (b) are 

pensated and converted to p-type, At a depth of 140 identical at 0 rm, the gold concentration near the back 

rm the resistance reaches a maximum and at greater nonevaporated surface of sample (b) is considerably 

depths the silicon is still n-type. From Ref, the greater than that of the piece having both surfaces 

gold concentration at the resistivity maximum is NAu 
gold evaporated. At a depth of 800-900 pm the differ- 

(140 sm) = 22 x 1014 cm-3 and the resistivity is 3 x ence in gold concentration for samples (a) and (b) is 

105 Qcm. However, the measurements show a resistiv- - 30% at 500 pm the difference is lo%'  

ity of 3 X 104 ncm. This rather large discrepancy is Double-sided, masked gold evaporation.-Figure 4 
probably due to the poor reproducibility and non- shows the lateral spreading resistance variation at a 
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TEMPERATURE [K 1 
1158 1118 1083 

Fig. 2. Temperoture-dependence of the gold concentrotion in the 
center of a 1 mm thick slice ofter a diffusion time of 5 hr. 

WAFER THICKNESS Cpml 
Fig. 3. Spreading resistance meosurements ofter 5 hr of gold 

diffusion a t  825"C, (01 with gold evoporated on both surfaces, (b) 
with gold on the left-hand surfoce, 0 pm. 

Fig. 4. Spreading resistance meorurements parallel to the sur- 
faces but a t  the center of the slice. Gold hod been evaporated on 
both surfaces a t  the "Au" marked areas only. The gold concen. 
tration is lower in regions with gold-covered surfaces. 

a 
LA 

depth of 500 pm in a 1 mm thick gold diffused slice 
on which carefully matched stripes of gold had been 
evaporated onto both surfaces. As in Fig. 3, a markedly 
higher gold content is found below areas that had not 

I ,  I I I I J I I  I ,  

been gold evaporated. The sharp spikes are due to the 
effect of carbon striations in the silicon (8). 

A clearer picture of what is occurring here is ob- 
tained by studying a single boundary between double- 
sided gold evaporation and double sided bare silicon. 
Figure 5 shows the spreading resistance variation for 
this case again measured parallel to the surfaces in the 
center of the slice and perpendicular to the boundary 
between gold evaporated and not evaporated regions. 
The expected constant gold concentration is found 
under the gold-covered surfaces. Approaching the 
boundary, the gold concentration increases, goes 
through a maximum just outside the gold-covered 
region, and then decreases with a decay length of 
about 9 mm until the gold concentration is below the 
detection limit for the starting resistivity. 

0 5 10 15 20 25 
WAFER DIAMETER [mm] 

Influence of boron, aluminum, and phosphorus d i f -  
swn profiles.-In samples, into which boron or alumi- 
num profiles had been diffused before the gold diffu- 
sion, no difference could be found compared with gold 
diffusion into samples which had only been annealed. 
On the other hand, it is known that phosphorus-dif- 
fused layers retard gold diffusion (5). In order to study 
this effect, phosphorus was diffused for 14 hr at  1000°C 
into 75 ncm n-type silicon. The slice was then halved 
into parts (a) and (b) and from part (a)  10 pm was 
chemically polished off both surfaces to remove com- 
pletely the phosphorus-diffused region. Part (b) was 
cleaned only in perchloric acid. Both parts were then 
gold evaporated and diffused at 845°C. Figure 6 shows 
the spreading resistance measurements on both parts. 
In part (b) there is a maximum in the gold concentra- 
tion a t  a depth.of 42 pm, which is more than 30 am 

WAFER DIAMETER [ m m l  

Fig. 5. Lateral spreading resistance variation measured a t  the 
center of a slice i n  a direction perpendicular t o  the edge of the 
gold cover, which was on both surfaces a t  the marked are0 only. 

V) 

0 500 900 

WAFER THICKNESS [pm] 

Fig. 6. Spreading resistance meosuremenk vs. wafer depth of a 
previously phosphorus-diffused slice. (a) 10 p m  of silicon contoin- 
ing the phosphorus profile polished off from both sides before gold 
evaporation, (b) containing the phosphorus profile a t  the surface 
during Au diffusion. 
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deeper than the phosphorus profile. The gold concen- 
tration at the center of the slice is only 30% of that 
in part (a). 

Gold diffusion in nonannealed silicon.-Figure 7 
shows spreading resistance measurements on a slice 
that had no previous high temperature treatment be- 
fore the gold diffusion. The sillcon had been neutron 
transmutation doped followed by a few minutes an- 
nealing at  about 750'C. The resistivity was then 103 
ncm. The slice was as usual gold evaporated on both 
surfaces, then divided into three parts, and diffused at 
845°C. Curve (a) shows the spreading resistance varia- 
tions after a diffusion time of 2 hr, (curve b) after 11 
hr, and curve (c) after 26 hr. The incorporation of 
gold in the silicon lattice shows the following surpris- 
ing properties: ( i)  the gold distribution follows a 
"striated" pattern; (ii) the amplitude decreases with 
increasing diffusion time; and (iii) decrease of the 
mean gold concentration in the center of the slice 
while simultaneously the in-diffusion profile becomes 
more pronounced near the surfaces with increasing 
diffusion time. 

Analysis of the ezperimental results.-The experi- 
mental results exhibit some striking features, which 
directly give some information regardless of any theo- 
retical .model: 

1. In our experiments all "normally" (a) diffused 
samples exhibit a slight but continuous variation of 
gold content throughout the slice thickness, showing 
that it is governed by a diffusion process. Even at the 
center we find a clear curvature (b) rather than a 
constant plateau as reported in Ref. (3), (13). and 
(15). The surface concentration, however, is only about 
a factor of 2-3 higher than the minimum in the middle 
of the slice. 

2. Even near the surfaces the gold concentration 
curve does not resemble a complementary error func- 
tion. This is in contrast to the evaluation of Wilcox and 
La Chapelle (2). 

3. The surface concentration at  a gold-covered sur- 
face must not be assumed to be the equilibrium con- 
centration during the whole diffusion process. This 
becomes obvious from Fig. 3 where the gold content 
is higher at the bare surface. Therefore the generally 
assumed boundary condition, that the concentration 
reaches its equilibrium value at the surface covered 
with the corresponding impurity atoms, is not valid 
in this case (c). 

4. From Fig. 3 it follows further that it is not the 
diffusion of gold atoms that determines the gold dis- 
tribution during the "normal" (a) diffusion experi- 
ments. If this were the case, then the concentration 
could not be highest at the bare surfaces. 

5. If it is not the gold source that causes the asym- 
metry of the distribution in Fig. 3, then the asymmetry 

WAFER THICKNESS [urn1 

Fig. 7. Spreoding resistance and Au concentration vs. wafer 
depth ot o specimen without high temperoture treatment before 
gold diffusion ot 845°C for (0) 2 hr, (b) 11 hr, and (c) 26 hr 
diffusion time. 

can only be due to another surface property, which 
differs for gold-covered and bare surfaces. One has to 
assume that some reaction takes place at or near the 
surface and influences the incorporation of gold atoms. 
This is in agreement with Fig. 5, where a maximum 
of the gold concentration is reached near the boundary 
between a gold-covered and a bare surface. 

6. In the experiment used to obtain Fig. 5, however, 
the geometry is considerably changed. Both the gold- 
covered and the bare part of the slice represent areas 
with differing, but in each region constant, boundary 
conditions. The decrease of the gold content in the 
direction away from the gold source, therefore, has to 
be attributed to the fast diffusion of gold atoms. 

7. The measurements shown in Fig. 7 demonstrate 
that an irregular behavior may occur for unannealed 
silicon. After 2 hr of diffusion the gold concentration 
reaches locally higher values than anywhere in an 
annealed slice after 5 hr of diffusion. This seems to 
support both observations 3 and 4. 

a. Gold evaporated onto both surfaces; diffusion time 
5 hr at  temperatures in the range 800"-1000°C. 

b. This can be seen directly in the spreading re- 
sistance curve of Fig. 7c, but in Fig. 6, for example, it 
is distorted by the nonlinearity of the relation between 
resistivity and gold concentration. 

c. Due to experimental limitations we could not 
analyze the gold content within the first 3 rm from the 
surfaces. Thus we have to exclude this layer from the 
above statement. Possibly a diffusion of gold substitu- 
tional atoms could be occurring, starting from its equi- 
librium concentration at  the very surface. 

Theory and Interpretation 
Since the paper of Dash (16) it is generally assumed 

that the diffusion of gold in silicon takes place via 
the Frank-Turnbull mechanism (10). Gold atoms dif- 
fuse very fast via interstitial lattice sites, Aui, and then 
can occupy the place of a vacancy, V, according to the 
reaction 

Aui + V&Au, 111 
Only the gold atoms on substitutional lattice sites, 
Au,, are electrically active and can be detected by 
spreading resistance measurements. 

The interpretation of experimental results by this 
mechanism lead to the following statements: (i) A u ~  
diffusion is very fast; (ii) Au,-diffusion is very slow 
and may be neglected; (iii) vacancy sources have to 
be assumed inside the bulk material (14). These va- 
cancy sources, however, could not be explained satis- 
factorily. In a recent paper (12) Gosele et al. have 
shown that the vacancy mechanism cannot explain the 
experimental results. Instead they have proposed a 
mechanism via silicon self-interstitials, I, and have 
shown that this can explain the correct time depend- 
ence of the gold concentration. In this mechanism gold 
atoms reach a substitutional site according to the 
"kick-out" reaction 

This model assumes reactions that are nearly recipro- 
cal to the vacancy mechanism: instead of vacancy in- 
diffusion and vacancy sources in the bulk, now the 
gold concentration is controlled by self-interstitial 
out-diffusion or self-interstitial sinks in the bulk ma- 
terial. There is a difference, however. The I concen- 
tration can be several orders of magnitude larger than 
its equilibrium value, whereas the vacancy concentra- 
tion can only be reduced to zero. Therefore differences 
of the diffusion process can be expected, which enable 
the two models to be distinguished. 

Basic eqmtions.-Our analysis is based on the self- 
interstitial mechanism. To use as few parameters as 
possible, no internal I-sinks are assumed for all the 
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pre-annealed samples. We then arrive at the follow- 
ing set of nonlinear partial differential equations 

C, denotes the concentrations of substitutional gold 
atoms, Au,, for n = s; of self-interstitials, I, for n = I;  
and of interstitial gold atoms, Aui, for n = i. 

D, denotes the corresponding diffusion coefficients. 
D, is neglected in Eq. [3] since it is several orders of 
magnitude smaller than DI or Dl. T is the kick-out 
reaction time constant, and k is the constant of the law 
of mass action of reaction 121, which may be written 
a 

The C,eq denote the corresponding equilibrium con- 
centrations. 

From experimental observation (feature 5) it fol- 
lows that a fourth equation has to be introduced to 
describe the kinetic process of the self-interstitials 
leaving the crystal at the surface. From the continuity 
of the I-flux it follows at the surface 

x denotes the coordinate perpendicular through the 
slice. The constant, v,, has the dimension of a velocity 
and from (feature 5)  it follows that it is different for 
gold-covered, (v, = v,), and for bare surfaces (v, = 
vb). 

"Normal" diffusion perpendicular to Au-covered sur- 
faces.-According to (features 1, 4, and 5) the I-diffu- 
sion and the surface reaction are the limiting pro- 
cesses in this case. The Aui-diffusion and the kick-out 
mechanism may be treated as fast in comparison. Thus 
in a first phase these processes take place until the 
equilibrium concentration 

is approximately reached throughout the whole slice. 
The equilibrium of the kick-out reaction 

is always nearly fulfilled and it follows that 

holds in this case. 
We define tl as the time when this first phase is 

finished. Since the I-diffusion has been neglected so 
far, it follows that 

holds independently of x. Here we have assumed the 
starting condition C,(O) = 0 and neglected CI(O), 
since from C,eq >> C~eq it follows that 

Even after a diffusion time of only 5 min at  850°C the 
gold concentration on the back of a gold-implanted 
slice of 250 rm thickness is higher than at  the center 
(17). Thus one may estimate t i  to amount to less than 
20 min in our case. 

During the second phase the I-out-diffusion has to 
be considered. Starting at the surfaces, CI begins to 
decrease while simultaneously (due to the kick-out 
reaction) new Au, and I are being produced. At the 
center, x = d/2, Eq. [ I l l  still holds until at  a time 
tz the out-diffusion profile is established throughout 
the whole slice. An estimate of tz will be given below. 

The third phase is characterized by a monotonic 
decrease of CI and increase of C,. Equations [3]-[7] 
now reduce to 

ac, cieq 1 -=-- 
at r c12 

(C12 - CSCI) [3'1 

acl 
DI -=CVC ax 8 I at  x = 0 and x = d [$"I 

where we have used [12]. 
This implies the following 

CI (x, t )  = A (x) . B (t) [I31 
with 

A(X)  = e [ l - 0 2 ( x - f  )' 

and 
B ( t )  = ( t  + to)a + bl ( t  + t,)a-' + . . . C151 

Due to the symmetry only even terms of the spatial 
dependence are taken into account. to will be used to 
fulfill the starting condition CI (d/2, tz) = C1. 

With [I31 one obtains from 14'1 

which may be time integrated to deliver 

The leading term of C, is of the s a k e  order of time de- 
pendence as J'Bdt or of a dependence one order higher 
than CI. It thus follows that -1 < rr <.O. 

Insertion of [13] and [I71 in [3'] y~elds 

The term with highest order of time dependence has to 
cancel the constant inside the waved brackets. Since 
C, increases and CI decreases monotonically it follows 
that the leading term of BSBdt is independent of time, 
which delivers 

Furthermore the coefficient of this term has to be in- 
dependent of x and to fulfill the condition 

For x = d/2 one finds 

and for the higher order coefficients 
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a2 can be calculated from Eq. 17'1, which results in 

Neglecting a4 and higher order coefficients one ob- 
tains 

which may be rewritten to define a time txg as 

Thus for the leading term of C~(x, t )  during this third 
phase we arrive at  

r / d \ Z >  

and for the leading term of C.(x f )  a t  

C, exhibits a $-dependence only when (trg - tz) 
may be neglected in comparison to t and only as long 
as the condition CI >> C~eq or C, << Cseq, respec- 
tively, is valid. 

When these latter inequalities become no longer 
valid a fourth phase follows, during which all concen- 
trations approach their equilibrium values. A sum- 
mary of the first three phases of this diffusion process 
is sketched in Fig. 8. 

Although this is only an approximate description, it 
allows the influence of the different parameters to be 
determined. Conversion of Fig. 3, curve (a) to gold 
concentration results exactly in a shape of C,(x) 

according to 1281, (see also.Fig. 11). From the differ- 
ence of C,(o) and C,(d/2) the value of 2D1t1, can be 
determined with the relatively high accuracy of about 
230%. Slnce tnickness d is known exactly, we obtain 

Now we can estimate the time t ~ .  Since Au, and I are 
produced simultaneously, the total amount of I which 
is difiused out oi the slice up to time tz is given by 

The surface concentration CI is varying during this 
period from C1eQ up to about C1 and down again to 
about 1/3 C1. l'hererore an average I-current density 
of about 2 2/3 C1 v, is flowing out of both surfaces. 
As a result we can estimate tz  from the equation 

The evaluation yields 

4.5 . 10-2 cm 
t2 = 

vg 
with 

and thus using [26] 

To determine a narrower range for DI and vg sepa- 
rately, we can now construct Table I for diffusion tem- 
perature of 845°C. 

The values of DI are chosen arbitrarily, vg, t1 - tz, 
and C, are then evaluated using [29], [32], and [281, 
respectively. Taking the experimental value of C. (d/2, 
5 hr)  = 1.15 . 1013 cm-3 then C1 can be determined. 
From these data it follows, that with Dl = 10-7 cmz 
sec-1 and a diffusion time of 5 hr, C, would increase 
only by a factor of 1.3 and no &dependence of C, 
can be observed. DI = 3 . 10-7 cm2 sec-1 would result 
in a C,-increase by a factor of 2 and a &dependence 
is approached after about 2 hr of diffusion, when t > 
2(trg - tz) holds. For still larger DI values, the d.t- 
dependence would be more pronounced. 

Using the experimentally observed &-dependence 
(3) of C,, it thus follows that Dr has to be at least as 
large as DI 2 3 . 10-7 cm2 sec-1, C1 S 6 . 1012 cm-3 
and C,esC~eq 5 3.6 x 1025 em-8, a11 values at  a tem- 
perature of 845°C. 

When Eq. [3]-171 are solved by a numerical com- 
puter program, i t  turns out that the experimental 
shape of C.(x, 5 hr)  can be completely fitted equally 
well with DI = 3 . 10-7 cmz sec-1 as with DI = 10-6 
cmz sec-1 if only the ratio D1/vg is kept constant. Fig- 

DIFFUSION-TIME [orb. unltsl 

Fig. 8. Schematic sketch of the time dependence of the concen- 
trations of substitutional gold atoms, C,, and silicon self-intersti- 
tials, Cr, a t  the center of a slice during the first three phases. 
Both scales are linear. 

Table I. 
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fig. 9. Calculated Au, concentrations vs. wafer depth for differ- 
ent diffusion times. The highest curve (5 hr) fits curve (a) of Fig. 
3 using Dl = 3 . 10-7 cm2 sec-1 in this case. 

ure 9 shows C,(x)-curves at  different times. The time 
dependence C,(d/2, t )  and C,(O, t )  for the two cases 
DI = 3 . 10-7 cm2 sec-1 and DI = 10-6 cm2 sec-1 are 
shown in Fig. 10. 

The experiment with only one gold-covered surface 
(Fig. 3) can be simulated by taking into account a 
velocity v b  at the bare surface, which is larger than v,. 
From [26] and [291 it follows that even v b  = m will 
decrease trb only by about 50%. In the numerical cal- 
culation v b  = 15 v, has been used. The result is shown 
in Fig. 11, and agrees well with the experimentally 
observed curves. 

Lateral diffusion.-As was already mentioned in 
feature 6, the lateral diffusion must be attributed to 
the fast diffusion of gold atoms. This means that the 
approximation [81 does not hold. Instead we have to 
assume a decreasing Ci(z) starting from Cjeq at z = 0, 
at the edge of the gold-covered region, where z de- 
notes the coordinate parallel to the surface. 

In the description of the perpendicular diffusion we 
have shown that during the third and fourth phases of 
diffusion 

~ C I  ac. -<o<- 
at at 

DIFFUSION-TIME lhl 

Fig. 10. Calculated Au, concentrations vs. diffusion time a t  the 
surfaces (x = 0) and at  the center (x = d/2 )  for Dr = 3 . 
and 1 . 10-8 cm2 sec-1. Both calculations are fitted to the mea- 
surements after a diffusion time of 5 hr. 

'"b ' 260 ' LAO I 6b0 B ~ I  ' lob0 I 
WAFER THICKNESS [ pml 

Fig. 11. Calculated Aus concentrations vs. wafer depth after 5 hr 
diffusion fitting approximately the measurements of Fig. 3, using 
& = 3 . 10-7 cm2 sec-1. Lower cuwe: gold on both surfaces, 
v, = 2 2 .  10-5 cm2 sec-1; upper cuwe: gold on left surface 
only, same v, but vb = 15 vg on the right surface. 

In the present case this inequality will be valid for 
small z-values by the same reasoning. For larger z- 
values, on the other hand, the I atoms always have 
only a constant short distance to the surface while the 
Aui-atoms have to diffuse an increasingly long distance 
to the corresponding z-value. Therefore we may as- 
sume 

- ac. << - independent of z 
at at 

1331 

Using this inequality the time derivative of 191 yields 

CI 1 ac. 1 act --.-=-- 
C I ~ Q  C,eq at Cl- at 

1341 

and transforms Eq. [5] to 

with the effective diffusion coefficient 

The solution of [351 is 

The equilibrium 191 of the "kick-out" reaction is 
nearly fulfilled in the z-direction, too. Therefore the 
resulting C, distribution will approximate to 

z c. = cl d y  \/ erfc ( --) [381 
2dDdft 

for small z-values, where Ci is near to its equilibrium 
value Cieq, but 

for large z-values, where CI is only slightly above 
CI~Q. 
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We can compare these approximations with the ex- 
perimental curve (Fig. 5). First one finds from 1281 
and [381 that the maximum of C, compared to the 
value between the Au covered surfaces amounts to 

C.(z = 0) 
-= - 3 1.22 at  maximum [401 

t1b 

when the leaving velocity vb is larger than at  least 10 
times v,. Experimentally we have observed values be- 
tween 1.1 and 1.4. 

From the slope of the experimental C,-curve, which 
decreases from its maximum only by a factor of 3 over 
a distance of 1 cm, a value of 

is determined using [38]. An evaluation according to 
[39] seems less appropriate, since the inaccuracy of 
the experimental values increases for large z (for 
small z [39] would lead to Ddf* = 3 . 10-5 cm2 sec-1). 

We can again use approximate formulas to gain 
some insight into the dependence between the unc 
known values of Cieq and Di. The total amount of Aul 
that is diffused through the plane at  z = 0 is either 
contained in the region z > 0 or has become converted 
to Au,. Thus 

= sr Cieq erfc (* ) dz + sa Cs (z) dz [ill 

Approximating the C,-curve by an erfc curve with 
Den* (to simplify the integration) and evaluating 
these integrals leads to 

If Cieq Z Cseq >> C, max were true, then it follows that 
Di zz D,ff. If on the other hand Cieq << 1.7 C, ,,, 
then Di >> D,H must hold. Since D,ff is already of the 
order of 10-5 cmz sec-1 this second condition seems 
rather unlikely. 

Numerical calculations of the lateral case were car- 
ried through only in one dimension. Instead of the 
complete x-dependence, the average values of the 
concentration were used and at the edge of the gold- 
covered surfaces a transition region of 1 mm length 
was introduced. The results that fitted the experimen- 
tal curve best are shown in Fig. 12. Figure 13 is the 
corresponding distribution of I. Variation of Cieq and 
Di over a broad range of values confirmed that a C,- 
maximum will occur only for Cieq > C,eq and Dl > 
10-5 cm2 sec-1. 

Influence of phosphorus profile.-It is well known 
that a phosphorus profile acts as a getter layer during 
Au-diffusion (5-7). Moreover, the "emitter push effect" 
during a phosphorus diffusion has been widely in- 
vestigated (18, 19). While previously this has been 
explained by the generation of vacancies, Strunk et al. 
(20) have shown that it is due to the generation of 
silicon self-interstitials instead. 

This result is supported by our experiments. Let us 
assume that the diffusing phosphorus atoms act as 
sources of I near the surface with a constant genera- 
tion rate. Then, with no gold present, the I atoms will 
diffuse into the bulk and to the surface. After some 
time a stationary state will be reached with constant 
CI,, throughout the bulk and a concentration gradient 
from the source to the surface, which just balances 
generation and outdiffusion. Now taking gold diffusion 

Z-COORDINATE [ mml 

Fig. 12. Calculated lateral Au, concentration after 5 hr diffu- 
sion, fitting the measurements of Fig. 5. During the calculation the 
average gold content was used and not the concentration a t  the 
center of the slice. The f i t  is obtained using Di = 1.6 . 10-5 cm' 
sec-1 and Cieq = 2 CP.  

Z- COORDINATE [ mml 

Fig. 13. Calculated lateral interstitial silicon concentration, CT, 
corresponding to the C, distribution of Fig. 12. 

into account the same processes take place as described 
before with the exception that CI will decrease from 
C1 only to CI,, and not to C p .  C, will increase only to 

correspondingly, even for very long diffusion time, as 
long as the I-source generation rate stays constant. 

The v-gdependence of C, will hold only as long as 
CI >> CI,, is valid, afterward C,(x) flattens out and 
approximates C,,,, as can be seen in the experimental 
curve, Fig. 6. In all experimental curves a clear dip in 
C,(x) is observed between the phosphorus profile and 
the C, maximum. The reason for this is not clear. 

Gold distribution in unannealed silicon.-The sur- 
prising features of the gold diffusion experiment in 
previously unannealed silicon (Fig. 7) were mentioned 
before. These phenomena can be explained consist- 
ently on the basis of the previous interpretation. It 
has been shown that the generation of Aus is limited 
when C, . CI = C12 is reached. From Table I it fol- 
lows that Ct 5 6 .  1012 cm-3 whereas in the present 
case a concentration up to C, s 1014 cm-3 is reached 
within less than 2 hr. Therefore, we may conclude, 
that there are I sinks in the bulk material, which pro- 
hibit an increase of CI and keep it near to C~eq, so that 
the gold concentration can approach C,eq. From the 
shape of the C,-curve it becomes obvious that the 
distribution of I sinks is coupled to the swirl pattern. 
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The subsequent decrease of the C,-maxima with in- 
creasing diffusion time can be explained on the as- 
sumption that the I sinks become saturated. The con- 
dition CIC, = Clz is nearly fulfilled throughout the 
bulk all the time, but at  saturation of the sinks CI and 
C, exhibit strong concentration gradients. Therefore I 
diffusion takes place toward the C, maxima, the CIC,- 
product exceeds C12 locally causing gold atoms to be 
kicked out of their substitutional sites and to diffuse 
as interstitials out of the bulk. One expects that the 
C,-maxima are reduced nearly to the C,-minima level, 
the shape flattens and then the usual diffusion process 
continues. 

Summary and Discussion 
The diffusion properties of gold in silicon have been 

investigated by a large number of carefully controlled 
diffusion experiments. The gold content is evaluated 
from spreading resistance measurements taking into 
account the compensation of the original resistivity by 
substitutional gold atoms. This method allows the sub- 
stitutional gold concentration to be determined with 
high spatial resolution and good accuracy. This has 
allowed several new features to be observed. The ex- 
perimental data are analyzed by a numerical simula- 
tion of the diffusion processes at  845°C. 

For the first time the fast diffusion of interstitial 
gold atoms could be directly demonstrated by a lateral 
diffusion experiment. Cieq and Di cannot be determined 
separately from this experiment, but is was shown 
that Di is at least as large as 10-5 cm2 sec-1 and that 
this value is valid only for C,es 2 C p .  An even larger 
value for Di results, if C,eq << C,eq is assumed. This 
last condition was justified in the literature (2) by the 
fact that the substitutional gold concentration and the 
total gold concentration determined by activation anal- 
ysis do agree. There are still uncertainties in this re- 
gard. Bullis and Strieter (21) observed a factor of 
two differences between tracer and resistivity mea- 
surements, but later on these results were not clearly 
reproduced (22).  In a recent paper (23),  however, it 
was shown that for the similar case of Co in silicon 
the concentration of interstitials evaluated at room 
temperature does not agree with its value at  diffusion 
temperature. As an estimate of the diffusion time for 
an interstitial gold atom to walk from the center of 
a slice to the surface when the surface concentration 
amounts to one-half the center concentration one finds 

In our case this amounts to about 500 sec when D1 = 
10-5 cm2 sec-1 is used. This value agrees with the 
value of t l  estimated from the results of (17).  

The present results support strongly the "kick-out" 
mechanism as the dominating process for the genera- 
tion of substitutional gold atoms in the bulk. No fur- 
ther reactions have to be taken into account for previ- 
ously well annealed silicon. The C,(x)-curve through 
a slice perpendicular to the surfaces reflects the con- 
centration of silicon self-interstitials diffusing out of 
the crystal. Again the experimental results do not 
allow us to determine the diffusion coefficient sepa- 
rately, but a lower limit of DI 2 3 . 10-7 cm2 sec-1 
at  845°C is evaluated. 

It was demonstrated, that there is some reaction 
which obviously hinders the I outdiffusion at  a gold- 
covered surface. In the present paper this reaction is 
described by a "leaving velocity" v,. The ratio Dr/v8  

may be evaluated from the experimental curves, but 
this gives no hint as to the nature of this surface re- 
action. A slightly different explanation of the surface 
effect on Au diffusion may be possible. 

The influence of phosphorus is discussed in terms 
of its action as an 1 source during phosphorus diffusion. 
The result is a reduced generation of substitutional 
gold. If one assumes that the diffusion of substitutional 
gold atoms at  the very surface also acts as an I source, 
then the effect of an Au covered surface might be ex- 
plained in a similar way as the lower gold concentra- 
tion in a wafer containing phosphorus profiles. 
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Low Pressure Deposition of Phosphosilicate Glass Films 

R. M. Levin and A. C. Adams* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Phosphosilicate glass films have been deposited on silicon substrates by the reaction of tetraethyl orthosilicate 
(TEOS), phosphine, and oxygen. The depositions are carried out at 630"-700°C in a low pressure CVD reactor. The 
dependence of the deposition rate, the phosphorus oxide concentration, the thickness uniformity across a wafer, and 
the depletion in the deposition rate across the deposition zone upon the deposition conditions have been investigated. 
The step coverage obtained in the reaction is conformal. The refractive index, the etch rate, and the film stress are 
reported. 

Phosphosilicate glass (PSG) films have been widely 
used in silicon integrated circuits as insulating films 
between metals and as passivating layers over devices. 
The PSG films are usually deposited at  low tempera- 
tures in the range of 350"-450°C (1-4). The step cover- 
age of films deposited at  these low temperatures is 
nonconformal (5). Heat-treatment at  -.110O0C is usu- 
ally used to flow the glass in order to get uniform step 
coverage (6, 7) .  This high temperature treatment is 
not acceptable for very short channel devices where 
shallow junctions are required. Recently, there have 
been some reports of the deposition of PSG films in the 
mid-temperature range (600'-800°C) at  reduced pres- 
sure, using the decomposition of organosilicon and or- 
ganophosphorus compounds (5, 8, 9). The results indi- 
cate an improved step coverage (5). 

In the present work we studied the deposition of 
phosphosilicate glass using the reaction of tetraethyl 
orthosilicate (TEOS), phosphine, and oxygen. The in- 
vestigation is carried out at  low pressures (0.1-0.5 
Torr) in the temperature range of 630"-700°C. The de- 
pendence of the PSG deposition rate, the film composi- 
tion, and the thickness uniformity on the deposition 
conditions is reported. The refractive index, the etch 
rate, and the film stress are also reported. 

Experimental 
The deposition equipment and the deposition proce- 

dure are similar to those recently described (9). Dep- 
ositions are carried out using a flat temperature pro- 
file, & l a c ,  over the deposition zone. The wafers are 
loaded so that axial position No. 1 is placed in the 
center of the first heating zone of the furnace (50 cm 
from the inlet end). A dummy wafer is placed in h.ont 
of this position. The spacing between wafers is M in. 
The results are given for the first wafer (position 1) 
unless otherwise noted. The chemicals used in the 
depositions have been obtained from Eastman Kodak 
Company (TEOS) and Matheson Gas Products In- 
corporated (PHI, Nz, and 02). The phosphine was 
99.999% pure. Flow rates of the gases are calibrated 
using a Brooks mercury sealed piston displacement 
calibrator. The liquid TEOS is contained in a quartz 
bubbler, which is maintained at constant temperature 
(?0.loC). The amount of material introduced from the 
bubbler is controlled by the bubbler temperature (5"- 
50°C). The flow of TEOS vapor are estimated by mea- 
suring the flow of nitrogen required to give an identical 
reactor pressure. This procedure assumes a constant 
pumping speed for nitrogen and TEOS. The substrates 
are polished and chemically cleaned, (100) oriented, 
single crystal silicon wafers of 75 mm diam, boron- 
doped, with a resistivity of 5-20 a-cm. 

The thickness and the refractive index of the films 
are measured by ellipsometry at h = 0.5461 pm (10) 
or by prism coupling using an He-Ne laser at  h = 
0.6328 pm (11). Thickness variations across a wafer 
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are determined by measuring the film thickness at  the 
center and -8 mm from the edges of the wafer, and 
are given by the percentage difference between the 
thickest and thincest points. The deposition rate is de- 
fined as the average of these measurements. Film stress 
is determined from substrate bending using an optically 
levered laser beam to measure the difference in the 
radii of curvature before and after depositiion (and 
after etching of S i G  from the back-side). 

The phosphorus oxide concentration in the PSG films 
is determined from the infrared absorption spectra 
using the calibration curve given in Fig. 1. Infrared 
spectra are measured using a double beam infrared re- 
cording spectrophotometer (Perkin-E!mer, Model 580). 
Measurements have been carried out on as-deposited 
films within 24 hr from the deposition. A typical spec- 
trum is shown in Fig. 2. Four absorption peaks are 
clearly observed at  about 455, 810, 1100, and 1330 cm-'. 

mole % P ~ O ,  

Fig. 1. The dependence of the absorption ratio (defined in Eq. 
[I] )  on the fi lm composition obtoined from sheet resistonce mea- 
surements. 
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fig. 2 Infrared absorption spectrum of phosphosilicate glass 

The first three peaks result from the Si--0 bonds, the 
last one from the P = 0 bonds. The absorption ratio 

R = log (Ip/Ip") /log (Isr/Is~~) 111 

is calculated using the absorptions at  810 and 1330 
cm-1. The wafers are then annealed at  1100°C for 20 
min in Nz. The PSG films are removed by etching in 
hydrofluoric acid, and the phosphorus concentration is 
determined from the sheet resistance of the n-type 
diffused layers using a published calibration curve 
(12). The results are summarized in Fig. 1, where the 
absorption ratio R is given as a function of the phos- 
phorus concentration obtained from the resistivity 
measurements. The composition of a few films was 
checked using the electron microprobe technique. A 
reasonable agreement is found between the phosphorus 
concentration obtained by the two methods. 

Experimental Results and Discussions 
Deposition of PSG.-The uniformity of the PSG films 

deposited using a simple oxidation boat is very poor. 
The variations in the film thickness and in the film 
composition across a wafer are higher than 30% and 
21.5 mol percent (m/o), respectively, in films con- 
taining -6 m/o P2O5. This nonuniformity prevents a 
systematic study of the deposition parameters. The non- 
uniformity is attributed to the better reactant gas sup- 
ply and product removal at the outer part of the wafers 
where the flow is turbulent (13). This assumption has 
been verified by depositing PSG films on 75 mm wafers, 
which are placed between 100 mm wafers. In this ar- 
rangement the film uniformity is expected to be im- 
proved because the distribution of the reactallt mole- 
cules (and the removal of products) into each wafer 
to wafer space is dominated by diffusion. Experimen- 
tally, thickness variations of better than &3% are 
achieved on the 75 mm wafers in PSG films contain- 
ing -6 m/o PzOs. 

In order to slow the gas flow in the vicinity of the 
wafers and thus improve the film uniformity, we have 
used the boat shown in Fig. 3. This quartz boat is com- 
posed of two parts. After loading the lower part, the 
upper part is placed on the wafers. There is a small re- 
duction in the deposition rate in comparison with the 
previous boat, but the uniformity of the film is im- 
proved. 

The dependence of the deposition parameters on the 
deposition conditions, using the boat shown in Fig. 3, 
is presented in Fig. 4-6. The deposition rate increases 
sharply with increasing oxygen flow, tends to saturate 
a t  an oxygen to phosphine ratio of -5, reaches a maxi- 
mum, and then decreases at  high oxygen flow rates 
(Fig. 4a, 5a). The maximum becomes broader when 

Fig. 3. The sample boat used to obtain the results presented in 
Fig. 4-7. 

OXYGEN FLOW (cc/min) 

Fig. 4. PSG deposition rate and film composition vs. oxygen flow 
rate for different PH3 and TEOS flow rates. 

the TEOS flow rate or the temperature are increased. 
A maximum in the deposition rate also exists for in- 
creasing phosphine flow rate (Fig. 6a). In this case the 
maximum disappears when the TEOS flow rate is in- 
creased, although the deposition rate tends to saturate. 
We are not able to deposit films at  higher phosphine 
flow rates due to the rapid gas phase reactions that 
exist at high phosphine concentration. In the absence 
of oxygen the deposition rate decreases with increasing 
phosphine flow rate (Fig. 6a). 

Our results show that the silicon dioxide deposition 
rate is strongly enhanced in the presence of oxygen 
and phosphine. Enhancement in the S i 0 ~  deposition 
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OXYGEN FLOW (cclmin) 
Fig. 5. PSG deposition rate and film composition vs. oxygen flow 

rate for three reaction temperatures. 

rate in the presence of a phosphorus oxide source has 
been observed previously in other low pressure deposi- 
tions where inorganic as well as organic sources for 
Si02 and Pz05 were used (5, 8). The increase-maxi- 
mum-decrease behavior of the deposition rate obtained 
with increasing oxygen or phosphine flow rates (Fig. 
4-6) can be explained by the retardation theory (14). 
Atmospheric pressure CVD experiments indicate that 
oxygen behaves as a retardant in the oxygen-hydride 
reaction (14). As a result a maximum appears in the 
SiOz deposition rate with increasing oxygen flow rate 
(2, 14-17). The maximum tends to shift toward higher 
oxygen flow rates and to broaden with increasing 
hydride flow rate (17) or increasing temperature (2, 
15, 16, 18). This dependence of the maximum upon the 
deposition conditions is very similar to that shown in 
Fig. 4a, 5a. The retardation behavior of phosphine has 
also been observed previously (2, 4, 18, 19). This be- 
havior is also shown in Fig. 6a by the decrease in the 
deposition rate caused by increasing the phosphine 
flow rate, in the absence of oxygen. 

The phosphorus oxide concentration increases with 
increasing oxygen and phosphine flow rates, and tends 
to saturate at high flow rates (Fig. 4b, 5b, 6b). It de- 
creases when the TEOS flow rate or the temperature 
are increased. No P205 molecules are found in films 
deposited in the absence of oxygen in the reactant gas 
(as measured by infrared). However, sheet resistance 
measurements indicate the existence of -1 weight per- 
cent phosphorus in the films. 

The dependence of the thickness variations across a 
wafer on the deposition conditions is presented in Fig. 
6c. The variation in the film thickness increases with 
increasing oxygen and phosphine flow rates and with 
decreasing TEOS flow rate. Decreasing the tempera- 
ture causes a slight improvement in the thickness uni- 
formity across a wafer. 

Depletion in the deposition rate usually exists in the 
deposition of PSG (3, 9). In order to study the influ- 

pH3 FLOW (cclrnin) 

Fig. 6. PSG deposition rate, film composition, and thickness 
variations across a wafer vs. PH3 flow rate. The depositions are 
carried out a t  T = 700°C (solid triangle, 685"C), using TEOS 
flow rate of 65 cm"/min (solid square, 45 cm3/min). The oxygen 
flow rate is: 0, 0 cmVmin; e, 26 cm3/min; 0, 80 cm3/rnin; A, 
140 cm3/min; W, 55 cm3/min; V, 26 cm3/mil.. 

ence of the hot reactor walls on the deposition of PSG 
films on silicon wafers, we have also measured the 
PSG deposition rate on a wafer placed in position num- 
ber 10 (a dummy wafer is placed at position number 9, 
other positions are unloaded). Due to the consumption 
of reactant gas on the walls, the partial pressure of the 
gases in the deposition zone is reduced and the deposi- 
tion at the rear may be slower than that at the front. 
We define the depletion in the deposition rate as 

Dep. Rate (position 1) - Dep. Rate (position 10) 
X 100 

Dep. Rate (position 1) 

The results are summarized in Fig. 7 where the de- 
pletion is given as a function of the phosphine flow 
rate. The depletion increases with increasing phosphine 
and oxygen flow rates and with decreasing TEOS flow 
rate. Increasing the pump speed causes a decrease in 
the depletion in the deposition rate. 

Step coverage.-Figure 8 shows an SEM cross section 
of a PSG film over a polycrystalline silicon step. The 
PSG film has been deposited at 630°C, using TEOS, 
02, and PHs. It is clearly seen that the coverage over 
the step is uniform and conformal. 

Refractive index.-The refractive indexes of PSG 
films deposited at  630°C and at 700'C are shown us. 
the P205 concentration in Fig. 9. The refractive index 
increases with increasing P205 concentration. The re- 
sults obtained at  both reaction temperatures are simi- 
lar. The refractive index for a given film composition 
is higher than that obtained on films deposited at 450°C 
but lower than the refractive index measured on films 
deposited at -800°C (20). The increase in the refrac- 
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Fig. 7. The dependence ot the depletion in the deposition rate L 
on pH3 flow rate. The depletion is meosured between positions 1 
and 10. (0) 0, T = 7W°C, TEOS = 65 cm3/min, Oz = 80 cm" / 
min, pressure = 0.352 Torr. (b) A, os (a) with TEOS = 45 cm3/ k! 
min, (c) W, as (a) with higher pump speed, pressure = 0.300 Torr, 
(d) 0, as (a) with T = 685"C, (e) 0 ,  as (dl  with 0 2  = 200 c&/ 
mln. 

1.445 

POLY Si 

\ss 0 1 2 3 4 5 6 7 8  

mole x 40, 
'OLY Si Fig. 9. M r o c t i v e  index vs. film composition for PSG films de- 

posited a t  630°C (el and a t  700°C (0). 

Fig. 8. Cross-sectional view of step coverage of PSG film over 
step in 3800A of polycrystalline silicon on a silicon substrate. The 
deposition temperature is 630°C. 

tive index with increasing deposition temperature may 
be attributed to an increase in the film density. 

Etch rate.-Etch rates have been measured for films 
containing -6 m/o PzOs at 25°C using P-etch: 2 parts 
HN03, 3 parts HF, and 60 parts HzO. The etch rate is 
-90 A/sec for as-deposited films. After densification 
(95O0C, 10 min in argon or steam) the etch rate de- 
creases to -50 A/sec. 

Film stress.-The stresses measured in as-deposited 
films are very low (< 0.2 x 109 dynes/cmZ). After 
densification (95O0C, 10 min in steam or argon) the 
film stress increases to -1 x 109 dynes/cm2. The stress 
of the as-deposited films increases to -1 x 109 dynes/ 
cmZ after exposing the film to water vapor. In all cases 
the films are under compressive stress. The tendency of 
the stress to become more compressive after annealing 
or after exposing the PSG film to water vapor is in 
agreement with previous results (2). 

Summary 
Low pressure deposition of phosphosilicate glass 

films on silicon wafers at  630"-70O0C, using TEOS, PHs, 
and 02 has been investigated. The presence of oxygen 
and phosphine in the reaction catalyze the reaction. 
The deposition rate shows a tendency of increase- 

maximum-decrease with increasing oxygen or phos- 
phine flow rates. The phosphorus oxide concentration 
increases with increasing oxygen or phosphine flow 
rates and with decreasing TEOS flow rate or decreas- 
ing temperature. The step coverage obtained in this 
process is conformal, thus making glass flow unneces- 
sary. The stress in the PSG films is low and compres- 
sive. 
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A Model for Boron Deposition in Silicon Using a BBr,Source 

S. F. Guo* and W. 5. Chen 

Institute of Electronics, National Chiao Tung University, Hsinchu, Taiwan, China 

ABSTRACT 

The sheet resistance and junction depth as a function of time at various temperatures have been obtained for the 
deposition of boron in silicon by using a BBr, liquid source. A simulation program incorporating a more realistic 
moving boundary condition is developed to analyze the deposition process under oxidizing atmosphere. By fitting 
numerical solutions to experimental data, the moving interface velocity and diffusion coefficient are determined. The 
profile of deposited layers as a function of doping gas composition can be modeled by the change of silicon self- 
interstitial concentration. The solid solubility of boron in silicon as a function of temperature has been determined. 
Different surface concentrations corresponding to different thicknesses of the boron-rich layer can be explained by the 
translation of the BRL-Si interface. 

Boron tribromide (BBr3) is the p-type dopant source 
most commonly used in silicon planar technology (1). 
Since the deposition of boron in silicon using BBr3 is 
generally carried out in an oxidizing atmosphere, the 
physical process is more complicated than that using 
BN under inert ambient. A purely vacancy model gives 
a good prediction of the sheet resistance as a function 
of time for various temperatures when a boron nitride 
solid source is used (2). However, as shown in Fig. 
1, the quantity of boron atoms deposited into silicon 
using BBr3 is much larger than that using BN and is 
not increased linearly with the square root of time as 
predicted from a simple diffusion model (2). 

It is well-known (3) that the diffusivity of boron 
in silicon depends not only on doping concentration 
but also on the oxidation rate of silicon at the sur- 
face. The concentration-dependent diffusion is gen- 
erally modeled by a vacancy mechanism, while the 
oxidation-enhanced diffusion is related to the inter- 
stitialcy mechanism. In general, the vacancy contribu- 
tion is determined from the multiple charge state 
vacancy statistics (2, 4) and the interstitialcy contri- 
bution is given as a function of oxidation rate (5, 6). 

Naturally, the oxidation of silicon will consume 
silicon as well as some impurity atoms already de- 
posited in it. The purpose of this paper is to show that 
the sheet resistance and junction depth as a function 
of time for various temperatures can be simulated by 
taking a moving boundary condition into account. 

As shown by Negrini et al. (I), the deposition of 
boron in silicon using BBr3 depends strongly on doping 
gas composition for a given temperature and time. 
However, for a suitably chosen doping gas composition, 
some reproducible results of sheet resistance and junc- 
tion depth can be obtained. On the other hand, the in- 
crease of deposition quantity with oxygen flow rate 
can be modeled by the oxidation rate dependence of 

* Electrochemical Society Active Member. 
Key words: diffusion, boron deposition, BBn source. 

silicon self-interstitials (6), while the anomalous de- 
crease of deposition quantity with BBrs flow rate can 
be explained by the reduction of the population of 
interstitial excess silicon in the Si-SiOz interface. The 
reaction of oxygen with silicon will generate some 
interstitial silicons (3) whose concentration will be 
reduced by interacting with boric oxide and bromine 
produced by the preliminary reaction of BBr3 and On. 

Experimental 
The silicon materials used in this investigation were 

2 in. diam n-type wafers with a resistivity of 3-7 
n-cm. Wafers were about 300 pm thick and one side 
was mechanically and chemically polished. 

Deposition processes were carried out at  tempera- 
tures of 900"-1050°C while the liquid BBr3 source 
was kept at 16°C which corresponds to a partial pres- 
sure of 42 Torr. High purity nitrogen was bubbled 

Fig. 1 .  Boron deposition quantity ond oxide thickness as a func- 
tion of time at 950°C. 
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through the liquid and mixed with the main carrier 
gas consisting of nitrogen and oxygen. 

The deposition cycle consisted of a 5 min preheating 
(Nz and Oz), a given time of deposition (BBrs plus Nz 
and OZ), and followed by a 1 min flush (N2 and 02). 
The gas flow rate was kept at  NZ 1000 cm3/min, Oz 30 
cm3/min, and Nz + BBr3 10 cm3/min. The gas composi- 
tion was estimated as Oz 3% and BBr3 0.05%. 

The deposition of boron in silicon was actually a 
very complicated oxidation-diffusion process. It con- 
sisted of a preliminary reaction of BBr3 with 0 2  
which results in the chemical deposition of boric oxide 
on the silicon wafers 

an interface reaction of oxygen with silicon to form 
silicon dioxide as well as some interstitial silicons (3) 

a reaction of boric oxide with silicon to produce sili- 
con dioxide and boron atoms 

and a possible etch of silicon by bromine 

Boric oxide was a liquid at  normal deposition tem- 
peratures. It mixed readily with the silicon dioxide on 
the silicon sudace to form a boro-silicate glass. Boron 
atoms deposited would diffuse into silicon or form a 
boron-rich surface layer. 

After the deposition operation, the boro-silicate glass 
on the surface was etched with dilute HF, while the 
boron-rich layer as generally detectable by its hydro- 
philic behavior was removed boiling the wafer in the 
nitric acid (1). The thickness of some boro-silicate 
glasses was measured by a Rudolph Auto EL-I1 ellip- 
someter. The glass thickness as a function of time at  
950°C is also shown in Fig. 1. The sheet resistance of 
the boron-deposited layer was measured using a 
Veeco Model FPP-100 four-point probe with a light 
weight. Each sample was measured on several points 
for many times to obtain an average value. The sheet 
resistance of the deposited layers as a function of time 
for various temperatures is shown in Fig. 2. Generally 
the junction depth of the deposited layers is very shal- 
low. The junction depth was measured from a Solid 
State Measurements ASR-100B spreading resistance 
probe. To avoid a rounding effect, the silicon surface 
was coated with a layer of oxide by low temperature 

I 
20 40 60 80 

Time (min) 

Fig. 2. Measured and simulated sheet resistances as a function 
of time for various temperatures. 

chemical vapor deposition. The junction depth of the 
deposited layers as a function of time for various 
temperatures is shown in Fig. 3. 

The impurity profile was determined from the anodic 
sectioning technique. Anodic oxidation was carried out 
with a constant current source by using as electrolyte 
a solution of 

HOCHzCH20H: KNOs: HzO/l liter: 404 mg: 20 ml 

The thickness of each oxide layer was measured by 
an ellipsometer. The sheet resistance after oxide strip- 
ping was measured by a four-point probe. 

The measured data of the oxide thickness and the 
sheet resistance were converted to an impurity concen- 
tration profile through a computer program (7). The 
volumetric ratio for silicon converted to silicon dioxide 
was taken as 0.4 for anodic oxidation. The hole mo- 
bility-boron concentration relation established by An- 
toniadis et al. (8) was used in this work. To avoid 
the error magnification commonly found in discrete 
data differentiation, the measured data of the sheet 
resistance us, distance were smoothed through fitting 
the logarithmic values of each five data points to a 
parabola by a standard least squares technique. The 
profiles of boron concentration in silicon at  different 
temperatures for the same deposition time (20 min) 
and those at  the same temperature (950°C) for various 
times are shown in Fig. 4 and 5, respectively. 

Diffusion Model 
The deposition of boron in silicon by using a BBrs 

source under an oxidizing ambient is an oxidation- 
diffusion process depicted in Fig. 6. Actually, this is a 
moving boundary problem and, in general, there is 
no analytic solution. Therefore, a numerical method 
should be used to generate a computer solution (9). 
Furthermore, a moving coordinate system is chosen to 
solve the moving boundary problem encountered in 
this work. As usual, the space and time are discretized 
into intervals of Ay and At. The impurity concentra- 
tion C1 is evaluated at a node lying in the middle of 
each discrete cell j. The impurity flux Fj+l12 is evalu- 
ated at the boundary between cells j and j + 1. AS 
time changes from to to t = to + At, the oxide thickness 
increases from X,o to X, and the oxide-silicon inter- 
face as well as all cell boundaries will translate a dis- 
tance AX = VAt, where V is the velocity of silicon 
consumed to form the oxide. An implicit scheme of 
the finite difference method is more suitable for soh- 
ing this moving boundary problem. In a discretized 
form, the impurity flux may be written as (9) 

Fj+l/z = (DjCj - D1+~Cj+l)/Ay 151 

where Dj and Cj are diffusivity and concentration of a 

- x (111) 
(100) 
Simulated 

x (111) 
(100) - Simulated 

Time ( m i d  

Fig. 3. Measured and simulated junction depths as a function of 
time for various temperatures. 
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Depth (pm) 

Fig. 4. Measured and simulated boron concentration profiles in 
silicon deposited for 20 min a t  various temperatures. 

Deptn ( pm) 

Fig. 5. Measured and simulated boron concentration profiles in 
silicon deposited a t  950°C for various times. 

j cell evaluated a t  time t. The continuity equation is 
given as 

Cj-Cj' Fj-112-Fjt11a -- - 
A t  All 

C61 

where Cf is the average concentration of the j cell 
evaluated at  time to with boundaries moved to the new 
positions at  time t. From Fig. 6 it is easy to show that 

where Cj0 is the concentration of the j cell at  time to. 
The cells at  the two extreme boundaries deserve 

special attention. As shown in Fig. 6, the first discrete 
cell is actually a half-cell with its node at  the oxide- 
silicon interface. The surface concentration Cs is as- 
sumed to be maintained at a constant value that cor- 
responds to the solubility of boron in silicon in equilib- 
rium with the concentration of boric oxide in the boro- 
silicate glass. 

Gas 1 I Oxide 1 Silicon 

Fig. 6. A schematic diagram for boron deposition with a 
discretized moving coordinate . 

The deep boundary usually lies inside the silicon 
substrate at  the point where the simulated space ter- 
minates. The last cell in this end is also a half-cell 
similar to the first one. The impurity flux at the deep 
boundary FN is taken as zero in the simulation program. 

Results and Discussion 
Measured values of the sheet resistance and junction 

depth of deposited layers as a function of time for 
various temperatures as well as measured profiles of 
boron in silicon at  different temperatures and times 
can be simulated by properly choosing the boundary 
condition and modeling the diffusion coefficient. Simu- 
lated results are also illustrated in Fig. 2-5. The simu- 
lated values of surface concentration, moving bound- 
ary velocity, and diffusion coefficients as a function of 
temperature are given in Table I. 

Surface concentration.-As shown in Fig. 4 and 5, 
simulated values of the surface concentration are in 
good agreement with the measured data. The results 
obtained in this work as well as those reported by 
Armigliato et al. (10) are shown in Fig. 7. 

Moving boundary velocity.-The oxide-silicon in- 
terface is moved with a velocity V by the reactions 
of oxygen, boric oxide, and bromine to consume silicon 
as well as boron atoms. The reactions of oxygen and 
boric oxide with silicon, Eq. 121 and [31, result in the 
growth of silicon dioxide. The growth rate of silicon 
dioxide due to oxygen is generally given as (11) 

where B1 and A1 are the parameters defined by Deal 
and Grove (11). For thin oxide, 2X0 << A],  the oxida- 
tion rate is linearized as 

The oxidation rate may be enhanced by a catalytic 
action (12) in the presence of bromine. It may also be 
enhanced by the high vacancy concentration gen- 
erated in a heavily doped silicon (4,131. 

Table I. Some parameters used in profile simulations 
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X This Work " - A Armigliato et al. (10) 
- I 

Fig. 7. Surface concentration of boron in silicon as a function of 
deposited temperature. 

Due to oxidation enhancements as well as chemical 
deposition of boric oxide, Eq. 111, the oxide formation 
rate v, estimated from the oxide thickness given in 
Fig. 1 is much larger than vl calculated from Eq. [91 
using the parameters given by Deal and Grove (11). 
It is interesting to note that the ratio of silicon con- 
suming rate V given in Table I to oxide formation 
rate v, is around 0.55 which is slightly higher than the 
volumetric ratio of 0.45 for silicon converted to silicon 
dioxide during thermal oxidation. The difference may 
be attributed to the etching of silicon by bromine in 
the deposition process. 

Diffusion coeficient.-From the study of oxidation- 
enhanced diffusion of boron and phosphorus in silicon, 
it is generally believed (14, 15) that a substitional im- 
purity diffuses via a dual mechanism of vacancy and 
interstitialcy. An increase in the concentration of either 
vacancies Cv or interstitials CI would cause the en- 
hancement of impurity diffusion. Thus it is reason- 
able to assume that the effective diffusivity of an im- 
purity may be expressed as 

where fe is the high concentration field enhancement 
factor given by (16) 

DV and DI are the vacancy and interstitialcy motivated 
diffusivities given by (14) 

Dv = Dv* Cv/Cv* [I21 
DI = Dl* CI/CI* C131 

with the asterisk denoting the corresponding intrinsic 
value. 

The normalized vacancy concentration has been 
shown to follow the multiple charge state vacancy 
statistics (2, 4)  and can be expressed as a function 
of hole concentration p as 

where p + ,  p- ,  and ,9= are the vacancy statistics pa- 
rameters defined in Ref. (2) .  

The normalized concentration of self-interstitials 
has been related to the oxidation rate by a number of 
investigators (5, 6, 15) and can be expressed as 

CI -- - K01v 
CI 

1151 

where K is a proportional factor and v is an exponent 
around 0.5 (3) .  Although vl is time dependent in gen- 

eral, Eq. [a], we will consider it as a constant, Eq. [91. 
Substituting Eq. 1121, [131, and [I51 into Eq. 1101, we 
obtain 

D = fe Dv* (Cv/Cv* + Y) CIS1 
where 

Y = DI* KVIV/DV* 1171 

is the interstitialcy contribution parameter with simu- 
lated values given in Table I. The intrinsic diffusivity 
reported by Fair (17) has been taken as Dv* in this 
work. The intrinsic carrier concentration ni which ap- 
pears in Eq. I111 and [I41 is calculated from Morin 
and Maita's empirical relation (18). 

Doping composition effect.-The dependence of boron 
concentration profiles on doping gas composition can 
be modeled by the change of interstitialcy contribution 
parameter 7. Higher oxygen flow rate results in higher 
oxidation rate vl and hence higher interstitial con- 
centration CI. While higher BBr3 concentration pro- 
duces higher boric oxide concentration in the oxide 
layer which reacts with the excess silicon at  the inter- 
face. Therefore the interstitial concentratiion CI is 
reduced and a boron-rich layer (BRL) is formed at  
silicon surface. 

Figure 8 reproduces the measured profiles of Negrini 
et al. (1)  at 1000°C for 23 min with different gas com- 
positions. The observed differences in the surface con- 
centration can be modeled by the displacement 6 of 
the BRL-Si interface from the original oxide-silicon 
interface. The simulated results for boron concentra- 
tion profiles with different values of r and 6 are also 
shown in the figure. A constant surface concentration 
of 2.6 X 1020 cm-3 is taken at the oxide-silicon inter- 
face and the origins of all profiles are taken at the 
BRL-Si interface. Good agreement in profile shapes as 
well as deposition quantities has been obtained. 

Deposition quantity.-The quantity Q of boron de- 
posited in silicon can be determined in some cases 
by numerical integration of the measured doping pro- 
files. However, as revealed from profile and sheet re- 
sistance simulations, the average mobilities of deposited 
layers are very close together (54.3 ? 1.1 cm2/V-sec) 
and a sufficiently accurate value of Q can be obtained 
from the measured sheet resistance. Figure 1 shows 
the deposition quantity Q as a function of time at 950°C 
for BBr3 and BN sources. Also shown in the figure is a 

5 
Experimental 

Simulation 

5 

b 1.4 321 
c 0 1218 

0 0.1 0.2 0.3 

Depth ( r m )  

Fig. 8. Measured and simulated boron concentrotion profiles in 
silicon deposited a t  1000°C for 23 min with different doping gas 
compositions. 
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relation of Q a t% which is obtained by taking the 
moving boundary velocity V as zero. 

Conclusion 

The sheet resistance and junction depth of boron- 
deposited layers as a function of time for various tem- 
peratures using a BBr3 source can be simulated by 
properly choosing the boundary conditions and model- 
ing the diffusion coefficient. The diminishing of the 
deposition quantity is modeled by a moving velocity 
of the oxide-silicon interface. The increase of the 
deposition quantity by using BBr3 as compared to BN 
is attributed to the formation of silicon self-intersti- 
tials. The gas composition dependence of boron deposi- 
tion is explained by the change of the interstitialcy 
contribution as well as the formation of a boron-rich 
layer. 
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ABSTRACT 

Positive electron resists derived from copolymers of methacrylonitrile (MCN) and trichloroethyl methacrylate 
(TCEM) have been synthesized, characterized, and evaluated. The sensitivity of 2:1 MCNITCEM copolymer is 5 pC 
cm-% with 40% unexposed area thickness loss. The plasma etch resistance of the copolymer is significantly higher than 
that of the TCEM homopolymer. The inclusion of the comonomer MCN, however, has not significantly broadened the 
exposure range for the copolymer as a positive-acting resist. The copolymer resists exhibited significant concurrent 
cross-linking at a dose 2 20 pC cm-'. 

Poly (methacrylonitrile) (PMCN) is one of the vinyl 
polymers that is highly sensitive to high energy radi- 
ation. On exposure to high energy electron beams, chain 
scission occurs predominantly in the polymer with neg- 
ligible concurrent cross-linking. The G, value, defined 
as the number of chain scission events per 100 eV of 
energy absorbed, of PMCN has been reported to be 3.3 
(1). The value is significantly higher than 1.6 of PMMA 
[poly(methyl methacrylate)], the current standard E- 
beam resist. The thermal stability of the polymer is 
also better than PMMA. The glass transition temper- 

Key words: positive electron resist, methacrylonitrile, trichloro- 
ethyL methacrylate, copolymer. 

ature (T,) of PMCN is 120°C (21, which is higher than 
the T, of PMMA, which is 100°C. Further, it has been 
shown that PMCN is one of the few aliphatic vinyl 
polymers that has high plasma etch resistance (3). 

Although PMCN has the attractive properties dis- 
cussed above, the polymer has one major drawback. The 
polymer is highly solvent resistant (4). The poor solu- 
bility of the polymer has resulted in the use of less 
common solvents, e.g., nitromethane and benzonitrile, 
for spin coating and development of the polymer resist 
(5). The poor solubility of the polymer also hinders 
the possibility of further enhancing the resist sensi- 
tivity through optimization of the development process. 
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Modification of polymer properties through copolym- Table Ill. Resist film thickness vs. spin speed for MCN/TCEM 
erization is a well-known approach that has been copolymers 
used in the plastics industry for a number of years. 
The poor solubility of PMCN can be overcome by co- 
polymerization with other suitable comonomers. Film thickness (&m) 

In previous work, we have reported the positive elec- 3K 
tron resist behavior of MCN and methyl a-chloroacry- Copo'ymer SpinningsOiutiOn O.7K 1K 2K rpm 

late copolymers (6). The electron resist behavior bf 
copolymer of MCN and methyl methacrylate (MMA) Copolymer-1 5 wt .1~ .  % chlorobenzene 0.73 0.57 0.41 

7 wt.1~ .  % chlorobenzene 1.11 0.65 
have been reported by Stillwagon et al. (7). The elec- tron beam resist sensitivity of the homopolymer poly- Copolymer.2 5 wt .1~ .  % nitromethane 0.69 0.66 0.42 

7 w t . 1 ~ .  % nitromethane 1.23 0.70 
(trichloroethyl methacrylate) (PTCEM) (8)  and co- 7 wt.1~.  % MIBK 1.61 1.30 0.95 
polymers of TCEM and MMA (9) have also been re- Copolymer.5 6 wt.1~.  % MIBK 1.35 1.07 0.76 
wrted. In this DaDer. we wish to r e ~ o r t  the electron - - - - - -  

k i s t  behaviors bfcopolymers of ~ ~ f i  and TCEM. The 
sensitivity, development behavior, and plasma etch rate  it^ [rll of the resists were determined using the follow- 
for MCN/TCEM conolvmer res i s t s  are renorted. T ~ P  . ing standard techniques: GPC, differential scanning . - - - - - . .- . -" -.. . . - .-.- .- -. - ---- 
comonomer TCEM was selected for the purpose of en- calorimetry, and solution vis~ometry,~esp~ctivel~. The 
hancing the solubility and sensitivity without sacrific- molecular weight distribution of (Mw/Mn) of most 
in8 the ~ l a s m a  etch resistance of PMCN. MCN/TCEM copolymers is lower than 2.0 except for 

Experimental 
Resist synthesis and characterization.-The MCN/ 

TCEM copolymer resists were synthesized by free- 
radical emulsion polymerization. The emulsion polym- 
erization conditions for MCN/TCEM copolymers are 
listed in Table I. The characteristics of the copolymers 
are listed in Table 11. The initiator used for the polym- 
erization was potassium persulfate. The emulsifier was 
sodium lauryl sulfate. The monomers MCN andTCEM 
were obtained from Eastman Kodak Chemicals and 
Polysciences, respectively. The monomers were vacuum 
distilled before use. The polymerization was carried 
out at 65" without using a chain-transfer agent. After 
polymerization, the mixture was poured into methanol, 
and aluminum sulfate was added to the mixture to co- 
agulate the polymer. The polymer was washed twice 
with water and dried at  45" in a vacuum oven for 16 
hr. An EDAX (energy dispersive analysis of x-ray) 
analysis of dried copolymers indicate no detectable 
amount of aluminum or sodium. The polymerization 
conditions for the copolymer-2 and the copolymer-5 are 
basically the same, and the characteristics of both poly- 
mers are found to be virtually identical. The copoly- 
mer-7 was synthesized according to the method for 
copolymer-2, except the quantity of the monomers, 
solvent, and initiator was increased by a factor of 2. 

The composition of the copolymers was determined 
by the elemental analysis carried out by Galbrazh Lab- 
oratory. The molecular weight distribution (M,/Mn), 
glass transition temperature (T,), and intrinsic viscos- 

the copolymer-4 when a nonionic emulsifier Triton 
X-405 was used in synthesizing the polymer. The com- 
position of copolymer-1 and copolymer-2 (as well as 
copolymer-5 and copolymer-7) is, respectively, close to 
1: 1 and 2: 1 MCN/'l'CEM copolymers. It is interesting 
to note that use of Triton X-405 as an emulsifier pro- 
duces a 1: 2 MCN/TCEM copolymer (copolymer-4) 
while use of sodium lauryl sulfate under the same 
polymerization conditions yields a 2: 1 copolymer (co- 
~olvmer-3). - " 

Electron beam exposure.-For E-beam exposure, the 
resist films were spin-coated on SiOz (2000A), pre- 
baked, and exposed. The resist film thickness (pre- 
baked a t  160") vs. spin speed for MCN/TCEM copoly- 
mers are tabulated in Table 111. To determine the sen- 
sitivity and the resolution of resists, the resists were 
exposed in a Honeywell micropattern generator with 
two test patterns that cover a wide range of exposure. 
The sensitivity test pattern contains fifty 1 pm wide, 1.5 
mm long lines. The spacing between each line is 6 pm 
and the exposure ranges from 0.5 to 450 pC/cmZ. The 
resolution test pattern contains 20 sets of 100 pm long 
lines. Each set contains 6 lines of equal exposure. The 
spacing between each line is 1 rm  for positive resists 
and 1.5 rm  for negative resists, and the line charge 
density varies from 1 x 10-lZ to 1 x 10-9 C cm-1. The 
electron energy was 15 keV. 

The film thicknesses before development were mostly 
1 pm. The development of resist film patterns were car- 
ried out by spray development. The developed patterns 
were examined under optical or scanning electron mi- 

Table I. Synthesis of MCN/TCEM copolymer by emulsion polymerization 

Monomer (ml) 
MCNITCEM Initiator Emulsifier Water Polymerlza- Polymeriza. 
copolymer MCN TCEM (mg) (mg) (ml) tion time ('C) tion time (hr) Yield (g) 

Triton X-405 was used. see text of the Paper. 

Table 11. Characteristics of MCN/TCEM copolymer resists 

Composition (mlo) GPC analysis 
- - I v l a r a ~  at 

Copolymer MCN TCEM Ma Mn 25'C 

'The nonionic emulsifier Triton X-405 was used in synthesizing the copolymer-4. 
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croscopes. In some cases, SnOz wafers were further 
fractured to examine the line edge profile of the resist 
patterns. 

Results and Discussions 
Sensitivity.-Many organic solvents and solvent mix- 

tures were tested as the developers for the resists. 
They included methyl ethyl ketone (MEK), methyl 
isobutyl ketone (MIBK), methyl cellosolve, cellosolve 
acetate, ethyl acetate, n-propyl acetate, i-propyl ace- 
tate, i-butyl acetate, and amyl acetate. Among the 
many developers that have been tested, MIBK was 
found to be the best developer for both 2:l  and 1:l  
MCN/TCEM copolymer resists. SEM micrographs of 
developed resist line profiles are shown in Fig. 1 and 
2. The sensitivity of both 1 : l  MCN/TCEM copolymer 
(i.e., MCNM'CEM copolymer-1) and 2:l MCN/TCEM 
copolymer (MCN/TCEM copolymer-% or copolymer-5 
or copolymer-I) are very close, being 5 PC cm-2 with 
approximately 40% thickness loss in the unexposed 
area. The cross-link sensitivitv of both 1: 1 and 2: 1 co- 
polymers is also similar. It has been found that cross- 
linking occurs predominantly in both copolymers when 
the exposure dose exceeds 20 pC ~ m - ~ .  The exposure 
range for both copolymers as positive-acting resists is 
relatively narrow, from 4 to 20 PC cm+. The 1: 2 MCN/ 
TCEM copolymer (copolymer-4) was not fully evalu- 
ated because of its relatively broad molecular weight 
distribution. 

Electron resist behavior for the homopolymer PTCEM 
has been reported by Tada (8). The exposure range for 
PTCEM as a positive-acting resist was found to be in 
the range from 1.25 to 25 pC ~ m - ~ .  The developer used 
for the PTCEM was a mixture of methyl cellosolve and 
ethyl cellosolve. However, direct comparison of present 
results with Tada's results is not possible since the un- 

Fig. 1. Sconning electron micrograph of developed MCN/TCEM 
copolymer-2 lines. The SEM magnification is 1 0 , 0 0 0 ~ .  The images 
were developed with M l B K  6 0  sec spray. The exposure doses ore, 
from left to right, 8, 10, 12, and 14 PC cm-2. 

Fig. 2 Scanning electron micrographs of developed M C N / T C E M  
copolymer-7 lines. The SEM magnification is 10,OOOX. (a) The 
images were developed with MIBK; the exposures are, from right 
to left, 6 and 7 p C  (b) The images were developed with 
ethyl acetate/i-propyl acetate (1:l); the exposures are, from right 
to left, 1 2  and 14 ,uC cm-2. 

exposed area film thickness loss after development was 
not reported by Tada for PTCEM. Neverthelesss, it ap- 
pears that the sensitivity and the exposure range for 
both MCN/TCEM copolymers and PTCEM homopoly- 
mers are similar. 

It is not fully understood why the exposure range for 
the 2: 1 MCN/TCEM copolymer as a positive-acting re- 
sist is not significantly broader than that of the homo- 
polymer PTCEM. Although PTCEM is susceptible to 
cross-linking due to the presence of C-C1 bonds in the 
side chains as pointed out by Tada (81, the homopoly- 
mer PMCN has been known to degrade without signifi- 
cant concurrent cross-linking under high energy radi- 
ation (1, 5). Significant amounts of MCN comonomer 
in a copolymer, e.g., 2: 1 MCN/TCEM copolymer, is ex- 
pected to decrease the rate of cross-linking in the co- 
polymer (10) and therefore broaden the exposure 
range. The present observation, however, is contrary 
to the expectation and more studies are needed to un- 
derstand this phenomenon. 

The effect of development temperature on the devel- 
opment behavior of MCN/TCEM copolymer-2 using 
amyl acetate as a developer has also been studied. If 
the unexposed resist film thickness after development 
is maintained constant, the development temperature 
was found to have no significant effect on the sensitiv- 
ity of the copolymer resist. The required development 
time, of course, decreases with an increase in develop- 
ment temperature. 

Effect of prebake temperature.-The sensitivity and 
the resolution of both 1 : l  MCN/TCEM copolymer 
(MCN/TCEM copolymer-1) and 2: 1 MCN/TCEM co- 
polymer (MCN/TCEM copolymer-%) have been stud- 
ied as a function of prebake at  three different temper- 
atures: 160". 180°, and 200°C. The prebake temperature 
appears to have no significant effect on the resist be- 
havior of the copolymers. The observation is consistent 
with the TGA (thermogravimetric analysis) of the 
polymers. The thermograms for the MCN/TCEM co- 
polymer-1 and copolymer-2 are shown in Fig. 3. Less 
than 1% weight loss was noted for both copolymers at  
200°C. Although the homopolymer PTCEM IPoly(tri- 
chloroethylmethacrylate) I was reported to be ther- 
mally cross-linkable at 200°C (8 ) ,  we have found no 
evidence of thermal cross-linking a t  200" in any of the 
copolymer-1, -2, -3, or -5. 

P l a s m  etch rate of resists.-The plasma etch rate 
of 2:l MCN/TCEM (copolymer-2) in a planar etcher 
using Honeywell's SSED process (CHF8 + 7% 02) (11) 
has been determined. The etch rate of the copolymer-2 
is 150 A/min which is significantly lower than that of 
SiOz, 300 A/min. The high plasma resistance of the 
copolymer-2 suggests that it should be useful as an 
etch mask for submicron structure fabrication. 

The plasma etch rate of both homopolymers PMCN 
and PTCEM in CF4 + 4% 0% and in a barrel etcher 
has been determined along with many other vinyl 

Temperature OC 

4.0 80 1120 160 2W 240 280 310 

Fig. 3. TGA thermograms for M C N / T C E M  copolymer-l and co- 
polymer-2. 
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polymers (3). The plasma etch rate of PMCN has been 
found to be one of the lowest. The high plasma re- 
sistance of 2: 1 MCN/TCEM copolymer is consistent 
with the previous observation. 
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CCl,and CI, Plasma Etching of I l l -V Semiconductors and the Role of 
Added 0, 

Randolph H. Burton* and Gerald Smolinsky 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The kinetics of the CCl, and C1, plasma etching of InP, GaAs, and Gap at 300°C and the role of added 0, were 
investigated using atomic emission as a diagnostic aid. With the exception of the CC1,10, etching of InP, the etching 
rates were observed to be linear functions of the emission intensity from electronically excited C1, regardless of the 
feed-gas composition. InP was observed to etch significantly faster in a CCI, discharge than would have been expected 
from the C1 emission intensity alone, indicating the active involvement of CCk species. Addition of a small amount of 
0, to either CCl, or C1, resulted in an increase in the intensity of C1 atomic emission. With feed compositions of -40% 
0, in Cl,(CCl,), extremely fast etching rates of 7.3(2.5), 2.4(0.9), and 1.6(2.1) fimlmin were obtained for GaAs, Gap, and 
InP, respectively. A vertical to horizontal etching rate ratio of less than two was obtained in all cases with the 
exception of CC1,10, etching of InP. Here it was found that the anisotropy of the etching process could be controlled 
by varying the fraction of 0, in the feed; with -40% O,, the ratio was 4. 

The utility of plasma-assisted etching as a technique 
for the dry processing of silicon is well documented 
(1). There is, therefore, strong interest in the extension 
of plasma etching techniques to the group 111-V semi- 
conductor materials system for use in the processing 
of opto-electronic devices. Although there have been 
a few reports on the plasma etching of 111-V com- 
pounds (2-6), little is known about the etching charac- 
teristics of these materials. In this paper we report 
on the kinetics of etching indium phosphide (InP), 
gallium arsenide (GaAs), and gallium phosphide 
(Gap) at  300°C with etching gas combinations of 
oxygen (9) and either chlorine (Clz) or carbon tetra- 
chloride (CC14) using atomic emission as a diagnostic 
aid. 

Before discussing the extension of plasma techniques 
to the etching of 111-V semiconductors, it is desirable 
to look first at the kinetics of the overall process. In 
general, the etching of a solid by reaction with a gas 
can be conveniently described as proceeding through 
several stages, any one of which may be rate limiting 

Electrochemical Society Active Member. 
Key words: gas dlscharge, plasma processing, indium phosphide, 

gallium arsenide, galllum phosphide. 

in the overall process: (i) the transport or diffusion 
of gas phase reactants to the surface; (ii) adsorption 
on the surface; (iii) product formation; (iv) product 
desorption; and ( v )  the transport of gas phase prod- 
ucts from the surface. The overall chemistry can be 
"plasma assisted" in two ways: collisional processes 
in the discharge can cause the production of reactive 
species by dissociation of some precursor gas (1, 7), 
and bombardment of the substrate by energetic ions 
(and electrons) can enhance processes on the surface 
as well as aid in the evolution of products (8). The 
bombardment process generally is deemed responsible 
for anisotropy in the plasma etching profile. 

The etching of 111-V semiconductors with halogen- 
ated compounds can be inhibited by the low volatility 
of group-I11 halides. For this reason, the formation 
of chlorides has been the reaction of choice. The fact 
that product desorption is enhanced by ion bombard- 
ment of the surface has been used to advantage in the 
reactive ion etching of vertical walls as mirror facets 
in InP/InGaAsP stripe-geometry lasers (3). Our 
primary goal, however, is the maximization of the etch- 
ing rate, while the anisotropy of the process is only 
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of secondary interest. As a first-order approach to this 
goal, the rate of product desorption was augmented 
by raising the reactor temperature. In addition, by 
operating at  a higher pressure than that of reactive ion 
etching, faster etching rates can be attained because 
of increased reactant number densities. An increase in 
rate occurs despite the concurrent reduction in the 
energetic-ion bombardment of the surface accorded 
by the reduced mean-free path of the ions. Extremely 
fast dry etching rates of up to several pm/min have 
been obtained with this approach, thus allowing the 
formation of deep features (> 75 rm) in reasonable 
periods of time. This technique has been applied suc- 
cessfully to the separation into individual chips of 
wafers of InP/InGaAsP light-emitting diodes (4). 

Experimental Techniques 
The plasma etching experiments were carried out 

in an Applied Materials Plasma I1 parallel plate re- 
actor, described in Ref. (9). operating at 55 kHz. 
Wafers were placed -7 cm from the center on the 66 
cm diam grounded electrode, which was maintained at  
a temperature of 300°C. Reagent gases entered the re- 
actor through a central opening in the grounded elec- 
trode with flow proceeding radially outwards. Gas flow 
was controlled with commercial mass flow controllers, 
although rotometers were used for some initial studies. 
Pressure, measured remotely with a capacitance man- 
ometer, was maintained independent of the gas flow 
bv varvine the oumoine soeed. - - -  

"~tching-expekments were performed on InP, GaAs, 
and Gap using Clz or CCL, or either of these gases 
mixed with 02. Carbon tetrachloride was withdrawn 
directly from the vapor over the liquid at  room tem- 
perature. Sample substrates of {loo) orientation were 
mechanically-chemically polished prior to use with 1% 
bromine in methanol. Etching masks were formed by 
photolithographically defining patterns of resist on 0.1- 
0.5 pm thick layers of plasma deposited silicon dioxide 
(SiOz) or silicon nitride (Si3N4). These patterns were 
then transferred to the dielectric layer by plasma etch- 
ing with 8% Oz/CF4 followed by an 0 2  plasma to strip 
the resist. Alternatively, for just etching rate measure- 
ments, the SiOz or Si3N4 etch masks were patterned by 
partially covering the surface with glycol phthalate 
wax, etching the exposed dielectric film with HF, and 
then stripping the wax with acetone. The SiOz masks 
did not etch appreciably with any of the gas combina- 
tions employed in this study, although some visible 

not performed simultaneously because of difficulties 
in maintaining optical alignment while inserting and 
removing samples. Any difference was considered to 
be insignificant because of the large chamber area 
(-3400 cmz) relative to wafer size (-0.5 cmz), the 
large emission sampling volume (no lenses were em- 
ployed), and the fact that the observed etching char- 
acteristics did not change with surface area or number 
of wafers etched (i.e., no "loading effect" was ob- 
served.) A corroboration of this supposition was ob- 
tained by performing several experiments in which 
etching and optical data were taken simultaneously. 

The radiative lifetimes of electronically excited 
Cl(4D71~0) and O(5P3,z.l) are -4.5 and 2.0 nsec, re- 
spectively (10). This is at  least two orders of magni- 
tude lower than the mean-free time between quenching 
collisions. Based on this alone, the emission intensity 
may be taken as a direct measure of the number den- 
sity of the emitting state. However, if the population of 
the relatively long-lived lower state of the observed 0 
atom transition [radiative lifetime -120 psec (lo)]  
were to build such that significant re-absorption of 
emitted light occurred over the long optical pathlength, 
then radiation trapping would result and the emission 
intensity would no longer be a direct measure of the 
emitting-state number density. In comparison, the ra- 
diative lifetime of the lower state of the observed C1 
atom transition is much shorter [-725 nsec (10) 1 mak- 
ing a population build-up and subsequent radiation 
trapping less likely to occur. 

Results and Discussion 
I t  was apparent in all experiments that some initi- 

ation process had to occur before etching proceeded. 
This is illustrated in Fig. 1 by a delay of about 2.8 min 
before the onset of uniform CClr plasma etching of 
InP. It is postulated that this induction period is asso- 
ciated with the slow removal of a thin surface layer of 
native oxide. Indeed, it was observed that wet etching 
with HF (for InP) immediately prior to plasma etch- 
ing helped to minimize the onset delay, while Oz plasma 
exposure prior to etching exaggerated the induction 
time. These observations are consistent with reports (6) 
in which slow etching was observed following the 
growth of native oxide films on GaAs. Furthermore, it 
was found that the initiation proceeded unevenly across 
the wafer surface, indicating a nonuniform penetration 
of the barrier layer. This resulted in a rough surface 
contour. Simple heat-treatment or sample preheating at 

etching was  observed with the Si3N4 masks. Etching 
depth and profile measurements were performed using 
scanning electron and optical microscopy. Etching depth 
measurements were also performed using a mechanical 
stylus (Tencor Instruments Alpha Stepper). 1n P 

Optical emission intensities were measured through a 40 - 
quartz window on the side of the plasma reactor with 
a McKee-Pedersen Instruments MP-1018 B monochro- 
mator having 0.2 nm resolution and a photomultiplier 
detector. Chlorine atomic emission was monitored at  
the 837.59 nm line, which corresponds to the 3p44p 
(4D7~~0) * 3p44~(~Pg/z) transition (10). For atomlc g 
oxygen, lines at 777.19,777.42, and 777.54 nm were mon- 
itored simultaneously by increasing the spectrometer $ 20 

- 
slit width so as to decrease the resolution. These lines UJ 

correspond to fine structure of the 2p33p (5P3,2,1) + 2pS3s 
(5S.p) transition (10, 11). For both C1 and 0 ,  the tran- - 
sitions observed were to the lowest lying excited state. 
This followed the initial excitation of a p-valence elec- 
tron to a p orbital in the next higher lying energy 
shell. Transitions to the ground state, occurring in the 
vacuum ultraviolet, could not be observed with this + 20 40 60 
experimental configuration. 2 8 ETCH TIME (min) 

Atomic emission from C1 and 0 was monitored for 
both the Clz/Oz and the CC4/02 chemical systems. I t  Fig. 1. Time evolution of the etching of InP  in a 0.15 Torr, 500W 
should be noted, however, that for most experiments (0.15 W/cmZ), 55 kHz, CC14 discharge. Error bars represent one 
etching rate and optical emission measurements were standard deviation. 
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the plate temperature of 300°C did not affect the ob- 
served behavior, although there apparently was no 
penetration of the native oxide for plate temperatures 
below about 270°C. The precise role of heating in the 
initiation process has yet to be determined, since ex- 
posure to theplasma of wafers which are not thermally 
bonded to the reactor plate can result in surface tem- 
peratures significantly above the plate temperature 
(14). Unfortunately,in the present work the maxi- 
mum attainable reactor temperature of 300°C prevented 
in situ heat-treatment studies at higher temperatures. 

The potential for surface heating by exposure to the 
plasma would portend that the near-surface loss of the 
group-V element by thermally induced out-diffusion 
(15, 16) plays an important role in the kinetics of the 
etching process. It is possible that thermally induced 
breakdown of the lattice structure will enhance the 
rate of reaction and could account for the extremely 
fast etch rates observed in this study. Obviously there 
is a need for further work to determine the precise na- 
ture of the temperature dependence of the etching 
process. 

In order to gain information on the etching kinetics, 
different plasma conditions were examined. In partic- 
ular, the importance of various chemical species was 
probed by looking at the effect on the discharge chem- 
istry and etching behavior of the addition of 0 2  to either 
Clz or CCL. This is analogous to similar studies on the 
role of oxygen in the CF4/O2 plasma etching of silicon 
where atomic fluorine was identified as the principal 
etchant (11, 12, 17). Furthermore, in these studies oxy- 
gen was found to compete with fluorine for active sur- 
face sites and to increase the F atom number density 
by oxidizing fluorocarbon radicals. 

Figure 2 shows the effects of added Oz on the CC14 
and C12 plasma etching rates of InP, GaAs, and Gap. 
In all cases the addition of -6 sccm of Oz resulted in 

I 10 sccm c c q  I 

0, FLW (sccm) 
Fig. 2. Effects of 0 2  addition on the CCI, (top) and Cl2 (bottom) 

plasma etching of InP  (triangles), GaAs (circles), and Gap 
(squares). Experimental conditions: 0.05 Torr, 750W (0.23 W/cm2), 
55 kHz. (Note the difference in  vertical scales between the CCll 
and Clz curves.) 

an increase in the plasma etching rates. Plotted in Fig. 
3 are the intensities of the optical emission from both 
electronically excited C1 and 0. Although these data 
are a direct measure only of the number density of the 
emitting state, they do provide insight into the dis- 
charge chemistry. 

In order to interpret the data in Fig. 2 and 3 it is de- 
sirable first to look at  oxygen emission from CC14/0s 
and C12/02 discharges. lt%erestingly, for both these 
chemical systems the intensity of 0 atomic emission 
was found to rise linearly with the cube of the frac- 
tion of 0 2  (fez) in the feed. This power law dependence, 
plotted in Fig. 4, was used only for data smoothing and 
interpolation between points, and no attempt was made 
to interpret its meaning because of the limited amount 
of information available on the discharge chemistry. 
The saturation of the 0 atomic emission intensity above 
-70% Oz in Clz is believed to be due to radiation trap- 
ping. 

For the CC14/02 system, we propose that 0 atomic 
emission rises slowly with increasing O2 addition to the 
feed (see Fig. 4) because oxygen is consumed by oxi- 
dation of carbon species in a manner analogous to the 
chemistry of the CF4/O2 discharge (11, 12, 17). These 
oxidation reactions thus act as sinks for both available 
oxygen and carbon species. Since reaction with the lat- 
ter also provides a loss mechanism for C1, their removal 
by oxidation would be expected to result in a concur- 
rent increase in the relative amount of C1. Indeed the 
C1 atomic emission intensity, normalized for dilution, 
was observed to linearly track the 0 atomic emission 

% Op IN INPUT FLOWSTREAM 

Fig. 3. Intensity of the optical emission from electronically ex- 
cited C1(4D7~z -) 4P512) and O(5P.3,2,1 + 552) plotted os a func- 
tion of 02 concentration in a 0.05 Torr, 750W (0.23 W/cm2), 55 
kHz, CC14/02 (top) or Clz/Oz (bottom) discharge. Circles and tri- 
angles represent CI and 0 data, respectively. 
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A carbon-containing sink for available oxygen does 
not exist in the Clz/Oz system. This resulted, as shown 
in Fig. 4, in a much faster rise in the 0 atomic emission 
intensity with added 02, which approached the level 
of a pure 0 2  discharge when fez was only about 0.7 
(f02~ = 0.34). Reference to the lower half of Fig. 5 
shows, however, that the addition of oxygen to a Clz 
discharge still produced an increase in the relative 
amount of excited C1. In this case increased C1 produc- 
tion could occur because of the reaction of 0 with C4  
to give C10. C10 can be subsequently dissociated in the 
discharge to C1 + 0 or react with another 0 to give 
C1 + 0 2 .  The overall result would then be the produc- 
tion of two C1 atoms and the regeneration of oxygen. 

The above results suggest that the addition of 0 2  to 
either a Clz or CCla discharge enhances the production 
of atomic chlorine. In order to see how this affects the 
etching process, it is useful to look at  Fig. 6. Here, it 
is seen that the etching rates of GaAs, Gap, and InP can 
be linearly correlated with the C1 emission intensities, 
and that for either GaAs or Gap this correspondence 
occurs regardless of the C1 source gas, Clz or CC4, or 
the amount of 0 2  in the feed. (Figure 6 does not show 
results obtained from the etching of InP with CCL/Oz 
because this system was found to be anomalous and 
will be discusied later.) These findings suggest that 

(FRACTION O2 IN INPUT FLOW STREAM)^ atomic chlorine is the principal etchant and further- 
more, that the C1 supplyis the rate-limiting factor. The 

Fig. 4. Intensity of 0 atomic emission as a function of the cube latter implication was substantiated by the observation 
of the O2 fraction in the feed gas for 0.05 Torr, 750W (0.23 W/ that, in a eel* discharge, the GaAs and Gap etching 
cm2), 55 ~ H Z ,  c12/Oz (squares) and CC14/0z (circles) discharges. rates are a direct function of the total pressure. A sim- 

ilar studv of etching rate dependence on total pressure 

(see Fig. 5). Thus the addition of a small amount of Oz 
to a CClr discharge resulted in an increase in the num- 
ber density of electronically excited C1 and a decrease 
in the amount of residual carbon. The importance of 
the latter process is to minimize the accumulation of 
carbon compounds on exposed surfaces, including those 
to be etched. This manifests itself as improved mor- 

in a Clz discharge was not possible due to experimental 
difficulties in maintaining a constant pressure and rf 
power level at the required higher total pressures. It 
should also be noted that this argument is consistent 
with the observation of only limited anisotropy in the 
etching profile. This is to be expected since increased 
reactant adsorption is more important than enhanced 
product desorption and active site creation by ion 

phology of etched surfaces. bombardment.-1n this study, the vertical etching rate 

0 ATOMIC EMISSION INTENSITY 

Fig. 5. Intensity of C I  atomic emission, normalized for dilution of 
the feed gas by added 02, plotted as a function of the 0 atomic 
emission intensity. The 0 atomic emission data has been smoothed 
by fitting to the cube of the Oz fraction in the feed (see Fig. 4). 
Experimental conditions: 0.05 Torr, 750W (0.23 W/cm2), 55 kHz, 
CC14/02 (top) or CldOz (bottom) discharge. 

was less than twice the rate of undercutting. 
It follows from the above discussion that the etching 

of GaAs or Gap with either a C12/02 or a CC14/02 dis- 
charge can be modeled by a simple scheme in which the 

0 . 4  0 . 8  1.2 

CL A T O M I C  E M I S S I O N  I N T E N S I T Y  

( A R B  U N I T S  

Fig. 6. Plasma etch rates of G A S  (circles), Gap (squares), and 
InP (triangles) plotted as a function of the CI atomic emission 
intensity observed in 0.05 Torr, 750W (0.23 W/cm2), 55 kHz, 
CCI4/02 (closed symbols) and Clz/Oz (open symbols) discharges. 
Note that for InP only data from the latter discharge are pre- 
sented. 
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etching rate depends only on the number density of 
atomic chlorine and not its source. However, this model 
does not account for the etching of InP with CC14/0z. 
While the InP etching rate in a C12/02 plasma can be 
linearly correlated with the C1 atomic emission (see 
Fig. 6), the etching rate in a CCL/02 plasma cannot. 
With either a neat CCll or Clz discharge, at the same 
total pressure, InP is etched at  the same rate (1.37 pm/ 
min) even though the intensity of C1 emission is sig- 
nificantly lower with CC4 than with Clz (0.56 us. 1.00, 
respectively). In Fig. 6 it is seen that an emission in- 
tensity of 0.56 corresponds to an etching rate on the 
InP curve of about 0.28 pm/min, which is only 20% of 
the observed InP etching rate, leaving an 80% short- 
fall that requires the postulation of additional etchant 
species. We believe the most likely candidates for these 
new etchants are low valent carbon-chlorine moieties, 
analogous to the carbon-fluorine fragments derived 
from fluorocarbon discharges (18). However, it is un- 
clear when InP differs from GaAs and Gap. Further 
study is clearly necessary in order to explain this dif- 
ference. 

Figure 7 shows that the degree of anisotropy in the 
InP etched profile is a strong function of the ratio of 
0 2  to CC4 in the feed gas. The anisotropy is actually 
enhanced at low 02/CC14 flow ratios, a factor taken ad- 
vantage of in Ref. (4) to limit undercutting in the 
plasma separation of InP device wafers. However, this 
behavior cannot be due to a protective coating of ox- 
ide as originally suggested in Ref. (4). Such a scheme 
would be inconsistent with the observation of this study 
that the etching is isotropic at large Oz/CC14 ratios. 
Instead, the data can be rationalized as follows: the 
bombardment of the sample surface by ions (accelerated 
vertically between the electrodes) enhances the reac- 
tion of adsorbed carbon-chlorine moieties, creates addi- 
tional active sites, and speeds up product desorption. 
In the presence of oxygen the vertical etching rate is 
further enhanced since the oxidation of adsorbed CCll 
creates additional C1 on the surface. As the proportion 
of Oz to CCll increases, gas phase oxidative reactions 
become more important, resulting in a decrease in the 
number density of carbon-chlorine species and an in- 
crease in the number density of chlorine atoms. At 
relatively high levels of 02, the CCl~/Oz discharge 
would be expected to etch isotropically, as does a Cln/ 
0 2  discharge. Indeed, this is seen to occur in Fig. 7 at 
about the 60% 0 2  level. Finally, one would expect that 

at some intermediate 0 2  level the degree of anisotropy 
should reach a maximum; this was found to occur at 
about 38% 0 s  level. 

Conclusion 
Addition of oxygen to either a chlorine or carbon 

tetrachloride plasma increases the relative amount of 
atomic ch-orine. With CCk, the reaction of oxygen 
with carbon-containing species generates additional 
C1. With Clz, oxygen atoms dissociate molecular chlo- 
rine via the intermediate C10. In the etching of GaAs 
or Gap with either CClr or Clz (and InP with Clz) dis- 
charges, oxygen addition acts primarily to enhance C1 
production. In these cases the etching rates are strictly 
dependent on the C1 emission intensity, irrespective of 
the other constituents. In contrast, carbon-chlorine spe- 
cies actively participate in the CCI*/& etching of InP. 
Resulting from this is an ability to control the aniso- 
tropy of the InP etching profile by varying the ratio of 
9 to CCl? in the feed. 

Extremely fast etching rates have been obtained for 
all three semiconductors. Thus the etching of large 
amounts of material, formerly possible only by wet- 
chemical processing, is now amenable to dry-chemical 
processing. The price for this enhanced rate of etching 
is reduced anisotropy. Despite this, there are immediate 
applications for this technique in 111-V device pro- 
cessing (4). 
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Heat-Treatment Effect on Boron Implantation in Polycrystalline 

Silicon 
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ABSTRACT 

Polycrystalline silicon (LPCVD) has been studied for contact, gate metal, and resistor application in integrated 
circuits. In this study the effect of heat-treatment on boron-implanted low pressure chemical vapor deposited poly- 
crystalline is investigated. In general, grain growth and morphology change take place in both preimplant and post- 
implant heat-treatment. Namely, the poly-Si films after heat-treatment consist of more equal axed grains than the 
mosaic dendrite structures in the untreated samples. However, the pre-implant heat-treatment appeared to be more 
effective for grain growth because of lack of impurity hindrance of grain boundary movement. The sheet resistivity of 
the pre-implant heat-treated samples is predominantly controlled by ion redistribution, and that of the postimplant 
annealed samples is controlled by both morphology change and ion redistribution. Both kinds of samples showed 
much lower resistivity due to heat-treatment reduction of grain boundary trapping centers and significant resistivity 
reversal anneal due to redistribution of the implanted ions. 

Polycrystalline silicon has been studied for contact, 
gate metal, and resistor applications in integrated cir- 
cuits for more than a decade (1-9). Because of the un- 
controllable nature of morphology, it is rare to find 
reproducible data on the basic properties of the poly- 
crystalline films in literature as compared with single 
crystalline silicon (10). The author does not attempt to 
resolve the discrepancies in literature. However, boron 
doping by ion implantation does provide an additional 
dimension of variables for investigating the properties 
of polycrystalline silicon. In this paper some experi- 
mental results on the aspect of heat-treatment effect 
on boron implantation are presented. 

Most of the polycrystalline silicon films that are used 
for integrated circuits are prepared from pyrolysis of 
SiH*. Due to different preparation temperature, pres- 
sure, and ambients, the polycry~tall i~e silicon films 
have grain size varying from 100 to 2000A (11-14). In 
order to obtain a better control of uniformity and re- 
producibility, the low pressure and temverature 
(LPCVD at 600"-700°C) process (15, 16) of SiH, py- 
rolysis has recently been investigated. This process 
generally provides polycrystalline Si of about 200- 
lOOOA in grain size (16, 17) and resistivities greater 
than 106 Qcm. 

The electrical characteristics of polycrystalline sili- 
con have been discussed by various groups of investi- 
gators (11, 13, 18-22). In general, a grain boundary 
trapping model has been successfully developed to ex- 
plain the mobility and the doping characteristics. 
Briefly, the grain boundary contains a large number 
of trapping states that trap the conductive carriers and 
create a potential barrier. The barrier at  the grain 
boundary reduces the mobility of the carriers moving 
from one grain to another. In case the travping states 
are assumed to have the same energy level, the model 
can simply be expressed as 

Nec = Ntd - N~I) 
where N, is the free carrier concentration, Ntd the total 
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versa1 anneal. 

doping concentration, and Ngb numbered trapping 
centers. Jf the doping concentration is low as com- 
pared with the grain boundary trapping state density. 
very few carriers contribute to conduction, depending 
on the trapping state energy. In this case, the mobility 
decreases with the increase of doping concentration 
due to the increase of barrier height. On the other 
hand, for high doping concentrations carrier tunneling 
enhances with the increase of concentration in excess 
of the trapping state density. As a result, not only are 
more carriers available for conduction, but they can 
also move across the boundary faster. For boron-doped 
LPCVD polycrystalline Si samples, it was estimated 
that the trapping state density is near 6 x 1018 cm-3 
with an energy level of about 0.37 eV (19). 

Experimental 
The samples of this work consist of films of different 

thicknesses, from 1000 to 4000A, which are deposited 
on the oxidized Si wafers by means of SiHl (25%) 
pyrolysis in N2 under a pressure of about 0.5 Torr at 
about 620'C. On the surface of the samples, a screen 
oxide of 500A was also pyrolytically deposited at a 
temperature of 800°C by means of the SiHl and 0 2  

reaction. As illustrated in Fig. 1, the samples were 
categorized into two groups for convenience of select- 
ing a proper energy for boron implant. The implant 
conditions are such that for the thinner samples 
(<2000A), the peak concentration is placed at  the 
center of the film so that the sample may receive an 
optimum boron doping from the implant. For the 
thicker samples (>2000A), a constant energy of about 
50 keV is used in order to place the peak concentration 
at a depth of about three stragglers into the poly-Si 
film. By doing so, the samples would receive better 
than 98% of the implanted boron dose. In addition. 
they can be probed for sheet resistance free from con- 
tact problems after a low temperature activation an- 
neal without significant redistribution of boron. 

A set of these samples received a pre-implant heat- 
treatment of 2 hr at 1000°C for comparison with the 
untreated samples. The postimplant activation anneal 
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Fig. 1. A sketch of samples with a list of process condition and 
measurement techniques. 

was kept for 30 min at various temperatures. The sheet 
resistance was measured after the screen oxide was 
stripped by means of a set of four-point probes of 
tungsten carbide with a 25 pm spacing and a load of 
50g in weight. 

Results and Discussion 
In order to facilitate reasoning the sheet resistance 

data, the grain sizes of a set of samples are determined 
by means of a transmission electron micrograph. As an 
example, the micrographs of two of these samples, one 
untreated and another annealed at 1000°C for 2 hr in 
NP, which did not receive ion implant, are shown in 
Fig. 2(a) and (b), respectively. The untreated sample 
does not only have a smaller average grain size but 
also poorer morphology of more dendritic grains, while 
the annealed sample consists of more equal axed grains. 
This is a positive indication that grain growth and 
crystallinity improvement occur simultaneously dur- 
ing the high temperature and long time of heat-treat- 
ment. The rest of this set of samples received a boron 
implantation of 1.5 x 1014 ions with heat-treatment at 
various conditions. The results, as shown in Table I, 
clearly indicate that the pre-implant annealed samples 
showed the largest grain size and lowest sheet resist- 

Table I. Grain size effect on Rs 

2000A 4MH)A 

Grain R. Grain R. 
Sample thickness (A)  (knlO) (A)  (kn/O) 

Bll dose (em&) 1.5 x lW* 1.5 x 101' 
Asgrown and (900eC/30 660 96.1 1100 102.4 

min, activation) 
lWO'C12 hr, and (WH)'CI 950 10.5 1300 18.5 

30 min, activation) 
Post 111. 100OaC/2 h r  890 12.1 950 29.7 

As a function of the postimplant annealing tempera- 
ture, the sheet resistances of a set of samples doped 
with 1.5 x l o l a  ions/cm2 are plotted in Fig. 3. As la- 
beled along the curves, the data are from the samples 
of 2000 and 4000A in thickness. They are grouped by 
the pre-implant anneal from the untreated samples 
with significant difference in sheet resistance. In gen- 
eral, in the untreated samples the sheet resistance of 
the 20008, samples gradually decreases as the activa- 
tion temperature increases because of the increase of 
activated boron concentration (Fig. 3, curve A). For 
the 4000A samples (curve B), the general sheet re- 
sistance trend is similar for those annealed in the tem- 
perature range below 800°C. However, the resistance 
value is much lower due to a larger grain size in the 
thicker films. As soon as the activation anneal tem- 
perature increases further, a significant reversal an- 
neal phenomenon occurs. This phenomenon is believed 
to be caused by redistribution of boron. Since the 
4000A sample is thicker, many boron atoms are re- 
distributed to a wider range with a concentration be- 
low the trapping state density as if the dopant were 
lost from redistribution. The boron concentration in 
the 40008, sample would be about one-half of that in 
the 2000A sample after an ultimate redistribution an- 
neal. The sheet resistance thus becomes higher, de- 
pending on the boron dose and the trap density. When 

ance. Apparently, without impurity hindrance, grain 
growth and crystallinity improvement are more effec- 
tive. The postimplant heat-treated sample shows that 
many grains recrystallized into equal axed structures 
from the dendritic matrix, but not so much of growth 
as the pre-implant annealed samples. For example, the . 
size of the postimplant annealed, 2000A sample is 
slightly larger than that of its untreated counterpart. 
The 4000A sample, however, showed a smaller average 
grain size than the untreated one. This can be at- 
tributed to the implant damage effect, which becomes 
significant in the thicker samples of larger grain size. 
Namely, the smaller equal axed grains are grown from 
the matrix of the damaged, dendritic material of 
larger grain size. Due to impurity hindrance, the grains 
did not grow to a large grain size, but crystallinity is 
improved. The sheet resistance of the postimplant 
treated sam~les  are lower than that of the untreated 
and higher ihan the pre-implant annealed samples due 
to grain size and morphology improvement, respec- Fig. 2. Transmission electron micrographs from (a) or grown and 
tively. (b) 1000"C/2 hr annealed samples of 400W in thickness. 
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Fig. 3. Sheet resistance vs. boron activation temperature (1.5 X 
1014 cm-2). 

the annealing temperature is further increased, the 
sheet resistance resumes its decreasing trend, due to 
reduction of trapping states from crystallinity im- 
provement. 

For the second group of samples, a pre-implant heat- 
treatment was carried out at  1000°C for 2 hr. The im- 
plant and the activation anneal conditions are identical 
to those for the first set of experiments. As shown in 
curves C and D of Fig. 3, the sheet resistance of this 
group of wafers is much smaller than that of the un- 
treated samples. This is caused by grain growth and 
morphology change from the pre-implant heat-treat- 
ment as discussed. Another characteristic of this group 
of samples is that the differences of sheet resistance 
between the 2000 and 4000A samples are generally 
very small in the lower activation temperature range. 
This can be explained as follows. At low temperatures, 
boron ions are activated and similarly redistributed in 
both kinds of samples. In addition, the difference of 
crystallinity of the two kinds of samples after pre- 
implant anneal is smaller as compared with the un- 
treated samples described earlier in the paver. How- 
ever, when the activation is greater than 800°C. both 
the 2000 and 4000A samples showed reversal anneal. 
The larger magnitude of resistance increase in the 
4000A samples is mainly due to a lower concentration 
of boron after redistribution. Since the conductivity of 
poly-Si is very sensitive to the doping level in the 
doping range of interest, minor difference (because of 
redistribution) can give significant difference in sheet 
resistance. 

A similar set of samples that received a dose of 
2 X 1014/cm2 of boron generally gave a much lower 
sheet resistance with the same trend of variation with 
the activation temperatures, as shown in Fig. 4. How- 
ever, in the case where the dosage is lower than the 
10'4 range, the sheet resistance may change to a 
greater extent because the carrier concentration of the 
4000A sample after activation anneal is below the trap- 
ping state density. 

As a function of sample thickness, the sheet resis- 
tances of the two sets of samples that received 2 x 10'4 
ions/cmz of boron implantation and activated at 900°C 
for 30 min are plotted in Fig. 5. As indicated in the 
figure, curve A represents the samples that also re- 
ceived a pre-implant anneal at 1000°C for 2 hr, and 
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Fig. 5. Sheet resistance as a function of sample thickness 

curve B is from the samples implanted in the untreated 
poly-Si. Because of the difference of the initial condi- 
tion in the material, two distinct sets of data are ob- 
tained: namely, the sheet resistances of the pre- 
implant annealed samples are lower than that of the 
untreated samples because of the improvement of 
crystallinity from the heat-treatment. 

In general, for the 20008, and thicker samples the 
sheet resistance is less dependent on the sample thick- 
ness. It becomes more thickness dependent when the 
sample is thinner. In this case, the thinner samples 
have higher sheet resistances not only because of 
smaller grain size, but also receive a boron dose less 
than the implanted dose due to the loss into the dielec- 
trics. However, for the thicker samples, very little 
variation of sheet resistance with sample thickness is 
observed, due to the fact that the activated boron is 
still concentrated in the three stragglers range of the 
poly-Si film. It happens that the amount of boron that 
spreads out in the 4000A samples is below the trapping 
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state density, and it does not contribute carriers to 
conduction. 

Another series of experiments were conducted to 
investigate the sheet resistance and implant dose rela- 
tion. These experiments include two sets of samples 
2000 and 4000A in thickness, which receive a high tem- 
perature and long-time anneal (1000"C, 2 hr) under 
the pre-implant and postimplant conditions. The pre- 
implant annealed samples also see an additional boron 
activation heating cycle of 900°C for 30 min after the 
wafers were implanted. The results in terms of sheet 
resistance as a function of implant dose are plotted in 
Fig. 6. In general, the sheet resistance varies by two 
orders of magnitude with an implant dose change of a 
factor of less than seven, regardless of the process 
history of the samples. This observation is consistent. 
with all of the literature data (23, 24) in trend but not 
in absolute values. Simply, the doping level is mar- 
ginally above the trapping state density, which de- 
pends on the morphology of the poly-Si films. Regard.- 
ing the relative magnitude of the sheet resistances of 
the samples in Fig. 6, the pre-implant annealed sampler 
have lower values because they have larger grain sizes 
for the corresponding sample thickness. The 4000A 
samples have higher sheet resistances, due to the 
sample thickness that led to a much lower concentra- 
tion of conductive carriers. 

Summary 
The sheet resistance of the boron-implanted poly- 

crystalline Si varies significantly with process history. 
Both the implant doping profile and the poly-Si 
morphology play a very important role in the sheet 
resistivity. Briefly, pre-implant heat-treatment effec- 
tively reduces grain boundary trapping centers be- 
cause of grain growth and crystallinity improvemenl. 
The sheet resistance becomes less sample thickness- 
dependent at the relatively low activation tempera- 
tures. 

1014 

Boron Implant Dose (cm-*) 

Fig. 6. Sheet resistance as a function of boron dose 

Postimplant heat-treatment showed crystallinity 
change from more dendritic to more equally axed 
grain structures, but not much change of grain growth. 
The sheet resistance showed strong sample thickness 
dependence for those activated at lower temperatures. 
Reversal anneal of the sheet resistance was seen in 
both cases at an activation temperature of about 900°C 
for a half-hour anneal, mainly caused by redistribu- 
tion of the implanted boron profiles. 
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Enthalpies of Formation of Niobium Aluminides as Determined by the 
Knudsen Effusion Method 

I. Shilo, H. F. Franzen, and R. A. Schiffrnan 
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ABSTRACT 

The high temperature thermodynamics and phase diagram of the Nb-A1 system have been studied in the tempera- 
ture range 1844 s T s 2146 K and the composition internal 0 s AllNb s 0.36. A weight-loss-mass-spectrometer 
apparatus was used to measure the rates of effusion and ion intensities of aluminum during incongruent vaporization 
from a Knudsen cell. Surface depletion problems were solved by using special intermediate annealing sequences. The 
composition ranges of the Nb,A1 and Nb3A1 compounds and the niobium-rich solid solution are reported. Enthalpies of 
the reactions: NbAl,(s) = Nb(g) + y Al(g) were determined by the second law and third law methods. Enthalpies of 
formation for the compounds are: AH,,,,"[NbAl,] = (-130.5 ? 8.4) kJ mol-'; AH,,,,"[Nb,Al] = (-74.9 ? 0.8) kJ mol-', and 
AHf,,,; [Nb.Al] = (-77.0 2 0.6) kJ mol-'. 

In modern technology the importance of refractory tion into the weight-loss-mass-spectrometer apparatus. 
materials has greatly increased, and thermodynamic Once loaded in the apparatus the sample temperature 
data are needed to meet current materials problems. was raised to approximately 100 K below the tempera- 
For instance, niobium aluminide coatings for refrac- ture at which any observable mass loss occurred and 
tory metals exhibit useful high temperature resistance the sample was annealed for 16 hr before data were 
to oxidation. taken. Samples were examined microscopically and by 

The superconducting behavior of Nb3A1, and other x-ray diffraction using a Hagg-Guinier camera to 
physical properties of Nb-A1 alloys have been well in- verify the existence of two phase mixtures. 
iestigated by many laboratories (1) because of the 
high temperature of transition of Nb3A1 to the super- 
conducting state, T, = 18.8 K. Metallographic studies 
of samples quenched from high temperatures, as well 
as high temperature techniques (DTA, levitation ther- 
mal analysis, and simultaneous stepwise heating) 
(2-8), hcve been applied over several years by differ- 
ent groups to determine the correct phase diagram 
of the Nb-A1 system. These studies yielded conflicting 
results, apparently as the result of difficulties in 
quenching the materials from high temperatures. The 
two most recently published phase diagrams (7,s)  are 
shown in Fig. 1. The 1966 phase diagram (7) shows 
lower melting point temperatures for all compounds 
and the phase boundaries are shifted toward higher 
aluminum contents. What is perhaps more important, 
the homogeneity range of the Nb3Al compound is dif- 
ferent in the two diagrams. 

To date, no published reports of experiments carried 
out to determine the enthalpies of formation of Nb-A1 
compounds have appeared, although some estimated 
values of the heats of formation have been published 
(9,10,12,13). In this paper we report the heats of 
formation of Nb-A1 alloy compounds as determined by 
high temperature vaporization studies. 

Experimental 
Preparation and characterization.-Alloy composi- 

tions were prepared by arc melting 20g specimens 
under an argon atmosphere. The starting materials 
were niobium turnings (99.5%) from Alfa Products 
and aluminum rods (99.999%) from Spex Industries, 
Incorporated. Samples were remelted six times to as- 
sure homogeneity. Losses during the melting process 
were not critical since the initial compositions were 
determined before and after each effusion experiment. 
For wet chemical analysis, the samples were dissolved 
in HF, the niobium was retained on a Dowex I ion ex- 
change resin, and aluminum was titrated with ethyl- 
enediaminetetraacetic acid at  pH 5. The initial com- 
positions were also determined by back calculation 
from the initial mass and total mass loss after volati- 
lization of the total aluminum content. Each sample 
was annealed in a tungsten crucible at -1570 K in a 
vacuum induction furnace for 12 hr prior to introduc- 

Key words: thermodynamics, enthalpy, phase diagram, mass 
spectrometry. 

Weight-loss-mass-spectrometric study (W-L-M-S). 
-High temperature W-L-M-S experiments were per- 
formed in a high vacuum chamber equipped with 
CAHN-RH microbalance and quadrupole mass spec- 
trometer, U.T.I. 100 C, 1-400 AMU. The chamber was 
pumped by means of a VHS-4 diffusion pump, the re- 
sidual pressure being around 5 x 10-3 Pa. 

Powdered samples were contained in semitoroidal 
TaC liners. The samples and liners were introduced 
into tungsten effusion cells with knife edge orifices at 
the bottom. The aluminum vapor flux was directed 
toward the mass spectrometer below the furnace. Sam- 
ples were heated by a tungsten-mesh resistance ele- 
ment. The temperature was measured by a tantalum 
sheathed tungsten-rhenium thermocouple, the junc- 
tion of which was located within the radiation field of 
the tungsten mesh furnace and about 0.5 cm from the 
Knudsen cell. The W-Re T/C was calibrated against an 
optical pyrometer which was in turn calibrated by the 
sector method relative to the melting point of gold. 
The prism and window correction was determined 
separately. Temperature fluctuations inside the furnace 
were el K. 

Ion intensities were taken as the difference between 
peak heights obtained by scanning the mass range of 
interest with the shutter open and the background in 
the same region with the shutter closed. An ionizer 
electron energy of 70 eV at  2 mA emission current was 
used. 

Fig. 1. The Nb-A1 phase diagram. Solid line, lorda et 01. (81, 
dashed line, Lundin and Yamamoto (7), open circles, boundaries 
determined in this work. 
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For each individual experiment, rates of vaporization 
of aluminum at different temperatures were measured 
as composition changed from the starting two-phase 
region toward pure niobium, as aluminum was lost by 
sublimation. Simultaneously, during periods of con- 
stant vaporization rate, ion current ( I A ~ + )  measure- 
ments for calibration were taken by the mass spec- 
trometer, thus providing a means of calibrating the ion 
current intensity against the pressure of aluminum as 
determined by the rate of mass loss. The aluminum 
pressures were calculated from the rate of vaporization 
using the Knudsen effusion equation with negligible 
Clausing correction 

where r is the rate of mass loss in mg/min, T is the 
temperature in Kelvin, MA] is the gram atomic mass of 
aluminum, and A is the orifice area in cm2. 

Although only 20-30 rates were measured per run, 
200 IA~+ data points were collected and converted into 
PAL utilizing the W-L-M-S calibration curve. A 250 mg 
sample of powdered Nb-A1 alloy was used in the 
W-L-M-S studies. 

Isotherms were obtained by collecting data points at  
different temperatures as a function of composition. 
This method gave rise to a potentially severe problem, 
namely surface depletion resulting from the relatively 
slow rate of diffusion of aluminum in the alloys. When 
the net rate of vaporization exceeds the rate of diffu- 
sion to the surface (especially at a composition where 
a phase transition occurs) the measured pressures are 
lower than the equilibrium pressures, leading to mis- 
interpretation of phase widths and phase boundaries. 
Therefore the control of these two competitive pro- 
cesses was crucial. To provide this control a combina- 
tion of low vaporization rate and special annealing se- 
quences has been used. Low rates of vaporization were 
achieved by using small orifices (e.g., 6.73 x 10-3 and 
6.76 x 10-4 cmz), and the measurement of pressures 
at  temperatures at  which the mass-loss rate was below 
2 x 10-2 mg/min. I t  was found that the vaporization 
was not diffusion controlled when the rate of mass loss 
was below 3 x 10-3 mg/min. For the higher vaporiza- 
tion rates acceptable results were obtained when sam- 
ples were annealed for 2-12 hr at  temperatures -200 K 
below the temperatures of measurement before each 
series of rate measurements. In order to maintain an 
adequate balance between vaporization and diffusion, 
the annealing temperatures were changed along with 
the composition changes. After each rate measurement 
(1 mg of aluminum vaporized) a set of ion intensities 
at five temperatures (1844, 1880, 1945, 1994, and 2146 
K)  was measured, once while the temperature was in- 
creased between measurements, and once while de- 
creasing the temperature. At least 5 min were allowed 
to achieve thermal equilibrium at each experimental 
temperature. In the range 0.25 < XAI < 0.35 samples 
were annealed at least 10 times for 2 h r  at 1670 K and 
two times for 12 hr at 1570 K. In the range 0.15 < X A ~  
< 0.25 samples were annealed 10 times at 1720 K for 
2-3 hr and two times for 12 h r  at 1620 K. In the range 
0.02 < XAI < 0.15 samples were annealed five times at 
1820 K for 3 hr and two times at  1720 K for 12 hr. 

Thermodynamic Calculations 
The calculation of thermodynamic properties over 

all regions of the Nb-A1 phase diagram was based on 
the general hypothetical vaporization reaction 

where y = XA,/XN~.  Third law enthalpy changes for 
reaction [2] were calculated using the equation 

The numerical values of the Gibbs free energy func- 
tion, fef = (GT' - H298')/T, for Al(s) ,  Al(g), Nb(s), 
and Nb(g) required for the evaluation of the measure- 
ments were taken from Hultgren (11). 

Applying Neuman Kopp's rule to estimate the heat 
capacities of compounds formed from elements in the 
solid state as shown by 

the Afef for the reaction 

was assumed to be zero. 
The second law enthalpies of vaporization at 298 K 

were obtained from the slopes when -R In P N ~  . P A I ~  
+ Afef from 131 were plotted us. l /T (K) .  Enthalpies 
of formation of NbA1, for compositions in the various 
phase diagram regions were then calculated using the 
equation 

Enthalpies of atomization, AHat,,zss0, were taken from 
Hultgren (11). 

In the niobium solid solution region, pressures of 
niobium were calculated from Raoult's law, P N ~  = 
P N ~ '  . X N ~ ,  since the measured pressures of alumi- 
num were repeatedly found to obey Henry's law,  PA^ = 
k . Xnl, to a high degree of precision. At the boundary 
between the Nb (ss) single phase and the NbsA1 + 
Nb (ss) two phase region, XAI(T) values were ob- 
tained from the intersection of the Henry's law line 
and the horizontal (two condensed phases) line and 
thus niobium pressures could be calculated using 
Raoult's law. Pressures of niobium across the Nb3A112, 
single phase region were calculated by Gibbs-Duhem 
integrations. The enthalpy of formation of the stoi- 
chiometric compound Nb3A1 was extrapolated from the 
enthalpy values in the single-phase region, since Nb3Al 
does not exist in the single-phase region at  low tem- 
peratures. The enthalpy of formation of NbzAl was 
calculated by the second law and third law methods 
using the same procedures. The aluminum pressures 
in the NbzAl +- NbA4 two phase region were used to 
calculate the thermodynamic properties of NbAls. The 
NbA13 single-phase region is very narrow. Niobium 
pressures were not calculated by Gibbs-Duhem inte- 
gration because of the mismatch in the range of tem- 
perature at which the pressures were measured in the 
NbzAl and NbA13 regions. It was therefore assumed 
that the equilibrium constant for reaction [2] for 
NbzAl at the stoichiometric composition equals the 
equilibrium constant a t  the phase boundary, i.e., the 
variation in the activity of NbzAl with composition 
was neglected. Comparison with the other phases sug- 
gests that this approximation does not introduce a 
substantial error in the derived results. 

Results 
Sets of measurements of the variation of the ion in- 

tensities with temperature and simultaneously the 
rates of effusion of aluminum were performed. Alumi- 
num equilibrium pressures were calculated from the 
rates using Eq. [1], and the mass spectrometer ion in- 
tensities were calibrated. The data from a selected 
calibration run are plotted in Fig. 2. The ion intensities 
were used to generate the A1 partial pressure iso- 
therms, which are shown in Fig. 3. 

Solid solution region.-The experimental pressures 
of aluminum that were used to obtain the enthalpy 
changes in this region (as described in thermodynamic 
calculations) are given in Table I. The calculated pres- 
sures of niobium at each XA, were obtained from the 
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Fig. 2. Calibration curve for the mass spectrometer. Aluminum 
pressures as calculated by Knudsen Eq. [l] from the rote of effu- 
sion vs. the aluminum ion intensities times the temperature. 

Fig. 3. Isotherms: Aluminum pressures vs. mole fraction aluminum 

pressures of pure niobium (11) using Raoult's law. 
The linear least-squares fit for the pure niobium pres- 
sures is given by 

In P N ~ '  (Pa) = (29.446 -e 0.015) - (86,290 t 20/T [7] 

Enthalpy changes for reaction [21 were obtained for 
different X A ~  and are given in Table 11. The enthalpies 
of formation of the solid solution are shown in Table 
111. 

N ~ ~ A I I ~ ,  phase. -Aluminum pressures and niobium 
pressures (obtained from the Gibbs-Duhem integra- 
tion) were used to calculate the equilibrium constant 

Table I. Pressures of Al(g) (in Pa f 0.02 Pa) at  sekcted mol 
fractions aluminum of Nb-AI solid solutions 

l' 0.02 0.04 0.08 0.12 

Table II. Third low enthalpies of vaporization (20.1 kJ mol-1) 
for the niobium solid solution region 

for the reaction of vaporization of NbsAll+., from 
which third law and second law enthalpies of vapor- 
ization as a function of y, (y = XAI/XN~), were calcu- 
lated. Third law values are shown in Table IV. Ac- 
curate pressures of aluminum were taken from the iso- 
therms for which the diffusion problem was solved, 
and used in order to calculate the niobium pressures 
in the intermediate composition region, 0.244 < y < 
0.312. In the cases where those pressures were not 
available because of obvious diffusion problems, there 
is a blank space in Table IV. Second law enthalpies of 
vaporization and the average third law values are 
given in Table V. The extrapolated values to y = 0.333, 
namely stoichiometric NbsAI, are given as well. Sam- 
ple second law plots for XAI = 0.196 and XAI = 0.238 
are shown in Fig. 4. Since third law enthalpies of 
vaporization are preferred for the calculation of the 
enthalpy of formation, the preferred extrapolated 
value for NbsAl is AHr.~s0[NbsAl] = (-77.0 -e 0.6) kJ 
mol-1. 

Nb2Al.-The experimental pressures of aluminum 
at y = 0.5 and the calculated third law enthalpies of 
vaporization of NbzAl are given in Table VI in the 
temperature range 1665-1994 K. Linear least-squares 
treatment of the pressures of niobium, which were de- 
rived by Gibbs-Duhem integration from X A ~  = 0.296 to 
XAI = 0.333, gave 

In P N ~  (Pa) = (28.061 -e 0.114) - (84,555 f 207)/T [8] 

The enthalpy of formation of NbzAl from the third 
law was calculated as AHf3gsa[NbzA1] = (-74.9 
+- 0.8) kJ mol-1. The second law treatment, which is 
shown in Fig. 5, gave AHv.~9s9[Nb~A1] = (930.5 -c 3.3) 
k J  mol-1. 

Table Ill. Second law ond average third law enthalpies of vaporization for the solid solution region, and third law enthalpies 
of formation of the solid solutions 

0.0204 0.04167 0.0887 0.1364 

3rd law average 730.73*0.09 199.86&0.08 758.645=0.15 778.73f 0.4 
AH.,rss kJlmol 
2nd law 730.5 2 0.4 739.7 k 0.5 759.4 f 0.7 781.9 5= 2.9 
AHv,=' kJ/mol 

1 
AHf1zes0 - NbAlr 2.665 * 0.09 4.619 * 0.08 8.008 +. 0.15 11.008 k 0.4 

1 + Y 
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- 4 8 5 r p  
7 I Table VI. Pressures of Al  (g) and third law enthalpies of 

vaporization for NbAlo.s(s) = Nb(g) + 0.5 AKg) 

PAI (Pa) 
T (K) * 0.02 AH..r' kJ/mol - :v, ,  z 435 p 0.735 0.185 0.501 1.003 924.2 923.8 923.0 923.4 

1770 1.034 923.8 
1799 1.692 923.0 
1826 2.401 923.8 

410 
5.0 5.2 5 4  5.6 5.8 

1844 2.999 923.4 
6.0 1844 3.182 ~ 4 . a  

+ I  1854 3.425 924.2 
1880 5.097 923.8. 

Fig. 4. Sample second law plots for XAI = 0.196 and XAI = !i:t 14.19 922.2 
13.48 923.4 

0.238. 1994 25.23 922.2 

Average 923.4 -C 0.8 

I I I I - Pressures of niobium, which were calculated as de- 
560 - - scribed earlier, gave 

) - In %(Pa) = (29.53 f 0.52) - (88,654 f 896)/T 1111 

.z 535 - - Using aluminum and niobium pressures in the two 
7 phase region, the enthalpy of vaporization of NbAls 
- was calculated by the third law; AHvLsa"[NbA~] = 
5 510 - - (1839.7 r 8.4) kJ mol-1. Second law results are shown 

in Fig. 7. The enthalpy of vaporization as calculated 
from the slope was aHVLg8'[NbAl3] = (1845.6 r 17.6) 

- 
a 
' 485 - - kJ  mol-1. The enthalpy of formation was calculated 

using the third law value, AHfssa0[NbAl~] = (-130.5 
a 8.4) kJ  mol-1. 

460 Discussion 
50 52 5 4  5.6 58 

$ 1 ~ 1  
60 The recent phase diagram of Jorda et al. (8) differs 

from that of Lundin and Yamamoto (7) by a shift to 
Fig. 5. Second IOW for the N L ~ A I  phase using pressures higher temperatures and lower aluminum contents, a 

aluminum and niobium at  XAl = 0.333. ditierence that can, in part, be explained by more 
rapid quenching in the more recent work. Our results 
are in- very good agreement with the niobium-rich 

NbzAl + NbAh two phase region.-Data were taken sides of the NbzAl and Nb3A1 regions as given by Jorda 
in the two phase region between 0.4 < XAI < 0.6. Pres- et al. The small discrepancies on the aluminum-rich 
sures of aluminum for the reaction boundaries, especially since they increase with in- 

are plotted us. the temperature in Fig. 6. The linear 
least-squares trcatrnent of the 83 experimental data in 
the temperature range (1379-1785 1 0  gave 

Table IV. Third law enthalpies of vaporization of the N b ~ A l l t , ~  
phase 

AH..m' 
(f0.63) k J  mol-1 NbAlu(s) = Nb(g) + yAl(g) 

T (K\u 0.244 0.264 0.274 0.282 0.299 0.312 

creasing temperature as does the ratio of the rate of 
vaporization to rate of diffusion, can be attributed to a 
residual diffusion problem in our experiments since 
the regions of the discrepancies are exactly where the 
diffusion paths are expected to be the greatest. Ac- 
cordingly our results can be taken as a confirmation 
of the recent phase diagram work by Jorda et al. Per- 
haps there remains a question concerning the stable 
existence of stoichiometric Nb3AI at temperatures be- 
low the NbzAl peritectic temperature and, consider- 
ing the importance of this compound, further work in 
this area is suggested. 

Our enthalpies of formation of the Nb-A1 com- 
pounds are summarized in Table VII together with 
the values predicted by Miedema et al. (12,131 and 
the values calculated by Gelashvilli and Dzneladze 
(9,lO). The model of Miedema et al. is a two param- 
eter bonding model where the metallic atom is char- 
acterized by its electronegativity parameter and the 
electron density at the boundary of the Wigner-Seitz 
atomic cell. The values calculated by this model as 
well as our values are plotted in Fig. 8. Comparing 
the model with experiment, all compositions except 

Table V. Second law and average third law enthalpies of vaporization of the Nb3AI1=, phase and the extrapolated values 
a t  y = 0.333 

0.244 0.264 0.274 0.282 0.299 0.312 0.333 

3rd law averare 
AH*., kJlmol  821.86 f 0.63 830.23 f 0.63 834.08 f 0.63 837.34 -C 0.63 844.04 i: 0.63 848.72 i: 0.63 856.63 i: 0.21 

2nd law 
AHv,;.~' kJ/mol 817.6 t 4.2 837.2 f 10.0 811.4 -C 10.5 843.5'9.2 852.3 -C 10.0 840.6 f5 .8  858.6 i: 8.4 
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Fig. 6. Plot of the natural logarithms of the pressures of Al(g) 
in the NbzAl + NbA13 two phose region vs. the reciprocal tem- 
perature. 

Fig. 7. Second law plot of the NbzAI + NbA13 two phase region 
as calculated from the measured Al(g) pressures and calculated 
Nb(g) pressures. 

NbA13 were found to be less stable with respect to the 
solid elements than predicted by the model. The model 
values yield aluminum partial pressures which are 
lower by one order of magnitude compared with the 
experimental results. I t  seems that the model over- 

Table VII. Entholpies of formation of the Nb-AI compounds 

I I I I 
0 0.2 0.4 0.6 0.8 1.0 

X AI 

Fig. 8. Entholpies of formation per gram atom of the Nb-AI 
compounds and solid solution. The solid line shows Miedema's pre- 
dictions, open circles, values from this work. 

estimates the bonding capability of niobium with alu- 
minum. In addition we note that according to the 
model, NbzAl and NbA18 could not coexist in equilib- 
rium since they would interact to form NbAl 

2NbzAl(s) + NbQ(c) = 5NbAl(s) 

where the calculated enthalpy of reaction is -122 kJ  
mol-1. This result is in contradiction with the known 
phase diagram. For comparison, the enthalpy of forma- 
tion, which yields a zero enthalpy change for the 
above reaction, and therefore provides an estimate to 
the upper limit for the stability of NbAl, provided that 
the entropies of formation of all compounds are about 
zero, is -28 kJ/g-at., a value which is 20 kJ/g-at. 
less negative than predicted by the Miedema model. 

The results of Gelashvilli and Dzneladze (9,lO) are 
reported for comparison, however sufficient informa- 
tion about their method of obtaining these numbers is 
not available and therefore we present them without 
comment. 
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Reactions of SO,(SO,) with NiO-Na,SO, in Nickel-Sodium Mixed 

Sulfate Formation and Low Temperature Hot Corrosion 

R. L. Jones* and 5. T. Gadomski 

Naval Research Laboratory, Chemistry Division, Washington, D.C. 20375 

ABSTRACT 

Quantitative studies were made of the formation of low melting Ni, Na mixed sulfates by reaction of 50 mlo 
NiO-Na,SO, with 400, 1000, 3000, and 5000 ppm equilibrated SO,-SO,, in air (SO, + 112 0, s SO,) at 750°C. Equilibrium 
mixed sulfate compositions of 8, 12, 26, and 33 mlo NiSO,, respectively, were formed, with the first two solid (solid 
solution) and the last two molten, in agreement with the NiS0,-Na,SO, phase diagram. Corrosion tests at 750°C with 
Nickel 200, Rene 80, and CoCrAlY coating alloy showed little corrosion when solid-solution mixed sulfates formed on 
the metal surface, but severe corrosion when molten sulfates formed. Nickel 200 corrosion proceeded by liquid Ni3S2- 
Ni formation below the surface oxide. No discernible sulfide was produced with Rene 80 and CoCrAlY which gave the 
characteristic low temperature hot corrosion morphology. Ternary Ni, Co, Na sulfates were detected in the CoCrAlY 
corrosion. 

Marine gas turbines are subject to a "low tempera- 
ture" mode of hot corrosion (LTHC) which gives max- 
imum attack a t  650"-750°C. This corrosion results 
from formation of molten mixed CoS04-NatS04 
(eutectic mp 575°C) on the blade surface by reaction 
of SO3 in the turbine gas with cobalt oxide and Na2S04 
blade surface deposits (1-4). Partial pressures of SO3 
of 5 x 10-5 to 1 x atm are sufficient to produce 
a molten phase in the C0304-CoS04-NazS04 system a t  
LTHC temperatures (1, 4).  The reaction proceeds via 
SO3 exclusively, but even when the S03/SOz ratio in 
the gas stream is very low, catalytic activity by C0304 
may increase the SO3 concentration at the oxide- 
Na2S04 deposit surface sufficiently to allow molten 
phase formation (4). 

Other mixed sulfates, especially NiS04-Na~S04 
(eutectic mp 671°C), may also produce LTHC. Ap- 
proximately 5 x 10-4 atm SO3 is predicted to yield 
molten NiS04-Na2S04 at  750°C ( I ) ,  and in fact water- 
soluble nickel is commonly found, along with cobalt, 
in sulfate deposits on LTHC-attacked blades. In addi- 
tion, Luthra and Shores (1) have identified NiS04- 
NanSO4 formation for NazS04 coated Ni-30Cr ex- 
posed under Oz-1% (SO2 + SO3) and associated the 
formation with corrosive attack that reached maxi- 
mum severity a t  ca. 750°C. 

The situation is complicated, however, because cor- 
rosion maxima at  700"-800°C have been found also 
when Ni and Ni-Cr alloys were corroded under SOz-02 
(5, 6), i.e., without NazSOl and with no possibility, 
therefore, of forming the NiS04-NazSO4 mixed sul- 
fate. In  these cases, the corrosion maxima were inter- 
preted as related to the formation of NinSz or eutectic 
Ni3Sz-Ni. No NiSOl was detected, although thermo- 
dynamics predicted NiSOr to be stable under many of 
the experimental conditions employed. It is interesting, 
and potentially important in diagnosis of gas turbine 
corrosion, to note that the corrosion morphologies were 

sometimes very similar [e.g., see Fig. 5 of Ref. (6) ]  
to those found in LTHC, except for the absence of 
surface sulfate phases. 

The present investigation was undertaken to ex- 
plore the reactions of SO3 with NiO-NaBO4 in form- 
ing NiSOa-NaBO4 and to elucidate the corrosive ef- 
fects produced by formation of molten NiSO4-NazSO4 
on turbine metals. 

Experimental 
The experimental apparatus has been described pre- 

viously (4). Electronic gas flow controllers are used 
to pass air containing low concentrations of SOz or  
SOZ-SO3 over test specimens held in porcelain boats 
in a constant temperature zone furnace. The furnace 
is fitted with a quartz liner tube that has a trapping 
system at  its outlet to allow quantitative analysis of 
the SO3 and SO2 in the exhaust air. Total air volume 
is determined by then passing the exhaust air through 
a wet test gas meter. The furnace air may be made 
to contain equilibrated S03-SOz or "pure" SOz (ana- 
lyzed S03/SOz ratio below 0.05), depending on 
whether or not a platinum catalyst is placed upstream 
in the furnace. Overall, the system permits one to 
control and/or measure the SO2 furnace input, the 
SO2 + M 0 2  * SO3 equilibrium, the SO, (SO, = SO2 
+ SO,) used in sulfation or corrosion reaction, and the 
concentrations of SO2 and SO3 in the exhaust air. 

All experiments were run at  750" c 5"C, with gas 
concentrations controlled to c10% (verified by analy- 
sis) and with flow rates of 200 ml/min. Two types of 
experiments were conducted: (i) "NiS04-Na2S04 for- 
mation" experiments where 250 mg mixtures of 50 
mol percent (m/o) NiO-NazSO4 spread evenly in 
porcelain boats (Coors 6A, 97 x 16 x 10 mm OD) 
were exposed to different concentrations of SOs-SO2 
or  SOz, with periodic weighing to determine the sul- 
fation kinetics and NiSO4-NazSOa compositions ob- 
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Nickel 200, Rene 80, or CoCrAlY blade coating speci- 
mens were sulfated under the same conditions as ( i) ,  
and the corrosion effects produced by the generation of 
molten mixed NiS04-NaB04 on the metal surface 
analyzed. 

Reagent grade chemicals and anhydrous SO2 (Mathe- 
son 99.98%) were used in all experiments. The ana- 
lyzed composition of the CoCrAlY coating alloy was 
20.9Cr. 12.9A1, 0.32Y, and balance Co [weight percent 
(w/o)]. D-C argon plasma atomic emission analysis 
indicates the Nickel 200 to be 98.85Ni, 0.33Zn, 0.31Mn, 
0.25Fe, 0.08C0, 0.05Cr, and O.01Cu (w/o). No analysis 
was made of the Rene 80, but it should fall near alloy 
specifications, i.e., 14Cr, 9.5C0, 5.OTi, 4.0M0, 4.OW, 3.OA1, 
0.17C, 0.03Zr, 0.015B, balance Ni (w/o). The metal 
specimens were washed with hot water and detergent 
and rinsed with methanol before use. 

Results and Discussion 
Mixed NiS04-NazS04 formation.-The formation 

proceeds by the reaction 

NiO + SO3 * NiS04 111 

with the nickel sulfate being taken into solid or mol- 
ten solution and forming mixed sulfates with sodium 
sulfate 

NiSO4 + Na~S04 4 NiS04-NazS04 I21 

Since the Ni0-SO3-NiS04-NazS04 system is bivariant, 
some concentration of NiSO4 in Na2S04 will be formed 
even for sub-ppm SO3 gas levels, in contrast to the 
univariant S03-Ni0-NiS04 system where, for a given 
temperature, no NiS04 is formed until the "decom- 
position" SO3 partial pressure is exceeded, and then 
there is complete conversion to NiS04. A 250 mg sam- 
ple of 50 m/o NiO-NazSO4 contains 86 mg NiO, and 
complete sulfation of NiO would produce a 92 mg 
weight gain. 

The weight gains obtained under different sulfur 

the 8 and 12 m/o NiS04-NazS04 compositions re- 
mained solid (solid solution), while the 26 and 33 
m/o compositions had clearly discernible liquid phases. 
This is in essential agreement with the NiS04-NazS04 
phase diagram (Fig. 2). Also, interpolation of the Fig. 
1 results suggests that liquid phases could begin to 
form at  about 500 ppm, or converting units, 5 X 
atm SO3, which is the partial pressure predicted by 
Luthra and Shores (1) for liquid NiS04-NazS04 for- 
mation at  750°C. 

X-ray diffraction confirmed the presence of u- 
NazNi(S04)s and excess NiO in the 33 m/o NiS04- 
NazS04 specimen. Extra x-ray lines were found, but 
these could not be identified as NasNi(S0414 (as would 
be expected from the phase diagram), possibly because 
of the rapid cooling of the specimen. The lines from 
the 8 and 12 m/o NiS04-Na~S04 x-ray patterns could 
not be identified (aside from NiO) and presumably 
derived from the quenched p solid-solution phase. 
Nickel sulfate per se was never detected. 

Catalytic activity of Ni0.-When 50 m/o NiO-NazSOc 
was exposed under 5000 ppm pure (SO3/SOz below 
0.01) SO2 at 750°C, a unique weight change behavior 
was observed, as shown in Fig. 3 where the different 
symbols on the weight curve (solid line) represent 
independent runs. The initial weight gain was essen- 
tially as rapid as with equilibrated 5000 ppm SOz-SO3 
(cf. Fig. I ) ,  but then after approximately 5 hr ex- 
posure and -20 m/o NiS04 formation, the weight fell 

oxide concentrations are shown in Fig. 1. These runs 600- I 
were made using the platinum catalyst, and thus with I 
essentially equilibrated SOz-S03. This is verified by I 
the measured SO3 and SO, concentrations listed in Fig. I 8 + 6  
1 which correspond to S03/SOz ratios of -0.6, or very & I  

near the 0.62 theoretical ratio calculated for S02-S03 4 0 0 -  - i; l - 
0'1 co 

in air (0.21 atm Oz) at  750" (7)). Abundant SOz is - 
therefore present, but SO3 nonetheless still appears to - e l 6 + € ?  $' r+s  be the critical factor in mixed sulfate formation [cf. 5 I 

a' Z 
Ref. (4) and below]. 0' 

For each SO3 concentration in Fig. 1, there is a 200- %I 
:-J 

certain limiting weight gain that, as indicated, corre- s z 
sponds to formation of the m/o NiS04 which is in 
equilibrium with the given SO3 concentration for the NiSO, 20 4 0  60 

Mol.% NiO-NiS04-NazS04-SO3 system at 750°C. Note that 
sulfation is not complete and that excess NiO exists Fig. 2. NiS04-No2S04 phase diagram [K. A. Bol'shakov and P. I. 
even under 1900 ppm SOa. Visual examination as the Fedorov, Zh. Obshch. Khim., 26, 349 (195611. 
boats were withdrawn from the furnace showed that 

1 I I 
0 10 20 30 40 50 

TlME lhrrl 

Fig. 1. Weight gain for 50 m/o NiO-NazSO4 (250 mg) exposed 
to equilibrated S02-So3 in air a t  750°C. 
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fig. 3. Weight gain (solid line) and exhaust air S03/502 ratio 
(dashed line) for 50 m/o NiO-NazSO4 (250 mg) exposed to 5000 
ppm SO2 in air a t  750°C. Different symbols are independent runs. 
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and, after 10-15 hr exposure, leveled off at  a final 
weight gain corresponding to -10 m/o NiS04 forma- 
tion. The -20 m/o NiS04 composition did not result in 
a liquid sulfate phase, but previous experience (4) 
indicates that a molten phase could be produced at  
higher SO2 concentrations. 

A similar (but less pronounced) behavior was ob- 
served for 50 m/o Co304-Na~S04 exposed under SO2 
at 625°C (4). Our hypothesis is that the metal oxide 
(Co304 or NiO) has sufficient catalytic activity ini- 
tially to produce appreciable SO3 at  the metal oxide- 
NazS04 mix surface, which gives mixed sulfate for- 
mation nearly as rapid as when equilibrium SO3 par- 
tial pressure is provided via an external Pt  catalyst. As 
the oxide is consumed by sulfate formation and/or 
incorporated in the mixed sulfate mass, however, its 
catalytic ability decreases, and the SO3 pressure drops. 
This causes the mixed sulfate to decompose until a 
composition is reached which can be sustained by the 
lower SO3 pressure produced by the now less effec- 
tive metal oxide catalyst. 

Results from the present NiO-NazSO4 experiments 
support this hypothesis by showing that the S03/SOz 
ratio in the bulk air stream (dashed line in Fig. 3) is 
in fact higher in the times when maximum mixed sul- 
fate formation occurs than it is later when the oxide 
catalytic effect is presumably less. 

A comparison of the relative catalytic efficiency of 
Co304 US. NiO was made by exposing samples of Co304 
(115 mg) and NiO (140 mg) under 500 pprn SO2 in 
air at 725°C and measuring the resultant S03/S02 
ratios in the exhaust air. The sample weights were 
chosen to give equal volumes (if not areas) of the 
oxides, and the samples were spread, as nearly as 
possible, the same over the boat bottoms. Under these 
conditions C0304 gave an average S03/S02 ratio of 
0.44 and NiO an average ratio of 0.39, indicating that 
they are essentially equal in catalytic efficiency for 
the SO2 + SO3 reaction. There was no weight gain of 
the oxide or other evidence of reaction with SOz-SO3. 

Mixed (Co,Ni)SO4-NazSO* formation.-The possible 
formation of ternary (MI, Mz, Na) mixed sulfates is im- 
portant in LTHC because it may allow (i)  molten sul- 
fates to be formed at temperatures lower than with 
either binary system, or (ii) larger amounts of the 
molten sulfate phase to be produced at  a given SO3 
partial pressure. Since water-soluble Ni and Co are 
found in sulfate deposits on LTHC-attacked blades, the 
Co,Ni,Na ternary sulfate system is especially rele- 
vant. The phase diagram for this system has been 
developed (8) and appears to contain no ternary 
eutectic points. 

However, limited experiments here indicate that the 
SO3 overpressure, which was neglected in the previ- 
ous phase diagram development, may have a crucial 
role. In these experiments, 250 mg samples of 50 m/o 
C0304-Na~S04 were equilibrated at  750°C under 150 
and 1100 pprn SO$, respectively, with molten CoS04- 
NazS04 phases being formed in each case. Then an 
additional 86 mg of NiO was added which produced 
the characteristic weight changes depicted in Fig. 4. 
With 150 pprn SO3, there was no additional weight 
gain and indeed apparently a slight loss. With 1100 
pprn SOs, however, there was a clear additional weight 
gain of -20 mg. Presumably concentrations between 
1100 and 150 pprn SO3 would give intermediate be- 
havior. 

These results are not sufficient to prove whether or 
not a ternary eutectic exists in the Co,Ni,Na sulfate 
system under SOs; but they do clearly predict that 
when excess Con04 and NiO exist with NazSO4 under 
not extraordinarily high levels of SO3 (a possible 
engine blade situation), a larger amount of molten 
mixed sulfate will be produced than when either oxide 
occurs alone. 

I I I I I I I I I 
0 20 40 60 80 100 120 140 160 

TIME (hrsl 

Fig. 4. Weight gain for 50 m/o C0304-NazS04 (250 mg) exposed 
to equilibrated SO%-S& in air at 750QC, with NiO additions. 

Molten NiS04-NazS04 corrosion of Nickel 200.-For 
these experiments, small deposits (2-3 mm diam, 0.5-1 
mm depth) of 50 m/o NiO-NazSO4 were placed on 
specimens cut from Nickel 200 plate and exposed at  
750°C to 370 pprn SO3 (1000 pprn SO,) and 1100 pprn 
SO3 (3000 pprn SO,) in air. The deposits exposed 
under 370 pprn SO3 remained solid for times up to 60 
hr, with little corrosion found under the deposits when 
the specimens were cross sectioned. Conversely, the 
deposits exposed under 1100 pprn SO3 became molten 
and caused extensive corrosion of the nickel substrate 
after only 4 hr at temperature. It is important, and in 
some ways surprising, to note that the kinetics and 
ultimate degree of sulfation are essentially the same, 
regardless of whether the NiO-Naps04 occurs as small 
surface deposits or bulk (250 mg) samples, a behavior 
also observed for CosO4-NazSOr (4). 

The corrosion resulting from the molten NiS04- 
NazS04 appears to occur principally through the for- 
mation of a liquid sulfide, presumably NisSz-Ni eutec- 
tic, below the surface oxide. Figure 5 shows a typical 
area of heavy corrosion where the sulfide phase has 
extruded through cracks in the surface oxide. Some- 
what more can be seen of the course of corrosion in 
cross-sectioned specimens as in Fig. 6. The extruded 
sulfide oxidizes rapidly once exposed to air, with oxi- 
dation proceeding inward so that a core of NisSz-Ni 
under an outer NiO layer is found at intermediate 
stages of the process (Fig. 6B-D). Air also enters the 

Fig. 5. Ni3S2-Ni nodules extruding through surface oxide on 
molten NiS04-Na2504 corroded Nickel 200. Dark patches are 
residual sulfate. 
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Fig. 6. Surface and cross- A. SPECIMEN SURFACE 2 0 0 ~  , B. SPECIMEN CROSS SECTION 80p 
sectional views and x-ray maps 

voids left by the extruding sulfide and tends to oxidize on bare nickel, or molten NiSOa-Naps04 formation on 
the sulfide phases remaining in the metal at the void sulfate-coated nickel, with the latter, in our judgment, 
eerimeter (Fig. 6B-C). Whether sulfidation-oxidation more relevant to eas turbine hot corrosion. 
ittack continues then will depend on different factors, 
including (presumably most important) whether the 
sulfur released by oxidation of the sulfide goes off as 
SOz-S03, or penetrates further into the metal to form 
new oxidation-susceptible sulfide phases. 

How the molten NiS04-Naps04 causes sulfidation 
and corrosion is not certain. The mixed sulfate clearly 
decomposes once it becomes molten and wets the 
nickel surface (decomposition does not occur when 
the liquid sulfate contacts an inert surface, e.g., the 
porcelain boat). It is possible that the liquid sulfate 
penetrates the surface oxide and the NiS04 reacts 
directly with the underlying metal by 

9Ni + 2NiSO4 4 8Ni0 + Ni3S2 (AGO = -77 kcal) [3] 

However, substantial S03-SOz is released in the wet- 
ting-decomposition process and another possibility is 
that SO3 (or S02) diffuses to the NiO-Ni interface and 
reacts there by 

2SOs + 9Ni * 6Ni0 + Ni3S2 (AGO = -110 kcal) [4] 

Indication that the SO3 gas mechanism could be viable 
was obtained in experiments where nickel sulfide 
nodules (Fig. 7), similar to those occurring with NiS04- 
NazS04, were found to develop on sulfate-free Nickel 
200 after 65 hr exposure to 1100 ppm SO3 (3000 ppm 
SO,) at  750". 

Conditions and temperatures for molten NiS04- 
NaaSO4 or eutectic Ni&-Ni formation are thus ap- 
parently very close and for both may peak near 75OoC, 
so as to conceivably explain the corrosion maxima at  
700"-800°C in the different earlier experiments (1, 5, 
6). A test of this idea mieht be ~ossible bv the studv 

- 
Molten NiS04-NazS04 corrosion of Rene 80.-Rapid 

corrosion resulted when molten NiS04-NazS04 was 
formed by SOs-NiO-NatSOa reaction on the Rene 80 
surface. No Ni3Sp-Ni liquid sulfide was detected, how- 
ever, and the characteristic morphology was as shown 
in Fig. 8. The Ni-rich outer oxide layer, marked by A 
in Fig. 8A, represents the residue of the decomposed 
NiS0+-NarS01, plus NiO produced by Ni migration 
outward from the metal corrosion zone (marked B). 
The corroded metal is depleted in Ni (Fig. 8B), but 
retains Cr (Fig. 8D), and has sulfur concentrated near 

of mixed sulfate us. SO~?SO~) gas attack on cobalt, 
where the sulfide eutectic, Co3Sa-Co (mp 877"C), oc- H 
curs at temperatures above the LTHC region. In any 200 fim 

event, it is clear from the present results that sulfida- Fig. 7. Extruding N i & - N i  nodules (lower center of micrograph) 
tion-oxidation corrosion having many common fea- on Nickel 200 after 65 hr under 3000 ppm equilibrated SO?-SO3 in 
tures can be produced either by SOa-SO3 gas attack air a t  750°C. 
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A. SPECIMEN CROSS SECTION 1 408 1 B NICKEL X RAY MAP 
Fig. 8. Cross-sectional and 

x-ray maw of molten NiSOa- 

the inner edge of the corrosion phase (Fig. 8C). This 
is the typical LTHC morphology, as shown by many 
workers. I t  remains uncertain, however, what form 
(sulfate, sulfide, sulfite ?) the sulfur exists in at  the 
corrosion pit front (1-4). Note that little sulfur is 
detected in the outer decomposed NiSOa-NazSO4 layer 
(the specimens are dry polished to avoid sulfate dis- 
solution). Area C shows the separation of corrosion 
phase from metal that occurred characteristically in 
Rene 80 corrosion. 

The differences between Rene 80 corrosion (clean 
corrosion front, lack of Ni3S~ formation, propensity for 
corrosion phase detachment) and Nickel 200 corrosion 
may reasonably be assumed to result from the influ- 
ence of chromium or other elements in Rene 80. No 
information could be obtained in the present experi- 
ments, however, to indicate how this influence, be it 
by the formation of protective oxides or other means, 
might operate. 

Molten NiS04-Na2S04 corrosion of CoCrA1Y.-Fig- 
ure 9 shows a representative area of corrosion result- 
ing from molten NiS04-NazS04 formation by NiO- 
Naps04 deposits on CoCrAlY after 16 h r  under 1100 
ppm SO3 at  750°C. At this SO3 level, LTHC by molten 
CoS04-NazS04 formation would ultimately be ex- 
pected even if the surface deposit contained only 
Na2S04. But, since little Co304 is initially available, 
and the deposit contains 50 m/o NiO, molten NiS04- 
Na2S04 forms first, and approximately within the 
times indicated in Fig. 1. Corrosion then results with 
the features shown in Fig. 9 being produced. 

Area A of Fig. 9A appears to be an area of at least 
partially decomposed sulfate. There is a Ni-rich outer 
layer (presumably NiO), but little Ni apparently re- 
mains in area A itself (Fig. 9C). Substantial sulfur 
and cobalt area still retained in area A however (Fig. 
9B and Dl. Area C, on the other hand, contains all 
three, i.e., Ni, Co, and S. Area B appears to be typically 
low temperature hot corroded CoCrAlY, but with 
more Co retained, and the sulfur more broadly spread 
across the corrosion zone (cf. Fig. 8C) than normally 

seen for LTHC attack, although not necessarily so if 
the corrosion pit (zone) is just formed (4). 

The behavior in Fig. 9 seems to be best explained by 
postulating that ( i)  during initial decomposition of the 
molten NiS04-NazS04, a liquid sulfate and high SO3 
pressure exist at the CoCrAlY surface, (ii) this pro- 
duces aggressive attack on the CoCrAlY, with cobalt 
transported outward where, still under high SO3 pres- 
sure, it reacts with the surface melt, forming a ternary 
Co,Ni,Na sulfate, and (iii) as the effective SO3 pres- 
sure within the melt later decreases, the ternary sul- 
fate begins to decompose (area A), with NiO being re- 
jected first from the ternary melt. Ultimately, depend- 
ing on temperature, gas stream SO3 partial pressure, 
and perhaps thickness of deposit, one would expect the 
majority of sulfate to be decomposed to the extent 
of area A or further. Since water-soluble nickel sulfate 
is found on turbine blades, however, complete decom- 
position of the NiS04 component of the sulfate melt 
must not occur at all blade sites. 

Conclusion 
Mixed NiS04-NazS04 results from reaction of SO3 

with NiO-NazSO4, with equilibrium concentrations of 
NiSO4 produced for each SO3 concentration. The reac- 
tion is independent (within limits) of the amount of 
NiO-NazSO4, since essentially the same kinetics and 
final NiSOa concentrations are obtained whether the 
NiO-NazSO4 is exposed as small surface deposits or 
bulk (250 mg) samples. The resultant sulfates are 
solid or liquid, depending on their composition, and 
show good agreement with the NiS04-NazS04 phase 
diagram. Approximately 500 ppm (5 x 10-4 atm) 
SO3 is sufficient to produce molten NiS04-NazS04 at  
'750°C. as predicted by Luthra and Shores (1). 

Nickel oxide catalyzes the SOz + % Oz 4 SO3 re- 
action, and an appreciable SO3 concentration exists at 
the NiO-NazSO4 mix surface even when the air stream 
contains only SOz. This fact is manifested in the initial 
rapid weight gain (fresh NiO, high catalysis and SO3 
levels, NiS04-NazSO* formation) and then decline 
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fig. 9. Cross-sectional and A, SPECIMEN CROSS SECTION 40p , 
x-rav maDs of molten N~SOA- 

B. SULFUR X-RAY MAP 

C. NICKEL X-RAY MAP 

(consumed or contaminated NiO, lower catalysis and 
SO3 levels, sulfate decomposition) seen for NiO- 
NazS04 samples exposed under SO2 in air. Conceiv- 
ably, under high SOz, initial NiS04-NazS04 formation 
could reach molten sulfate compositions (and bring 
corrosion) even though the requisite SO3 does not ap- 
pear available in the gas stream. 

Reaction of Co304-NiO-NazSO4 with 1100 ppm (and 
possibly somewhat lower) SO3 produces the ternary 
Co,Ni,Na mixed sulfate. There is no evidence for for- 
mation of a ternary eutectic, but larger amounts of 
molten sulfate are produced than with either C0304 or 
NiO alone. 

Rapid corrosion occurs when molten (but not solid) 
NiS04-NazS04 mixed sulfates are formed on the sur- 
face of Nickel 200, Rene 80, and CoCrAlY blade coat- 
ing. Nickel 200 corrosion proceeds principally by for- 
mation of liquid eutectic Ni3Sz-Ni under the surface 
oxide layer, giving an attack that is ultimately very 
similar, but of larger magnitude, to that produced by 
reaction of SO3 (SOz) gas alone with nickel at  the same 
temperature. Rene 80 and CoCrAlY coating alloy cor- 
rode in a more characteristic LTHC manner, with no 
sulfide formation discernible. With Rene 80, the corro- 
sion layer tends to become detached, which may re- 
flect formation of Crz03 o r  other protective phases 
(although not detected) during the corrosion process. 
In CoCrAlY corrosion initiated by molten NiS04- 
NazSOa formation, one can detect ternary Co,Ni,Na 
sulfate formation, as well as an indication of NiO 
displacement from the ternary melt as sulfate decom- 
position occurs. 

I t  is hoped that these results will aid in the under- 
standing of low temperature hot corrosion and in the 
development and application of improved materials for 
marine gas turbines. 
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Photochemical Production, l nfrared Absorptivity, and Chemical 

Reactions of Trichlorosilanol in Silicon Tetrachloride 

Robert Gooden and J. W. Mitchell 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Selective photochemical oxidation of trichlorosilane, Cl,SiH, and infrared spectroscopy are used to generate and 
then identify trichlorosilanol, Cl,SiOH, in silicon tetrachloride, SiC1,. The Cl,SiOH, an impurity unavailable in pure 
form and existing normally in SiC1, as an intermediate specie in equilibrium with others, is produced quantitatively at 
trace levels. The chemistry of formation and subsequent reactions of the silanol in SiCl, are discussed and the infrared 
absorptivity of the photogenerated product is experimentally determined. 

The analytical chemistry of silicon tetrachloride 
(pertaining to the determination and removal of mo- 
lecular impurity species) has been investigated increas- 
ingly as greater emphasis has been placed on perfect- 
ing waveguide fibers for transmission at  wavelengths 
beyond 0.85 microns. Previous reports by Kometani and 
colleagues (1) show that trichlorosilane (ClsSiH), an 
-OH containing impurity presumed to be trichlorosil- 
an01 (Cl,SiOH), hydrogen chloride (HCI), occasional 
hydrocarbons (-CH) species, and iron are the most 
common contaminants. These impurities are capable of 
affecting the magnitude of absorbance loss at  long 
wavelengths either directly or through contributions to 
the incorporation of -OH in the fiber core. 

Suitable procedures have been devised for generat- 
ing standard solutions of C13Si-H, -CH species, and 
HC1 in silicon tetrachloride. Thus it has been possible 
to perfect reliable quantitative infrared spectroscopic 
methods for determining these species (1). Direct ex- 
perimental determinations of absorption coefficients of 
the silanol have been precluded by the nonavailability 
of this specie in pure form and by complications result- 
ing from its reaction chemistry in SiCl,. Consequently, 
quantitative assessments of the silanol have depended 
upon a conditional -Si-OH absorption coefficient 
measured experimentally for triphenylsilanol in car- 
bon tetrachloride (1). Preparation of standard solu- 
tions of the silanol normally existing in silicon tetra- 
chloride are required for investigations now underway 
to develop new ultrasensitive laser infrared absorption- 
photoacoustic spectroscopic methods for its deter- 
mination. 

Silicon tetrachloride has been ultrapurified with re- 
spect to all previously mentioned impurities by a par- 
tial hydrolysis technique (2, 3). A photochlorination 
method has also proven effective for removal of tri- 
chlorosilane in a continuous process (4, 5). By applying 
the former methods (2, 3) to produce S ic4  in con- 
trolled states of purity with respect to various impur- 
ities, it has been possible to vary the ClzSiH level over 
a wide concentration range in order to determine the 
influence of this reagent impurity on the -OH con- 
tent and corresponding absorbance loss of fibers (6). 
Similar investigations of the -SiOH impurity have 
not been possible due to the apparent coexistence of 
several species (7),  chemical reactivity, and an equilib- 
rium level of -80 ppm in partially hydrolyzed Sic14 
(3), 

In the present study a clarification of the identity of 
the silanol was sought by selective photochemical reac- 
tions combined with infrared spectroscopy. Addition- 
ally, this manuscript reports an analytically useful 
method for preparing standard solutions of ClxSiOH 
via quantitative photochemical oxidation of trichloro- 
silane. The infrared absorptivity of the resulting silanol 
is reported and chemical reactions explored. 

Key words: inorganic, infrared, CVD, contamination. 

Experimental 
Chemicals.-Semiconductor grade Sic14 was obtained 

from various commercial sources and used without fur- 
ther purification if low levels of impurities were found. 
For those samples containing high impurity levels, see 
SiCl& purification below. A commercial sample of 
ClzSiH (Alfa 99.8%) was distilled under Nz and a cen- 
ter fraction taken for use. High purity oxygen (Airco) 
was supplied in aluminum cylinders and contained Iess 
than 0.2 ppm hydrocarbons. It was further dried by 
slow passage through a dry ice cooled copper coil. 
Other gases were passed through an Ascarite filter. 

Acetyl chloride (Aldrich) and trifluoroacetic anhy- 
dride (Aldrich) were distilled under nitrogen, center 
fractions taken, and stored in Teflon bottles. Other 
chemicals BC13 (Matheson), B (OCE)  3 (Aldrich), PC13 
(Alfa), AlCl3 (Aldrich), POC13 (Alfa), and Pz05 (J. T. 
Baker) were of the highest purity available commer- 
cially and used fresh without further purification. 

Sample preparation and handling.-To minimize at- 
mospheric hydrolysis, samples of SiCL were stored in- 
side polyethylene glove bags filled with dry nitrogen. 
All sample manipulations were performed in glove bags 
as well. Standard solutions of C13SiH were prepared 
by transferring known amounts of 99.9% reagent via 
glass syringes with Teflon needles into silicon tetra- 
chloride either containing small quantities of the silane 
or completely freed of this impurity. 

Apparatus and procedures.-All glassware and plas- 
ticware were cleaned by rinsing in HF solution and dis- 
tilled water, and then dried in a vacuum oven at  120" 
for at  least 4 h r  prior to use. Transfers were made in a 
glove bag under dried nitrogen with glass Luer-Lok 
syringes and Teflon needles. Solutions were mixed and 
stored in 60 ml Teflon bottles. Infrared and photo- 
chemical cells were filled inside glove bags and appro- 
priately sealed prior to measurement or initiation of 
photochemical studies. 

Infrared analysis.-The infrared spectra were ob- 
tained on a Perkin Elmer 421 spectrometer purged 
with Nz to protect the instrument. Liquid cells of the 
Wood design (8) were constructed from 0.4 cm stain- 
less steel barrels equipped with Luer-Lok syringe tips 
for filling. Silver chloride windows were cemented with 
epoxy onto the barrel. After use the cells were cleaned 
by rinsing with CHCI and dried with nitrogen. Peri- 
odically the cells were rinsed with HF solution and 
distilled water and dried to remove silica deposits on 
the windows. A 10 cm cell (International Crystal 
Laboratories) with KBr windows and stopcocks for 
evacuation was used for gas phase spectra. 

Photo1ysis.-The photolyses were carried out in a 10 
X 2.5 cm cylindrical quartz cell equipped with a tube 
for bubbling oxygen through the contained liquid. Con- 
nections were made using Teflon tubing and stopcocks. 
The light source consisted of two 60W mercury reso- 
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nance lamps placed to face each other. The cell was 
mounted between the lamps approximately 10 cm from 
each lamp to maintain a cell temperature of 24"-26". 
During photolysis, the cell was vented to the atmo- 
sphere of a hood through a charcoal-NaOH trap. 

A 50 ml solution of S i c4  containing added C13SiH 
was transferred to the photolysis cell under nitrogen. 
A sample was taken for infrared analysis after mixing 
in the cell. The cell was mounted between the lamps 
and connected to the oxygen line. Oxygen was bubbled 
through the solution at a rate of 3-4 ml/min for 15 
min before turning the lamps on. After 2-3 hr, photoly- 
sis was stopped and the volume of Sic14 lost (usually 
0.4-1 ml) was measured. Photolysis in closed vessels 
pressurized with oxygen and stirred continuously 
would have prevented small volatilization losses. How- 
ever, such systems were not convenient for interim 
sampling and were not used. A sample of the photo- 
lyzed solution was removed for infrared analysis. It was 
found that at high concentrations of C13SiH (> I% by 
wt in SiClh), a precipitate was formed appearing as 
shiny particles. In the range of 200-2500 ppm, no pre- 
cipitation was observed. Blank runs of Sick,  with no 
added CI3SiH were also made. Corrections were made 
for volatilization losses and blanks. 

Purification of SiCI4.Samples of silicon tetrachlo- 
ride, pre-purified by partial hydrolysis or by chlorina- 
tion, were obtained from available in-house suppliers. 
Partially hydrolyzed and some chlorinated materials 
were still too heavily contaminated with silanol and 
hexachlorodisiloxane for use in these experiments. In 
attempts to reduce the silanol concentration in silicon 
tetrachloride, 250 ml quantities were refluxed for up 
to 6 hr in a 500 ml round bottom flask fitted with a re- 
flux column. At the top of the reflux unit a nitrogen 
purge tube provided a continuous supply of house ni- 
trogen passed through a Dryite dying tube. Executions 
of this procedure in a standard hood led to increases in 
the -OH content of Sick  even after extremely careful 
refluxing. Also, occasional contamination by CO.2 was 
observed. By flowing nitrogen successively through 
Dryrite, Ascarite, and liquid nitrogen cooled copper 
coils, it was possible to purge silicon tetrachloride to 
displace dissolved chlorine without significant in- 
creases in the -OH content. However, refluxing of 
silicon tetrachloride under conditions where vapors 
of the reagent are in direct contact with a purge gas 
was found to be very susceptible to moisture contami- 
nation. 

Results and Discussions 
Identification of -SiOH specie.-Hydrogen contain- 

ing species in S i c 4  can be easily observed and quali- 
tatively identified by infrared spectroscopy. The two 
species of interest in this paper, trichlorosilane and the 
analogous silanol, have distinctive sharp absorbances 
at  2258 cm-1 (Si-H) and 3680 cm-1 (-OH), respec- 
tively. In addition, HC1 absorbs at 2845 cm-1 and 
hydrocarbons absorb between 2900 and 3100 cm-1 
(C-H). The sharpness of the band for the -OH moiety 
suggests a nonhydrogen bonded and nonassociated 
-OH group, and its proximity to that of --OH in fused 
silica (3663 cm-I), where the band is presumed to 
arise from -OH attached to Si (Q), has formed the 
basis for proposing that the specie in S i c 4  is ClsSiOH 
(1). However, unequivocal assessments of the identity 
of this specie in Sic14 have not been made previously. 
The existence of C13SiOH as an intermediate specie 
during gas phase reactions of S i c 4  and water vapor 
has also been proposed, but not observed experimen- 
tally (10). Further speculations about the existence of 
Cl3SiOH are also provided by the proposed stepwise 
hydrolysis of silicon tetrachloride via the reactions (11) 

S i c 4  + Hz0 -, ClsSiOH + HCl [I] 

C12Si (OH) 2 + Hz0 + ClSi (0H)a + HC1 131 

C1Si (OH) 3 + Hz0 + Si (OH) 4 + HC1 [41 

The first hydrolysis product can react further as in- 
dicated by 

Additional reaction of products can proceed according 
to 

and subsequent stepwise hydration and coupling will 
eventually produce the endpoint polymer, hydrated 
silica. 

In the present investigation infrared spectroscopy 
has been applied to monitor the selective photochem- 
ical conversion of Cl3SiH in silicon tetrachloride into 
Cl3SiOH. Conditions were sought under which a single 
silanol specie could be produced and its subsequent 
chemical conversion into other products minimized. 

Photogeneration of Cl3SiOH in SiCE4.-As seen in Fig. 
1, the Si-H band resulting from C13SiH in S i c4  can be 
removed completely by photolysis while the Si-OH 
band strongly increases. This selective and direct con- 
version of trichlorosilane to the silanol is further sup- 
ported by the fol!owing observations: 

1. Infrared spectra of photo-oxidized silicon tetra- 
chloride without added C13SiH show no detectable 
change in the intensity of the -OH band. 

2. The infrared spectra and vibrational frequency of 
the -SiOH specie normally found in trace quantities 
in SiCl$ are superimposable with that of the specie pro- 
duced by photooxidation. 

3. No evidence for the presence of peroxy-type silyl 
species was detected via infrared spectra. 

FREQUENCY, CM-' 

Fig. 1. Liquid phase infrared spectrum of the photoconversion of 
ClsSiH to CbSiOH (-1 before photolysis, and (---) after 3 hr 
photolysis in the presence of 02. ClsSiOH + Hz0 -, ClzSi (OH12 + HCl [21 
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4. Under the appropriate experimental conditions 
no precipitates [e.g., Si(OH)4] are observed. 

The solutions obtained from photolysis are quite sta- 
ble for hours on standing. Initially there is little or no 
change in the absorption bands of hexachlorodisiloxane 
at 1878, 1735, and 1575 cm-1. Thus reaction [5] is mini- 
mal. However, after two days a build-up of HC1 is 
apparent and after several weeks the Si-OH absorp- 
tion noticeably decreases and the hexachlorodisiloxane 
bands become prominent. Kometani and Wood (1) have 
successfully removed the silanol during reflux of Sic14 
with a concomitant increase in the SizOC16 content. This 
observation further confirms that reaction [5] occurs. 

The formation of trichlorosilanol has been reported 
by Emeleus and Welch (12), also, by the photolyses 
of gaseous mixtures of trichlorosilane and oxygen. 
They trapped a liquid product that decomposed slowly 
at room temperature and on attempted distillation to 
HCL and (SiOC12)4. Based on hydrogen chloride anal- 
yses they deduced the empirical formula, ClsSiOH, for 
the reactive liquid. 

The mechanism of this mercury light initiated photo- 
oxidation is not yet fully understood. Because of the 
low absorption of low molecular weight chlorosilanes, 
most reactions studied were initiated by vacuum U.V. 

photolysis (13), mercury sensitization (14), or other 
radical sources (15). The absorption of light by C13SiH 
or oxygen at 253.7 nm is expected to be very weak 
(16). In spite of this, many reactions were observed to 
proceed to completion in fairly short periods, strongly 
suggesting a radical chain pathway (17). Further work 
in elucidating the mechanism of trichlorosilane photo- 
oxidation is being done. 

Properties and reaction of Cl3SiOH.-Trichlorosilanol 
does not appear to be volatile. After repeated attempts 
it has not been observed in the gas phase. When 0.1 ml 
of the photolyzed solution containing >I500 ppm of 
Cl3SiOH was placed in a 10 cm gas cell, only S i c4  and 
HCl were observed. After partial evacuation of the cell 
under vacuum, no -OH vibrations were observed. It 
is possible that the silanol when concentrated reacts 
rapidly to form nonvolatile linear products depicted by 
the reaction 

nCl3SiOH-t Sinon-lClzn+tOH + (n - 1)HCI [ I ]  

or the cyclic analogues resulting from 

The avid chemical reactivity of the silanol is further 
evidenced by the inability to detect its presence in 
S i c 4  by GC-MS (18). Either reaction in the injec- 
tion port or on the column support is suspected. 

The presence of monosilanol can be established by 
conversion to a more stable and analyzable derivative. 
One approach is to convert the silanol to a carboxylic 
ester via reaction 191 

CLSiOH + RCOX = C13SiOCOR + HX 191 

When acetyl chloride is added to solutions of the silanol 
at  room temperature, a fast reaction occurs, as observed 
by infrared, giving rise to a spectrum too complex to 
analyze. When trifluoroacetic anhydride was added, 
the SiOH band gradually decreased in the liquid phase 
infrared spectrum. In a gas phase spectrum, new bands 
at 1875, 1810, 1200, and 1130 cm-I were observed, which 
did not correspond to any of the bands of trifluoroacetic 
anhydride, SiC14, or SizOCl6 (Fig. 2). The band at 1810 
cm-I is reported to be a characteristic absorption of 
the ester, C13SiOCOCF3 (20). Addition of the anhydride 
to Sic14 under the same conditions does not appear to 
give rise to any new bands. The direct GC-MS deter- 
mination of this derivative is a potentially useful an- 
lytical method for the determination of C13SiOH. 

Trichlorosilanol in silicon tetrachloride undergoes 
several other chemical reactions. Conversion to hexa- 

0 t I I ,  

4 000 3000 2000 1800 1600 

FREQUENCY, CM-I 

FREQUENCY. CM-I 

Fig. 2. Gas phase infrared spectrum of the reaction of Cl3SiOH 
with F3COCOCOCF3 in SiCI4. 

chlorodisiloxane, SizOC16, ([5al or [5bl) is assured as 
previously stated. In the presence of PzOs, reaction [5a] 
was not found to be accelerated at room temperature. 
However, on prolonged standing the formation of phos- 
phoric acid may occur and catalyze the reaction (21). 
A rapid reaction of ClaSiOH with phosphorus oxy- 
chloride occurs, leading to a disappearance of the SiOH 
band from the infrared spectrum, Fig. 3 

C13SiOH + OPC13 -, Cl3SiOPOHCls 1101 
C13SiOH + OPC13 -, Cl&iOPOC12 + HC1 [ I l l  

The reactions 1101 and [ I l l  are plausible, as well as 

I I I 
4000 3500 3000 2500 2000 

FREQUENCY (cm-1) 

Fig. 3. Liquid phase spectrum of the reaction of ClJiOH with 
POCl3 in SiCl4, (-) before and (---) after. 
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Table I. Infrared absorptivity and extinction coefficient of C13SiOH 
-- 

CLSM CWiOH 
e 

Experimenb 
a 

A A P P ~  A A P P ~  x 10h ppm-1 em-' l iters mol-1 em-' 

Photo 1 0.316 1263 0.532 
Photo 2 0.218 872 0.373 
Photo 3 0.096 384 0.185 - Average - 

strong hydrogen bonding to the phosphoryl oxy- 
gen, ClsSiO - - - H - - - OPC13. Trichlorosilanol has been 
found to react readily with a number of Lewis acids, 
BCls, B(OCH3)3, and AlC13 in SiC14, reaction [121, 
Fig. 4 

C13SiOH + R X 3  + ClsSiORX2 + HX [I21 

This is not surprising since BCl3 reacts with cyclic 
silaxones (22), and silyl ethers (23) at  room temper- 
ature and B (OCHz) 3 reacts with SiOH groups on silica 
gel (24). Mass spectral analyses of the reaction prod- 
ucts will be sought in subsequent work. At room tem- 
perature in the presence of excess PC13, there is no re- 
action of C13SiOH, as shown in Fig. 5. 

Determination of infrared absorption coeficient.-If 
trichlorosilane is photo-oxidized to the monosilanol 
quantitatively under the appropriate experimental con- 
ditions, then it is possible to obtain a direct extinction 
coefficient or absorptivity for this compound. Table I 
shows the results obtained by photolyzing solutions of 
varying concentration of silane. The concentration of 
trichlorosilane has been determined quantitatively from 
the absorptivity measured by Kometani et al. (1). 
After our direct conversion of standard amounts of the 
silane to monosilanol under conditions minimizing fur- 
ther reaction of monosilanol, the absorptivity in units 
of ppm-1 cm-1 and extinction coefficient in units of 
liter mol-1 cm-1 were calculated. Corrections were 

Fig. 4. Liquid phase spectrum of the reaction of BCln with 
C13SiOH in SiCI*, (-) before and (---I after. 

Fig. 5. Liquid phase spectrum of the addition of PC13 to 
ClzSiOH in SiClc (-) before and (---I after. 

made for volume and mass losses during photolysis 
and for -OH blank values resulting from photolyzing 
S i c 4  alone. An average value of absorptivity of 9.92 
2 0.58 x 10-4 ppm-I cm-l or E of 102 +- 6 liters mol-I 
cm-I was obtained. This is compared with the values 
obtained from measurements of Kometani et al. (1) for 
triphenyl silanol and diphenyl disilanol in CC4 of 1.56 
x ppm-I cm-I (159.3 liters mol-I em-'), of 
Rouviere and Salvinen (21) for trimethyl silanol in 
CClr of 1.24 x 10-3 ppm-1 cm-1 (127 liters mol-I 
cm-I), and various other literature values for SiOH 
ranging from 25 to 135 liters mol-I cm-I (21). The 
precision of measurements reported in this paper is 
quite acceptable in view of the reactivity of the 
Cl3SiOH specie and reflect that generating ordinarily 
unavailable species by photochemical reactions is a 
viable approach to producing known quantities of trace 
species for comparison standards for trace analysis. 

Acknowledgments 
The authors thank M. Grasso, J. E. Kessler, T. Y. 

Kometani, and M. Melliar-Smith for invaluable sup- 
plies of purified chemicals. J. P. Luongo, S. R. Nagel, 
and D. L. Wood also provided valuable assistance and 
helpful suggestions. 

Manuscript submitted Oct. 2, 1981; revised manu- 
script received Dec. 18,1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 

Publication costs of this article were assisted by Bell 
Laboratories. 

REFERENCES 
1. T. Y. Kometani, D. L. Wood, and J. P. Luongo, 

Anal. Chem., In press. 
2. T. Y. Kometani and F. Gholsten, Bell Labs Internal 

Publication, July 23, 1979. 
3. T. Y. Kometani and D. L. Wood, Bell Labs Internal 

Publication, November 8, 1979. 
4. R. L. Barnes, E. A. Chandross, and C. M. Melliar- 

Smith. Bell Labs Internal Publication, February 
- - , - - - - . 

5. (a) L. T. Manzione, Bell Labs Internal Publication, 
January 4, 1980; (b) J. S. Osivki and L. T. 
Manzione. Bell Labs Internal Publication. July 28. . - .  
1981. 

6. D. L. Wood, T. Y. Kometani, J. P. Luongo, and M. 
Saifi, J. Am. Ceram. Soc., 62, 638 (1979). 

7. J. E. Kesshr, Unpublished results. 
8. D. L. Wood, J. P. Luongo, and S. S. Debala, Anal. 

Chem., 53, 1967 (1981). 
9. R. V. Adams, Phys. Chem. Glasses, 2,39 (1961). 

10. I. RinE?ttie and G. McQuillion, J. Chem. Soc., 2072 
I l Y D L ) .  

V. J. Goubeau and R. Warnecke, Anorg. Chem., 259, 
109 (1949). 

H. J. Emeleus and A. J. E. Welch, J. Chem. Soc., 
London, 1928 (1939). 

M. E. Jacox and D. E. Milligan, J. Chem. Phys., 49, 
3130 (1968). 

K. G. Sharp, P. A. Sutor, T. C. Farrar, and K. Ishi- 
bitsu, J .  Am. Chem. Soc., 97, 5612 (1975). 

(a)  R. N. Haszeldine, C. R. Pool, and A. E. Tipping, 
J .  Chem. Soc. Dalton, 2305 (1974), 2292 (1975); 
3. Chem. Soc. Perkin 1, 2293 (1974); (b) J. A. 
Kerr, B. J. A. Smith, A. F. Trotman-Dickenson, 
and J. C. Young, J. Chem. Soc. A, 510 (1968). 



Vol. 129, No. 7 INFRARED ABSORPTIVITY 1623 

16. The onset of light absorption in C13SiH is at  170 nm, 19. See V. Bazant, V. Chrlovsky, and J. Rathovsky, 
R. Roberge, C. Sandorfy, and 0. P. Strausz, "Organosilicon Compounds," pp. 61-67, Academic 
Theort. Chim. Acta Berl., 52, 171 (1979) and in Press, New York (1965). 
SiC14 a t  155 nm, G. C. Caisley and B. R. Russell, 20. P. Sartori and M. Weldenbruch, Chem. Ber., 100, 
J. Electron Spectrosc. Relat. Phenm., 8,71 (1976), 2049 (!967). 
11, 383 (1977). The onset of absorption by 0 2  in 21. J. Rouvlere and J. Salvinien, J. Chim. Phys., 66, 
the gas phase is 245 nm, see J. G. Calvert and 149 (1969). 
J. N. Pitts, "Photochemistry," pp. 205-208, Wiley, 22. P. A. McCusker and T. Ostdick, J. Am. Chem. Soc., 
New York (1966). 80,1103 (1958). 

17. M. A. Nay, G. N. C. Woodall, 0. P. Strausz, and 23. W. Airey and G. M. Sheldrick, J. Inorg. Nuc~. 
H. E. Gunn~ng, J. Am. Chem. Soc., 87, 179 (1965). Chem., 32,1827 (1970). 

18. D. LaPerriere. ERC, Personal communications, Sep- 24. C. Morterra and M. J. D. Low, Ann. NY Acad. Sci., 
tember, 1980. 220,133 (1953). 

The Role of Be in (GaAI)As/GaAs Solar Cells 
Kazuya Masul, Shin-ichi Nakatsuka, Makoto Konagai, and Kiyoshi Takahashi 

Department of Physical Electronics, Tokyo Institute of Technology, 2-12-1, Ohokayama, Meguro-ku, Tokyo 152, Japan 

ABSTRACT 

Some fundamental properties of beryllium in (GaA1)AslGaAs solar cells were investigated. The diffusion of Be into 
GaAs during LPE growth of Be-doped p-Ga,,,,Al,,,,As was first investigated in order to control the junction depth. The 
temperature dependence of the diffusion coefficient was found to take the form D = D,, exp(-E,JcT), where D, = 11.2 
cmL sec-' and E,, = 2.43 eV. The diffusion coefficient was also found to be approximately proportional to the beryllium 
concentration in the growth melt. The acceptor energy level for Be in Ga,,.,Al,,.,As found from the temperature depen- 
dence of free carrier concentration was 47 meV, being smaller than that for Zn, 65-80 meV. (GaA1)AslGaAs p-p-n solar 
cells using Be as p-type dopant have high conversion efficiency in excess of 20% (AMI), and the highest output power 
5 WcmP was obtained at 400 suns. 

(GaAl)As/GaAs p-p-n solar cells have demon- 
strated high conversion efficiency in excess of 20% 
under AM1 illumination (1) and are particularly in- 
teresting for use in sunlight concentrating systems (2, 
4-8). Of the various p-type dopants, such as Ge (3), 
Zn (1,4), and Be (5-7,9) used in the preparation of 
(GaAl)As/GaAs solar cells, beryllium seems to be one 
of the most attractive. However, there has been no 
reported fundamental study of Be in (GaAl)As/GaAs 
solar cells to determine Be diffusion and electrical 
properties of Be-doped layers. 

In this paper, we describe diffusion and doping be- 
havior of Be in (GaAl)As/GaAs solar cells. The dif- 
fusion of Be into GaAs during LPE growth of Be 
doped p-Gao,iAlo,~As was investigated, and the diffu- 
sion coefficient was found to vary with temperature 
and Be concentration in the growth melt of Ga-Al-As. 
The electrical properties of Be-doped p-Gao.tAlo,sAs 
were measured by the modified van der Pauw method. 
The acceptor energy level for Be in Gao.zAlo,sAs was 
found to be smaller than that for Zn. Photovoltaic 
characteristics of these Be-doped (GaAl)As/GaAs 
solar cells were also evaluated. 

Diffusion of Be into GaAs during LPE Growth of 
Be-Doped p-(GaAI)As 

(GaAl)As/GaAs p-p-n solar cell structures are often 
formed on n-GaAs substrate by LPE. This is most 
simply done by allowing the p-type dopant to diffise 
into the n-GaAs substrate during growth of the 
GaAlAs window layer to produce the needed p-n junc- 
tion. It is important to control the junction depth, i.e., 
the thickness of p-GaAs diffused region, because the 
collection efficiency of the junction and the short-cir- 
cuit current density of the cell depend strongly on 
junction depth. 

Epitaxial Gao.zAlo,~As layers were grown on (111)B 
n-GaAs (n  -- 1 x 1017 cm-8) or (100) undoped 
n-GaAs (n 1. 1 x 1016 cm-3) substrate using the con- 
ventional sliding boat LPE systems. Beryllium was 
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diffused into the n-GaAs substrate during the growth 
of Be-doped p-(GaA1)As to form the p-GaAs region 
in n-GaAs substrates. The growth conditions were as 
follows: (i) initial growth temperature Ti: 700"-900°C; 
(ii) cooling rate 0 :  0-0.5"C min-1; (iii) growth dura- 
tion t: 10-120 min; (iv) Be concentration in the growth 
melt of Ga-Al-As C B ~ :  0.01-0.3 atomic percent (a/o). 

The thickness of Be-doped p-Gao.zAlo,sAs epitaxial 
layers varies with growth temperature from 1.3 pm at 
700°C to 6.9 pm at  900°C for cooling rate 0.5'C min-I 
and growth duration 30 min. For constant cooling rate, 
growth duration, and Be concentration in the melt, 
the thickness of the Be-diffused p-GaAs region was 
found to increase with increasing growth temperature. 
Figure 1 shows the temperature dependence of the 
diffusion coefficient of Be into GaAs for a cooling 
rate of 0.5"C min-1, growth duration of 30 min, and 
Be concentration of 0.043 a/o. The diffusion coefficient 
D is defined as W = (Dt) 5, where W is the thickness 
of the p-GaAs region and t is the growth duration. The 
temperature dependence of the diffusion coefficient 
takes the form 

D = D, exp (-E,/kT) 

where Do = 11.2 cm2 sec-1 and E, = 2.43 eV. These 
values are very similar to those for Zn reported by 
Goldstein (10). The other straight line in this figure is 
the Be diffusion coefficient into GaAs reported by 
Poltoratskii and Stuchebnikov (11): these data were 
obtained by using a closed-ampul annealing technique. 

With other growth parameters held constant, the 
thickness of the p-GaAs region increases with in- 
creasing growth duration, i.e., diffusion time. Figure 2 
shows the thickness of p-GaAs region as a function of 
growth duration at  a temperature of 750°C. For a given 
Be concentration in the growth melt, the thickness of 
the p-GaAs region was found to be proportional to the 
square root of the diffusion time and satisfies the 
empirical relation 

W(pm) = 0.33tH - 0.45 

Figure 3 shows the Be concentration dependence of 
the thickness of p-GaAs region for growth tempera- 
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Fig. 1. Temperature dependence of Be diffusion coefficient and 
p-GaAs region thickness.. The growth conditions are (1) coo!ing 
rate, 0.5"C min-1; (2) growth duration, 30 min; (3) Be concentro- 
tion in a growth melt, 0.043 a/o. The other straight line is the Be 
diffusion coefficient obtained by the closed-ampul annealing 
technique [see Ref. (IT)]. 

ture 750°C and cooling rate 0.5"C min-1. The thick- 
ness of p-GaAs increases with increasing Be concen- 
tration in the growth melt, and the free carrier con- 
centration also tends to increase. Under the assumption 
of W = (Dt)'/., D is approximately directly propor- 
tional to the Be concentration, although there is some 
scattering of data points, as illustrated in Fig. 3. 

t (min) 

I I , I I 1 1 1  1 1  1 1 1 , 1 1 1 ,  

1 10 50 100 150 

T= 750% 

l l ' l l l l i l l l l  
0 5 10 

t1I2 (min1I2) 

Fig. 2. Time dependence of the thickness ot p - M A S  regton. The 
growth conditions are (1) growth temperature, 750°C; (2) cooling 
rate, 0°C min-1, (3) Be concentration, 0.043 o/o. 

Fig. 3. Diffusion coefficient and p-GaAs region thickness as a 
function of Be concentration. The growth conditions are (1) tem- 
perature, 750°C; (2) cooling rate, 0-0.5"C min-1; (3) growth 
duration, 30 min. 

The identification and description of the detailed 
mechanism that dominates the diffusion process during 
LPE growth require more detailed work. 

Electrical Properties of Be-Doped p-(GaAI)As and 
p-Ga As 

Electrical properties such as resistivity of the sur- 
face p-(GaA1)As and p-GaAs are important because 
the photovoltaic efficiency under sunlight concentra- 
tion conditions is increasingly degraded as the mag- 
nitude of the sheet resistance of the surface layers in- 
creases. The electron diffusion length in the p-GaAs 
region is also of importance in establishing the carrier 
collection efficiency and hence the short-circuit current 
density of the solar cells. Some electrical properties of 
bervllium-doped materials are reported in this section. 

The modified van der Pauw method proposed by 
Petritz was used to measure the electrical properties 
of p- (GaA1)As and p-GaAs layers (12). The funda- 
mental aspects are as follows. First, the average re- 
sistivity, hole mobility, and free-carrier concentration 
of p-(GaAl)As/p-GaAs structure were measured us- 
ing the van der Pauw method. Then, the surface 
p-(GaA1)As layer was removed by selectively etching 
with HF, and the measurements for p-GaAs were 
repeated. After these measurements, resistivity, hole 
mobility, and free-carrier concentration of the etched 
off p-(GaA1)As layer were calculated as previously 
reported (13). These measurements were carried out 
over the temperature range of 90-420 K. While calcu- 
lating the carrier concentration, the Hall coefficient 
factor was assumed to be unity for simplicity. 

Figure 4 shows the temperature dependence of re- 
sistivity, hole mobility ,and free-carrier concentration 
for Be-doped p-Gao,%Alo.8As and Be-diffused p-GaAs. 
As illustrated in Fig. 4(a) ,  the resistivity of 
p - G a ~ . ~ A l ~ . ~ A s  is about ten times higher than that of 
p-GaAs, being the same behavior as Zn-doped layers 
reported previously (13). The variation of free-carrier 
concentration with temperature [Fig. 4 (c) 1 has been 
used to calculate the acceptor energy level E, and the 
acceptor concentration N, for Be. The acceptor energy 
level for Be in Gao.zAlo.8As was found to be 47 meV as 
compared to that for Zn, 65-80 meV. This small ac- 
ceptor energy level for Be indicates the resistivity of 
the p-(GaA1)As layer could be reduced by use of Be. 
Thus, Be is considered to be a more suitable dopant 
for reduction of sheet resistance of (GaAl)As/GaAs 
solar cells. 

The variation of room temperature free-carrier con- 
centration and resistivity of p-Gao.*Alo.8As with the 
Be concentration Cne in the growth melt are illustrated 
in Fig. 5. The free-carrier concentration is approxi- 
mately proportional to the Be concentration C B ~  in the 
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range of 0.02-0.2 a/o. The distribution coefficient k for 
Be in Gao.zAlo.gAs is about 0.03. The resistivity de- 
creases with increasing Be concentration in the growth 
melt, not being inversely proportional to Cn, because 

Atomic percent of Be CB, 
Fig. 5. Room temperature free-carrier concentration and resis- 

tivity of Be-doped p-GooeAl,,."As vs. CI~,. . P-Gao.eAlo.xAs layers 
were grown a t  750°C. 

Fig. 4. Variation of (a, top left) resistivity, (b, top right) hole 
mobility, and (c, bottom left) corrier concentration with tempera- 
ture for Be-doped p-Gao.~Alo.8As and p-GaAs. Beryllium concentra- 
tion i n  a growth melt is 0.03 a/o. The acceptor energy levels E .  
and the acceptor concentrations Nn in  Fig. 4(c) ore (1) E ,  < I S  
meV, N, = 1.9 X 1018 cm-3 in  p-GaAs, and (2) E, = 47 meV, 
N, = 5.3 X 10" cm-3 in  p-Gao.zAlo.sAs. 

of the decrease of the mobility with increasing free- 
carrier concentration. 

The electron diffusion length L, in the p-GaAs re- 
gion was evaluated by the SEM beam-induced current 
technique (14). The beam energy was 20  keV and the 
induced current was measured point by point as the 
electron beam was scanned perpendicular across the 
junction (Fig. 6). The measured p-GaAs region was 
Be-diffused p-GaAs region in the undoped n-GaAs 
epitaxial layer. The thickness of p-GaAs region is 7 
pm. The room temperature free-carrier concentration 
is about 1 x 1018 cm-3 on the average. The value of 
L, was determined from the relation I a exp (-X/ 
L,), where X is the distance from the p-n junction. A 
more rapid decrease of induced current near the junc- 
tion in Fig. 6 may be due to the surface recombination 
effect (14). L, determined from the slope far from the 
junction was 4.3 pm. 

I t  is noted that the doping level and free-carrier 
concentration are not uniform throughout the whole 
layer of p-GaAs, because the p-GaAs region was 
formed by the Be diffusion during LPE growth of p- 
(GaA1)As. The true carrier concentration at the 
heterointerface between p- (GaA1)As and p-GaAs, 
i.e., X , U  7 pm in Fig. 6, is about 2 x 1018 ~ r n - ~  and 
that at the junction is about 1016 cm-3. Thus the free- 
carrier concentration increases from about 5 x 101' 
cm-3 at X N 4 pm to about 2 x 1018 cm-3 at  X u 7 
pm. There is no reported value for the diffusion length 
in Be-doped p-GaAs, however this value is comparable 
or slightly smaller than that for Zn (15). 
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Fig. 6. Induced current vs. distance from the junction (V,, = 
20 kV). The free carrier concentration in p-GaAs is 1 X 
em-3. 

A detailed paper about the distribution of free-car- 
rier concentration in p-GaAs, which is formed by Be 
diffusion during LPE growth, will soon be submitted. 

Photovoltaic Characteristics of (GaAI)AslGaAs p-p-n 
Solar Cells 

(GaAl)As/GaAs solar cells were formed on (100) 
n+-GaAs substrate by growing Sn-doped n-GaAs (2-5 
x 1017 ~ m - ~ )  and Be-doped p-Ga0.2Alo.sAs at 750°C. 
Beryllium was diffused into the n-GaAs epitaxial re- 
gion during the growing process of p-(GaA1)As to 
produce a GaAs p-n structure. The junction depth and 
the thickness of p-(GaA1)As surface layer were both 
2 cm. 

After the epitaxial growth, an Ag + Zn (10:l) front 
contact was formed on the p-GaAs layer, not on the 
p-(GaA1)As layer (4). The front pattern was formed 
by using the usual photoresist technique. Then the 
back-side was coated with Au + Ge (10:1), and the 
ohmic metals were sintered. The front grid pattern was 
again coated with thick layer of gold (1-3 pm) by an 
electroplating technique to reduce the grid strip re- 
sistance. The AR coating was applied by vacuum evap- 
oration of Sbz03. The refractive index of Sbe03 is 1.94- 
1.97 and the reflection at 630 nm (Sbz03 800A) is less 
than 1%, so Sb203 could be considered one of the most 
suitable materials for single layer coating. 

The cell characteristics under simulated AM1 and 
terrestrial insulation are shown in Table I. The n 
value, which is calculated from the slope of dark I-V 
characteristics, is 1.2-1.4. These cells have a conversion 
efficiency in excess of 20% calculated on the basis of 
active area only; contact coverage is about 10%. This 

Toble I. Photovoltaic characteristics of (GoAI)As/GoAs 
p-p-n solar cells 

I... PI. 
Voa (mA 7' (mW 

No. (V) em-? FF.. (%) em-" AM 71'' 

Calculated for active area (coverage about 10%). 
b Diode factor measured in dark I-V curve. 

Solar simulator. 

Table II. Concentration dependence of cell performances 
(Cell No. 134) 

PI. v., I.. t Pout  
C* (Wcm-9) (V) (Acm-2) F.F. (%)  (Wcm-a) 

' Concentratlon ratio C and input power density PI.  are assumed 
as C = I S . = ~ ~ ~ / I . C "  and PI. = C x Pd.", where I..conC is the short- 
circuit current unher concentration condition, laco is the short-clr. 
cuit current without concentration, and PI.* 1s the input power 
denmty of direct sunlight. 

efficiency is comparable to that reported previously 
for this type of cell. 

A different cell was placed in the concentrator as- 
sembly with flowing water and tested under solar 
concentration conditions. The photovoltaic characteris- 
tics of this cell are listed in Table 11. The concentra- 
tion ratio C is assumed to be the ratio of the short- 
circuit current under solar concentration condition to 
that without concentration. This cell has the peak 
efficiency at a concentration ratio of about 100 and the 
efficiency decreases at higher concentration due to a 
decrease in FF. The highest output power of about 
5 Wcm-2 is obtained under 400 suns. 

Summary 
Some fundamental properties of beryllium in 

(GaAl)As/GaAs solar cells, the diffusion of Be into 
GaAs, electrical properties of Be-doped layers, and 
photovoltaic characteristics, were investigated. The 
diffusion of Be into GaAs during the growing process 
of Be-doped p-Ga~sA10,sAs was first investigated to 
control the junction depth. The temperature depend- 
ence of the diffusion coefficient has been found to 
take the form D = Do exp ( - E , / k T ) ,  where Do = 
11.2 cmQec-1 and E, = 2.43 eV. The diffusion coeffi- 
cient has also been found to be approximately pro- 
portional to the Be concentration in a growth melt of 
Ga-Al-As. The acceptor energy level for Be in 
Ga~.pAl~.8As was 47 meV, being smaller than that for 
Zn, 65-80 meV. The electron diffusion length in Be- 
doped p-GaAs region was evaluated and L, was found 
to be 4.3 pm for an average free-carrier concentration 
of 1 x 10'8 cm-3. Beryllium-doped (GaAl)As/GaAs 
solar cells have a conversion efficiency in excess of 
20% (AMl), and the highest output power 5 Wcm+ 
at a concentration ratio about 400 suns. 

Manuscript submitted Aug. 14, 1981; revised manu- 
script received Nov. 17, 1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 

Publication costs of this article were assisted by 
Tolcyo Institute of Technology. 
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Phenomenological Model of the CVD Epitaxial Reactor 
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ABSTRACT 

A model of the epitaxial chemical vapor deposition reactor has been developed based on fundamental 
physicochemical principles. The kinetics of the heterogeneous deposition reaction is taken into account along with 
transport phenomena occurring in the gas phase above the deposition surface. The obtained set of partial differential 
equations is solved numerically, the results being compared with a representative set of experimental data and with 
previously published models. The comparison demonstrates the suitability of the model conception as well as its 
applicability for process design purposes. 

The progress in semiconductor technology during the 
last 20 years has initiated development of industrial 
reactors for the chemical vapor deposition (CVD) of 
epitaxial silicon layers. Empirical methods have been 
used mostly for optimal design of these reactors and 
for the choice of their working regime. At the same 
time, however, the mechanism of the processes occur- 
ring in the deposition zone of an epitaxial reactor has 
been studied and numerous theoretical models have 
been developed that describe the distribution of silicon 
along the reactor deposition zone (1-14). The accuracy 
of these models and consequently their applicability 
for optimization of reactor construction and process 
regime has been limited, due to simplifying assump- 
tions. In this work, a model is proposed based on the 
description of the physicochemical processes taking 
place in the deposition zone of an epitaxial reactor. 
This model was proved to be valid for those types of 
epitaxial reactors in which the direction of reaction 
mixture flow in the deposition zone is parallel to the 
deposition surface. The region of model applicability 
therefore includes the most common large-capacity epi- 
taxial reactors: the so-called barrel reactors and hori- 
zontal reactors. Schematic presentation of both of 
these reactor types is given in Fig. 1. 

Process considerations 

The character of the reaction mixture flow in the 
reactor deposition zone has not been clarified up to 
now, posing a major obstacle for process modeling. 
The reason for this is the existence of large tempera- 
ture differences (up to 1000K) between the deposi- 
tion surface and reactor walls. Values of the Reynolds 
number, commonly used for the forced flow charac- 
terization, range between 10 and 300 in epitaxial 
reactors. Colburn (15) proved that the transition 
between laminar and turbulent flow takes place at  
Reynolds number values close to 2100 even when 
significant transverse temperature gradients exist in 
the system. Consequently, the epitaxial reactor should 
operate within the laminar flow region. However, for 
low reaction mixture flow rates, gravitational forces 

begin to play an important role in addition to the 
pressure forces that are responsible for the forced 
convection. As a result, free (natural) convection ap- 
pears to be caused by density differences due to dif- 
ferent temperatures in various parts of the deposition 
zone. This phenomenon has been commonly charac- 
terized by a criterion Gr/ReZ (Gr = Grashof number), 
which can be understood as a ratio of buoyancy 
forces to the inertial ones. According to Sparrow (16) 
the transition between forced laminar flow and com- 
bined flow (forced and natural convection) occurs 
Gr/Re2 = 0.3 (combined flow exists at  Gr/Re2 > 0.3). 
Authors who studied the character of flow directly in 
the deposition zones of CVD reactors reported critical 
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Fig. 1. Schematic picture of barrel and horizontol-type epitaxial 

Key words: CVD, semiconductors, silicon epitaxy. reactors. 
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Gr/Rez values of the same order: Takahashi et al. 
(17), 0.4-4.1; Ban (18), 0.5; Hanzawa (19), 0.8-8. 
Values of Gr/ReZ = 0.004-1.0 and 0.00004-0.01 corre- 
spond to typical conditions in the deposition zones of 
large-capacity epitaxial reactors at  pressures of 100 
and 10 kPa, respectively. Hence, epitaxial reactors 
work commonly in the region of forced convection or 
at  the boundary of the transition region to combined 
convection. 

In the last few years, several experimental studies 
have measured the transverse temperature and con- 
centration profiles in the deposition zones of epitaxial 
reactors. Based on the result of such studies, gas phase 
transport phenomena can be evaluated in detail. Sedg- 
wick et al. (20) used a noncontact measurement 
method to determine temperature profiles in a reactor 
deposition zone using pure hydrogen as a gas medium. 
Comparison of their experimental data with theoretical 
temperature profiles in corresponding regions of the 
deposition zone is shown in Fig. 2a; laminar flow was 
assumed in the theoretical profiles calculation. Even 
though the Gr/ReZ criterion equaled 1.0 under condi- 
tions of the experiments, free convection due to gravi- 
tational forces was apparently insignificant, as can be 
judged from the agreement of the experimental data 
with theoretical profiles calculated for the laminar fiow 
assumption. Ban (10, 18) measured temperature and 
concentration profiles in the deposition zone of a 
horizontal reactor. The reaction mixture was substi- 
tuted by helium during the temperature profile mea- 
surements. (Values of the criteria1 product Re - Pr  
characterizing heat transfer are close to those for hy- 
drogen.) Comparison of temperature profiles obtained 
in He with theoretical profiles calculated for HZ assum- 
ing laminar flow conditions is presented in Fig. 2b. The 
agreement is good at  lower gas flow rates (0.11 and 
0.25 msec-1) while significant differences were found 
at higher rates (0.5 msec-1). Ban (18) proved in his 
work that temperature and concentration fluctuations 
existed in the gas phase at  higher gas flow rates. 
Characteristic frequencies of these fluctuations were 
3-5 Hz. Similarly Curtis (21), who measured tempera- 
tures at the surface of the heating susceptor of a 
barrel reactor, observed fluctuations at higher flow 
rates of hydrogen. Most likely, these fluctuations were 
not caused by the natural macroconvection since they 
were reported at higher values of Re and at low values 
of Gr/R@. The onset of turbulent instability should 
be considered in this respect in spite of low values 
of Re (Re << 2100). The flow instability mentioned 
above can generally bring about convective mixing of 

Fig. 2 Comparison of theoretical temperature profiles with ex- 
periment. 

the gas phase and thus consequently a diminution of 
velocity, temperature, and concentration gradients. 
However, the typical period of the observed fluctua- 
tions (0.3-0.2 sec) was comparable with the residence 
time of the reaction mixture in the deposition zone. It 
is therefore impossible to assume in this case an in- 
tensive convective mixing of the reaction mixture. This 
conclusion is further supported by the fact that the 
rate of momentum, energy, and mass transport on the 
molecular scale was obviously higher than that of con- 
vective transport resulting from the flow instability. 
These considerations explain the existence of signifi- 
cant temperature gradients (up to 600 K cm-l) proved 
experimentally (18), even in the presence of the fluc- 
tuations mentioned above. On the other hand, the 
existence of flow instabilities can explain the deteriora- 
tion of the agreement between theoretical and experi- 
mental profiles with increasing gas flow rates (see Fig. 
2b). 

The "stagnant layer" model has to be mentioned in 
order to complete the discussion of flow patterns in 
deposition zones of epitaxial reactors. This model has 
been widely used (11-14) for its simplicity. It was de- 
veloped on the basis of experimental data obtained by 
Eversteyn et al. ( l l ) ,  who fed a suspension of fine 
particles of Ti02 in hydrogen into the deposition zone 
of a horizontal reactor. Formation of a gas layer with 
a lower content of Ti02 particles closely attached to 
the deposition surface was observed at the deposition 
zone outlet in the range of values Re = 30-120 and 
Gr/Re2 = 0.02-0.3. Based upon this observation, the 
authors assumed that a layer of relatively stagnant 
gas existed at  the deposition surface while turbulent 
flow of the gas bulk could be expected above the "stag- 
nant layer." However, an alternative explanation can 
be derived from the preceding experimental findings. 
At values Gr/ReZ < 0.3, laminar gas flow takes place, 
exhibiting certain symptoms of turbulent instability 
at  higher Re values. The "stagnant layer" can be then 
viewed as a diffusion boundary layer resulting from 
the thermodiffusion of Ti& particles in the direction 
perpendicular to the deposition surface. 

Several authors (1-4) considered the deposition zone 
as a channel with laminar flow of the reaction mix- 
ture. A simplifying assumption of the existence of de- 
fined transverse velocity and temperature profiles, con- 
stant in the direction of gas flow, was further intro- 
duced. An alternative approach, used by other authors 
(7-lo), was based on the application of a boundary 
layer theory for a description of momentum, energy, 
and mass transfer near the solid surfaces under con- 
ditions of laminar flow (22). Calculations of trans- 
verse profiles as well as the results presented by Manke 
and Donaghey (6) proved that for laminar flow con- 
ditions the assumption of constant transverse profiles 
was acceptable at  the end of the reactor deposition 
zone, while the results yielded by the boundary layer 
theory corresponded to reality only at  the deposition 
zone inlet. Apparently an adequate model has to take 
into consideration continuous development of trans- 
verse profiles along the whole deposition zone length 
, !. , 

In the process of the deposition of silicon epitaxial 
layers, the silicon-producing reaction has to proceed 
heterogeneously on the deposition surface. Reaction 
components are supplied by diffusion from the bulk of 
flowing gas phase. The rate of diffusion equals the rate 
of the heterogeneous reaction at  a certain limit tem- 
perature, Tm. At significantly lower temperatures (T 
<< T,) the activated heterogeneous reaction is slow 
in comparison with diffusion and therefore becomes 
the rate-controlling step of deposition. On the other 
hand, at  T >> T,, deposition is controlled by the rate 
of diffusion in the gas phase. The temperature limit 
ranges between 1200 and 1400 K for the chemical vapor 
deposition of silicon layers, and depends on the reac- 
tion agent used (SiC14, SiHCl3, SiH2C12, SiH4). Epi- 
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taxial reactors work typically at  temperatures 1200- 
1550K, i.e., in the transition region between kineti- 
cally and diffusionally controlled deposition. However, 
the heterogeneous reaction kinetics was not taken into 
consideration by the authors of previously suggested 
models (1-11). As a result these models are valid 
only in the region of diffusion-controlled deposition 
(T >> Tm). 

The mechanism of heterogeneous reactions taking 
place during dewsition of silicon epitaxial layers has 
not been satisfactorily explained up to now (14, 23). 
On the basis of theoretical considerations and experi- 
mental data from low pressure deposition, Duchemin 
(23) derived a relation for the rate of heterogeneous 
reaction for the case of silicon deposition from a mix- 
ture Hz + reagent (SiCl4, SiHC13, SiHzClz, SiH4). For 
low reagent concentrations (which are typical for 
epitaxial deposition), this relation can be transformed 
into the form 

r =  k . x l d F  [ I ]  

where r is the reaction rate (mol . m-2 . sec-I), p the 
overall pressure in the deposition zone, and XI the mol 
fraction of a reagent at the deposition surface. The 
temperature dependence of the reaction rate constant 
k can be expressed by the Arrhenius equation 

k = A exp (- E/RT) 121 

The values of activation energy E (Eq. [21 ) for chloro- 
silane reduction or for silane pyrolysis have been dis- 
cussed frequently in the literature. No generally ac- 
cepted value has been given. In most cases, the E values 
have been determined from experimental temperature 
dependencies of the deposition rate in the kinetics-con- 
trolled region of deposition (T << T,). Differences in 
the published activation energy data [e.g., data of E for 
S i c4  reduction are uniformly spread between 19 kcal/ 
mol (24) and 60 kcal/mol (2511 cannot be ascribed 
solely to experimental errors. One of the possible rea- 
sons for the data discrepancies can be the neglect of 
the thermodiffusion effect in the evaluation of the rate 
constant, k, from experimental data. Significant con- 
centration gradients can be observed in the deposition 
zone due to large temperature gradients that may 
arise, depending on the reactor construction and its 
working regime. As a result, the reagent concentration 
at the deposition surface xl can differ significantly from 
its concentratioll in the reaction mixture at  the reactor 
inlet, xin. Apparently, the temperature dependence of 
the xl/xin ratio can be responsible for the error in acti- 
vation energy evaluation. 

During chlorosilane reduction, Sic12 forms as a by- 
product. This compound, which is fairly stable at  
deposition temperatures, diffuses from the reaction 
surface to the bulk of the flowing reaction mixture, 
thus reducing the conversion of chlorosilane to silicon 
(26). Sedgwick (26), who measured transverse con- 
centration profiles of Sic12 in the deposition zone of 
an epitaxial reactor, proved that SiClz formation at 
the reaction surface increased with increasing content 
of hydrogen chloride in the reaction mixture. The con- 
tent of hydrogen chloride (which is the main gaseous 
product of chlorosilane reduction) in the reaction mix- 
ture increases during the flow of the mixture through 
the deposition zone. The mechanism of Sic12 forma- 
tion during chlorosilane reduction has not yet been 
satisfactorily explained. To derive a quantitative ex- 
pression, a fast heterogeneous reaction was assumed 

Further assuming ideal behavior, a relation for the 
equilibrium constant of this reaction can be written 
in the form 

where x denotes mol fraction. Thermodynamic equi- 

librium is not established at the reaction surface during 
silicon deposition (supersaturation by chlorosilane ex- 
ists, especially at lower temperatures). Therefore, the 
constant K ( T )  cannot be regarded as an equilibrium 
constant of reaction [31 but rather as an empirically 
adustable parameter of the model. 

It is a well-established fact that the Si/Cl/H system 
encompasses, apart from Sick,  SiC12, and HCl, a whole 
spectrum of additional compounds. Formation of these 
compounds may be anticipated, particularly toward 
the end of the deposition zone. There, the mixture, 
being enriched by HC1 and SiClz (thermally unstable 
at  1200 K), may undergo a number of gas-phase re- 
actions, especially the heterogeneous reactions on the 
reactor's wall (formation of polymers (SiC12)" etc.). 
Rigorous solution of the reaction kinetics and the 
transport of the reaction products poses a formidable 
task. From the modeling standpoint, however, these 
phenomena are only second to third order in magni- 
tude, playing an important role mainly toward the end 
of the deposition zone. 

The following conclusions can be drawn, based on 
the model considerations presented above: 

1. Hydrodynamic regimes in the deposition zones of 
large-capacity epitaxial reactors with parallel flow 
range from natural convection to incipient turbulent 
instability. Laminar flow of the reaction mixture can 
be assumed between these two regions. 

2. Transverse profiles of temperature, concentration, 
and longitudinal velocity develop along the whole 
length of the deposition zone. 

3. Temperature and concentration dependencies of 
transport properties and of the reaction mixture density 
have to be considered, due to significant differences 
of temperature and concentration in a reactor deposi- 
tion zone. 

4. The effect of thermodiffusion has to be accounted 
for in the mass transfer description because of signifi- 
cant temperature gradients and large differences be- 
tween molecular weight of the reagents and the gas 
carrier (Hz). 

5. Epitaxial reactors work in the transition region 
between diffusion- and kinetics-controlled deposition. 

6. In cases of chlorosilane reduction, the content of 
hydrogen chloride in the reaction mixture increases 
during its flow through the deposition zone. The yield 
of the deposition reaction consequently decreases [as 
the presence of HC1 in the reaction mixture favors a 
competitive reaction (3) I .  

Model Formulation 
Let us assume that the reaction mixture flows in the 

direction of coordinate y, where y = 0 at the deposition 
zone inlet. The coordinate x is directed transversely 
across the deposition zone channel: x = 0 at the deposi- 
tion surface, x = H ( y )  at the reactor wall. 

The following assumptions were further used in 
model formulation: 

1. The flow of the reaction mixture is laminar. 
2. The reaction mixture can be considered as a two- 

component system (1, reagent; 2, gas carrier) for the 
description of gas phase transport phenomena. 

3. No chemical reaction takes place in the bulk phase. 
4. External forces (including the gravitation forces) 

are negligible. 
5. The channel width is infinite in the direction of co- 

ordinate z. 
Balance equations were then written in the form 

(22) 

mass conservation equation for the component (1) 

equation of mass conservation for the mixture 
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equation of momentum conservation 

equation of energy conservation 

In Eq. 151-[8] an arrow denotes a vector and two ar- 
-, 

rows a tensor of the second order. Symbol V denotes 
the differential vector operator "nabla" defined as 

Flow densities of individual balanced quantities are 
defined as -, -, -D 

n l =  pwlv - pDVwl- DTV 1nT I101 

-s 
where p is density, w1 mass fraction of a reagent, V 
velocity, D diffusion coefficient, T temperature, r stress 

-+ 
-b 

tensor, p pressure, 6 a unit tensor, k heat conductivity 
-, 
-D 

coefficient, and h specific enthalpy of gas, which can 
be expressed (neglecting the heat of mixing) as 

The enthalpy of individual components can be ex- 
pressed in the form 

where hi" denotes the enthalpy at  a standard tempera- 
ture To and <, the average specific heat in the tem- 
perature interval (To, T). 

The flow density equations [lo]-1121 were substi- 
tuted into the mass, momentum, and energy balance 
equations 151-181, a tensor r was expressed for a New- 

* 
+ 

tonian fluid, and the vector equation of motion (7) was 
rewritten as three scalar equations. A system of five 
partial differential equations was obtained after these 
arrangements, taking into consideration the indepen- 
dence of variables on the coordinate z. 

Additional assumptions were then introduced stem- 
ming from the character of system modeled, as dis- 
cussed above: 

6. Axial diffusion and thermodiffusion are negligible. 
7. Contribution of heat conduction in axial direction 

can be neglected. 
8. Normal stress in axial direction can be neglected. 
9. Both inertial and viscous effects of the transverse 

velocity are negligible. 
The system of partial differential equations can be 

transformed under these assumptions into the final 
form 

DT aT 
p ( V , " + v , ~ ) - t  ax all (- T -) ax 

a =, (+dl%) I151 

a (PV,) a (PV,) 
-+-=O [I61 

ax av 
av, av, ap a a v u )  [I,] 

p (v,,+ v.-)+-=-(p- av av ax ax 

awl awl a aT ("'. + VUiu) = z(kI) L'91 

Equations 1151-[I91 represent a system of five differ- 
ential equations that can be solved for wl, v ,  v,, p, and 
T as functions of the independent variables x and y 
for the following boundary conditions 

v, = 0 v, = v,,,(x) 

P = Pi. T = Tin (x) 

The first boundary condition in Eq. 1211 represents a 
strongly nonlinear condition determining reagent con- 
centration in the gas phase a t  the deposition surface. 
In this equation, r denotes the rate of heterogeneous 
reaction (kmol . m-2 . sec-l) on the deposition surface 
determined by Eq. [I] or [la]. This boundary condi- 
tion corresponds to the demand of equality of reaction 
rate and diffusion flow from the gas phase at the deposi- 
tion surface. After solving the system of partial dif- 
ferential equations [151-1191 for the appropriate 
boundary conditions [20]-[22], the distribution of the 
silicon deposition rate along the reactor deposition zone 
can be determined from the relation 

Parameter e represents the yield of the deposition re- 
action 

e = 1 - ( ~ S I C I Z / ~ S I C ~ ~ )  (MSICI~/MSICIZ) C241 

An estimation of the mass flux nsiclz can be obtained 
from an approximate analytical solution of the steady 
diffusion of Sic12 in a laminar stream of hydrogen with 
a transverse temperature gradient. The concentration 
of Sic12 on the deposition surface can be calculated 
from Eq. [4] and the concentration of hydrogen chlo- 
ride XHCI, needed for evaluation of Eq. [41 can be 
obtained from the mass balance assuming constant 
concentration XHCI across the channel. If SiH4 is used 
as a reagent, nsicl2 = 0. 

Discussion of Results 

The numerical solution of the deposition zone model 
(Eq. C151- [241) is briefly characterized in Appendix A. 
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Methods used for description of the physical proper- 
ties of the reaction mixture and values of physical pa- 
rameters used for calculation are summarized in Ap- 
pendix B. 

The computer program (rem. 1)' used for numerical 
calculation yielded an estimation of the distribution of 
the silicon deposition rate along the reactor deposition 
zone for a specified reactor geometry and technological 
conditions in the reactor deposition zone. The program 
further gave transverse temperature, velocity, and con- 
centration profiles in the deposition zone at  various 
values of the length coordinate y. Examples of trans- 
verse profiles, calculated for typical deposition zone 
conditions in large-capacity epitaxial reactors, are 
presented in Fig. 3a, b, and c. Temperature profiles are 
shown in Fig. 3a, profiles of axial velocity in Fig. 3b, 
and profiles of S i c 4  mass fraction, wl, in Fig. 3c. The 
axial coordinate of the deposition zone, y, is a parame- 
ter in all three figures. As can be seen from Fig. 3, 
transverse temperature, velocity, and concentration 
profiles develop along the whole deposition zone length. 
In Fig. 3c (concentration profiles) a strong thermo- 
diffusion effect is clearly apparent, especially near the 
reactor walls. A strong temperature gradient evokes a 
significant gradient of concentration, despite the fact 
that the diffusional mass flow through the reactor walls 
equals zero (Eq. [221). 

The effect of some model simplifications, discussed in 
the section "Process Considerations," is shown in Fig. 
4. Experimental data on the distribution of deposition 
rate along the cleposition zone, obtained by the authors 
from an industrial barrel-type reactor (with S i c4  as 
a reagent), are plotted in this figure. Details on the 
reactor design and experiments can be found in the 
next paragraphs. Curve A represents the estimation of 
the deposition rate obtained from the theoretical model 

lrem. 1: The computer program is available on request at the 
Tesla RO%IIV. 

Fig. 3. Temperature, velocity, and concentration profiles in the 
deposition zone of the epitaxial reactor. 

Fig. 4. Effect of some simplifying assumptions 

[described above) for the experimental conditions. 
Curves B, C, and D were obtained using modified ver- 
sions of the computation program corresponding to 
the neglect of various effects. Curve B corresponds to 
neglecting the effect of the reaction product HCl on the 
yield of the deposition reaction. The thermodiffusion 
effect was further neglected to obtain curve C. In the 
case of curve D, the additional simplifying assumption 
of a diffusion-controlled deposition (an assumption of 
zero reactant concentration at the deposition surface) 
was introduced. It is apparent from Fig. 4 that the 
effects of thermodiffusion and deposition reaction ki- 
netics are significant and their neglect diminishes se- 
verely the model's applicability. 

Low-pressure deposition (typically at  10 kPa) (27) 
appears to be a promising method for some types of 
epitaxial layers. Duchemin (23) published experi- 
mental data on the pressure dependency of the.silicon 
deposition rate in the region 2-60 kPa; S i c4  was used 
as a reagent. Comparison of the experimental data with 
the pressure dependency estimated from the theoretical 
model (described above) for corresponding experimen- 
tal conditions is presented in Fig. 5. Figure 5 shows 
rather poor agreement between calculated and experi- 
mental data a t  the lower pressure values. Due to the 
low deposition temperature (1263 K) , the deposition 
was controlled mostly by heterogeneous reaction ki- 
netics. Therefore, a contradiction of the theoretical 
model with experimental data proves the unsuitability 
of the pressure dependency of deposition reaction ki- 
netics (Eq. [I]) used in the calculations. Apparently 
this reflects the fact that the reaction mechanism for 
the heterogeneous reduction of Sick  is not properly 
understood. A purely empirical equation was suggested 
(for Sick  as a reagent) by the authors 

r = kxlp" / ( l+  Bp) Clal 

as an alternative kinetic expression instead of Eq. C11. 
The estimation of the pressure dependency of the 
deposition rate obtained from the model using Eq. [la] 
for the description of deposition reaction kinetics is 
shown in Fig. 5 (B = 1 . 10-4 Pa-'). The application of 
the empirical equation Clal, however, impairs the 
homogeneity of the model in which all other functional 
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fig. 5. Deposition rate pressure dependence 

relations originate from physico-chemical considera- 
tions. 

To compare the model with physical reality, a rep- 
resentative set of experimental data was at  our dis- 
posal, characterizing the distribution of deposition rate 
along the length of deposition zone as a function of 
three factors, i.e., velocity of the reaction mixture at  
the reactor inlet, reagent concentration in the reaction 
mixture, and deposition surface temperature. Ranges 
of these three factors were chosen to cover the region 
of technologically important regimes of the epitaxial 
reactor studied: vin = 0.07-0.17 msec-1; xi. = 0.002- 
0.012; and To = 1350-1590 K. 

A set of experiments, designed according to princi- 
ples of optimal search of the response surface, con- 
tained 30 experiments at 15 various reactor regimes. 
Experiments were carried out at  atmospheric pressure 
using SiCL as the reagent. The deposition rate was 
evaluated for each experiment at  six points distributed 
equidistantly along the whole deposition zone in the 
direction of gas flow. Estimations of the deposition rate 
distribution along the deposition zone were calculated 
for each of the 15 reactor regimes using the model de- 
scribed above. Agreement of theoretical dependencies 
with experimental data was characterized separately 
for each of the regimes studied by the relative standard 
deviation. The average value of these deviations was: 
& = 8.2%. This value can be considered as an estima- 
tion of the model accuracy in the region of technologi- 
cally important regimes of epitaxial reactors. 

The computation program written for the numerical 
solution of the theoretical model was used for a rigor- 
ous comparison of the model suggested in this work 
with some previously published models; in particular, 
several models of diffusion in a channel with laminar 
flow of the reaction mixture, derived by Rundle (2), 
Fujii et al. (3), and by Manke and Donaghey (5, 6) 
were compared. Appropriate arrangements were made 
in the program for solution of individual models, cor- 
responding to simplifying assumptions made by indi- 
vidual authors during model derivation. Results of the 
comparison are presented in Fig. 6, where curves E, 
F, and G represent dependencies obtained from the 
models of Rundle, Fujii, and Manke, respectively [Gi 
= analytical solution (5), GI1 = numerical solution 
(6)l. Curve A corresponds to the theoretical model 
suggested in this work. Points in the graphs represent 
corresponding experimental data from a large-capacity 
barrel reactor. The distribution of deposition rates 

Fig. 6. Comparison of developed model with previously published 
ones and with experiment. 

along the deposition zone is presented in Fig. 6a, b, 
and c for three different temperatures of the deposition 
surface. Figure 6d shows the dependency of the average 
deposition rate on the deposition surface temperature 
over a fairly broad range of temperatures. Figures 6a, 
b, c, and d prove that the agreement with experimental 
data obtained by Manke and Donaghey (5) at To = 
1473 K (see Fig. 6b) was just coincidental. 

It is apparent from Fig. 6 that models of deposi- 
tion zones of epitaxial reactors based on strong sim- 
plifying assumptions cannot describe adequately the 
modeled systems. Comparison of curves GI and GI1 
[see Ref. (5) and (611 proves further that application 
of a more accurate numerical solution for the descrip- 
tion of gas phase transport phenomena has brought no 
improvement of the model. Considering the models 
from the view point of computation demands, the sim- 
plest model is apparently that of Rundle (curves E) ,  
which can be conveniently solved on a pocket calcu- 
lator. Manke's analytical model (curves GI) calls 
for the use of a programmable calculator, while appli- 
cation of a minicomputer seems appropriate for solu- 
tion of Fujii's model (curves F). A mainframe com- 
puter should be used for the numerical solution of 
Manke's model (curves GII). Similarly, the model 
suggested in this work also demands the use of a 
mainframe computer. However, it is at  present the only 
model adequately describing physical reality. Even for 
other previously published models (7-111, based on the 
concept of boundary (stagnant) layer at  the deposi- 
tion surface, better results cannot be expected without 
introducing some effective empirically adjustable pa- 
rameters. Here again, the simplifying assumptions used 
in model development are apparently responsible for 
the models' inadequacy. 

Conclusion 
Comparison of the model designed in this work with 

a representative set of experimental data and with 
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approximate models described in literature proved 
the necessity of using sufficiently accurate model con- 
cepts as a base for the formulation of a theoretical 
model of a CVD reactor. On the other hand, this 
results in a relative complexity for a satisfactory model 
and consequently raises the computation demands. 
Comparison with experimental data proved the cor- 
rectness of model concepts discussed in the section 
"Process Considerations." The main advantage of the 
theoretical model of the deposition zone is its general- 
ity. Unlike the empirical models, the theoretical model 
does not require the physical existence of the reactor 
to be described. It is possible to work with a hypotheti- 
cal reactor, e.g., in the case of design optimization of 
a new reactor. The analysis of sensitivity to effects of 
various factors (e.g., geometrical ones) represents an- 
other interesting application of the theoretical model. 
Optimal design of reactor construction has to be un- 
derstood also as the minimization of its sensitivity to 
various undesirable effects which can be encountered 
under real operational conditions. The theoretical model 
of an epitaxial reactor can be used also to solve nu- 
merous technological problems, the empirical solution 
of which would be costly and time consuming (rem. 2). 

As of 1980 the model presented above has been used 
by Tesla ~ o g n o v  enterprise for the following purposes: 

1. Analysis of the sensitivity of a large-capacity 
barrel-type reactor to the geometry of the deposition 
zone and solution of a number of associated technolog- 
ical problems. 

2. Tune-up of the prototype of a large-capacity hori- 
zontal reactor and solution of a number of technological 
problems associated with the reactor's start-up. 

3. Designing a new large-capacity reactor of the 
horizontal type. 

Manuscript submitted Aug. 13, 1980; revised manu- 
script received Dec. 7,1981. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1983 JOURNAL. 
All discussions for the June 1983 Discussion Section 
should be submitted by Feb. 1,1983. 

APPENDIX A 
Numerical Solution 

A computation program has been written foc a com- 
puter corresponding approximately to an IBM-370 
to solve the system of partial differential equations 
(Eq. 1151-[221) by the method of nets. The partial 
differential equations to be solved are second-order 
parabolic equations (28). The equations system does 
not contain second derivatives with respect to the 
longitudinal coordinate y, making it possible to start 
the numerical solution at  the deposition zone inlet 
and to proceed in the direction of gas flow. Every cal- 
culation step is based on transverse profiles of tem- 
perature, velocity, and concentration~calculated in a 
previous step for axial coordinate y. New velocity, 
temperature; and concentration profiles are then cal- 
culated for y + dy. Calculation is performed itera- 
tively; in every iteration step Eq. 1151, 1171, and [I91 
were solved as partial differential equations with con- 
stant coefficients using the Crank-Nicolson implicit 
method (28). To evaluate the.  coefficients, the last 
known approximabons of velocity, temperature, and 
concentration profiles are used in every iteration step. 
The temperature profiles can be calculated from Eq. 
[I91 and the concentration profiles from Eq. [151. 
Profiles of axial velocity v, and pressure profiles can 
be obtained in each iteration step from simultaneous 
solution of Eq. [I71 with an equation obtained by in- 
tegration of Eq. [16] in the range of x from 0 to H. 
Profiles of transverse velocity v, can be determined 
by integration of Eq. [16] in the range of x from H 
to 0. Using the iteration method (described above), 
transverse profiles of T, w l ,  v,, v, and p can be calcu- 
lated for the axial coordinate y + d y  assuming that a 
reagent concentration is known at the deposition sur- 
face. Temperature and concentration dependency of 
physical properties p, D, DT, P, K and cp has to be taken 
into account. In our case, however, the reagent con- 

centration at the deposition surface was determined 
implicitly by the boundary condit~on 1211, whch en- 
sured the equality of the rate of heterogeneous reac- 
tion and diffusional flow of reagent from the gas phase. 
The algorithm of calculation of new profiles T, WI, v,, 
v,, anKp was therefore complemented by an external 
iteration cycle residing for fulfillment of this condition 
bv searchhe for an aooro~riate concentration of re- 
agent at the aeposition HGrfice, WI. 

Numerical solution of the system of Eq. [15]-[221 
proceeds in the direction of reaction mixture flow and 
stops after reaching y = L (deposition zone length). 
The effectiveness and accuracy of the calculation is 
ensured bv an automatic adiustment of the length of 
the axial itep dy. calculation along the whole dzposi- 
tion zone of a reactor is performed with a constant 
number of nodal points on transverse profiles. Due to 
stepwise narrowing of the deposition zone in the gas 
flow direction, a new value of transverse difference d x  
should be calculated prior to each axial step and the 
values of axial velocity have to be corrected to keep 
the overall mass flow through the channel constant. 

Program input data are: deposition zone geometry, 
temperature of the de~osition surface and reactor wall, 
flow velocity of the reaction mixture and properties of 
state of the reaction mixture at the deposition zone 
inlet. Program output is (besides tempergture, concen- 
tration, and velocity profiles if these are needed) the 
distribution of the deposition rate along the reaction 
zone in the direction of gas flow (y). Time of calcula- 
tion is typically 3 min on a computer analogous to the 
IBM-370 (as mentioned above). 

APPENDIX B 
Physical Properties 

Theoretical and semi-empirical methods were used 
for calculation of physical properties of the reactant 
mixture. Reactant mixture density, p, was calculated 
from the equation of state for an ideal gas. Determina- 
tion of the thermal conductivity coefficient of the re- 
actant mixtures was based on the kinetic molecular 
theory of gases (29-31). Similarly, to determine diffu- 
sion coefficient D, a relation based on the kinetic mo- 
lecular theory of gases was applied in Wilke's empiri- 
cal modification (32). Kihara's second-order approxi- 
mation (29), based again on the kinetic molecular 
theory of gases, was used for calculation of the ther- 
modiffusion coefficient, DT. Specific heat capacities at  
constant pressure, cpi, and specific enthalpies, hiq cal- 
cuIated for an ideal gas on the basis of statistical me- 
chanics were taken from the JANAF tables (33). Col- 
lislon integrals Ci(l,S) were calculated from Neufeld's 
regression equation (34). 

The following physical properties correspond to the 
system studied, Hz + SiCl4. Parameters of Lennard- 
Jones potential for hydrogen were taken from Hirsch- 
felder's monograph (29) (uz = 2.915A, e / k  = 38 K), 
analogous data for Sic14 from Sladkov's work (35) (ul 
= 6.17A, rl /k  = 350 K). Empirical combination rela- 
tions were then used to obtain Lennard-Jones mutual 
interaction parameters 

Physical properties calculated with these Lennard- 
Jones parameters were compared with experimental 
data for viscosity [Sic14 see Ref. (36); Hz, see Ref. 
(38)], thermal conductivhy CSiC14, see Ref. (37); Hz, 
see Ref. (39-41)], specific heat at constant pressure for 
hydrogen (39), and diffusion coefficient of Sic14 in Hz 
(42). Observed agreement was comparable with the 
accuracy of experimental data as published by indi- 
vidual authors. 

Parameters of the Arrhenius equation (Eq. [21) for 
the rate constant for the heterogeneous reduction of 
S i c4  by HZ, were determined from the temperature 
dependence of the deposition rate in the kinetics-con- 
trolled region of deposition (T << T,). A decrease of 
reagent concentration at the deposition surface due to 
thermodiffusion (see "Process Considerations") was ac- 
counted for in the parameter evaluation. The following 
values of parameters were obtained 

E = 1.94 . lo8 J . kmol-1 
A = 35.6 kmol . m-1.5 . kg-0.5 (for Eq.[l]) 
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(for Eq. [la] ) 

The temperature dependence of the constant K(T) in 
Eq. 141 was determined using the theoretical model 
described in this work. The relation 

K(T) = 8.7 10-3 exp (1.08 104/T) [B-21 

was obtained from the comparison of theoretical and 
experimental deposition rates at  the end of the deposi- 
tion zone at  three different temperatures. 

LIST OF SYMBOLS 
Arrhenius pre-exponential factor 
mass specific heat 
diffusion coefficient 
thermal diffusion coefficient 
heat flux 
activation energy 
growth rate 
Grashof number 
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deposition zone width 
thermal conductivity 
molecular mass 
mass flux 
pressure 
reaction rate 
Reynolds number 
temperature 
linear velocity 
mass fraction 
mol fractlon 
characteristic energy 
yield 
dynamic viscosi'tv 
density 
collision diameter 
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A Novel Method to Measure Loterol Diffusion Length in 

Polycrystalline Silicon 

Yoshiyuki Sato, Katsumi Murase, and Hiroyuki Harada 

Nippon Telegraph and Telephone Public Corporation, Musashino Electrical CommunicationLaboratory, Tokyo, 180,Japan 

The lateral diffusion length of impurities in poly- 
crystalline silicon (poly-Si) is a very important fac- 
tor in designing various LSI's and electrical compo- 
nents, such as load resistors made of highly resistive 
poly-Si for static RAM'S ( I ) ,  fused-type PROM's with 
PN junctions in poly-Si (21, and thin film transistors 
made of poly-Si (3). 

A conventional method of observing lateral diffusion 
lengths in poly-Si films is the electrical resistivity 
measurement of poly-Si resistors with electrodes made 
of heavily doped poly-Si. However, it is rather difficult 
to separate the diffusion characteristics of impurities 
from the electrical resistivities using this method, be- 
cause the electrical resistivities of poly-Si depend on 
properties such as the grain size and the structure. 
Another conventional method is delineation by means 
of concentration dependent wet etching. Good results 
with this method were reported for boron (B) dif- 
fusion (4). However, this method is unsuitable for 
arsenic (As) and phosphorus (P)  because of the 
difficulty in controlling the etching rate. The purpose 
of this paper is to introduce a novel delineation method 
based on impurity enhanced oxidation effects (5) to 
measure the lateral diffusion length of As and P in 
poly-Si films. 

A demonstrative experimental procedure to measure 
lateral diffusion lengths by this method is shown in 
Fig. 1. Poly-Si (thickness: 0.31 m) was first deposited 
on silicon dioxide by thermal decomposition of silane 
gas in a low pressure CVD furnace. The deposition 
conditions are shown in Table I. The poly-Si grain 
size is less than 0.1 cm as revealed by transmission 
electron microscope (TEM) observation, and is con- 
firmed to be stable after annealing at less than 1000°C. 
Next, the poly-Si surface was oxidized at 900°C for 
45 min in a dry 0 2  atmosphere to make an oxide film 
(thickness: 0.02 rm). Next, molybdenum (Mo) (thick- 
ness: 0.3 pm) was evaporated and then patterned using 
a photoetching process. Mo films are proper for ion 
implantation masks, because Mo is not tapered by 
photoetching (6) and has large stopping power. Next, 
impurity ions (As+ or P + )  were selectively implanted 
in the poly-Si with the Mo masks [Fig. 1(A)l.  The 
implanted dose was 2 x 1018 cm-2. The implanted 
energy was 100 keV for As+ and 50 keV for P+. After 
the Mo masks were removed, the samples were heated 
at  900'-1100°C for 15-800 min in an NZ atmosphere to 
investigate the diffusion characteristics [Fig. 1 (B)]. 
After removing the surface oxide, the As+ implanted 
samples were subsequently oxidized at 700°C for 300 
rnin in a wet Oz atmosphere and the P +  implanted 
samples at  650°C for 300 min [Fig. l (C)] .  This pro- 
cess of oxidizing at a low temperature is the key to 
this method. The oxidation rate of poly-Si increases 
with impurities in poly-Si, thus the lateral distribution 

Key words: polycrystalline, sillcon, diffusion, lon Implantation. 

Table I. Poly-Si deposition conditimls 

Temperature 850'C 
Gas components SIHcHe = 1:3 
Gas pressure 0.4 Torr 
Growth rate 4 A/sec 

of impurity concentration can be estimated from the 
oxide thickness. Since the boundary between the oxi- 
dation enhanced region and the nonenhanced region 
can be clearly seen as the changes in interference color 
in these films (the poly-Si and the oxide), the lateral 
diffusion lengths of impurities in the poly-Si films were 
measured with an optical microscope. It was con- 
firmed that the impurity diffusion in the oxidation pro- 
cess at  a low temperature could be neglected in the 
measurement of the lateral diffusion lengths. 

An example of measurement of the lateral diffusion 
length is shown in Fig. 2, where the width of the Mo 
mask pattern ("B") after Mo photoetching, 11, and the 
width of undiffused region ("D") after the oxidation, 
lZ, were measured. The lateral diffusion length [the 
width of diffused region ("C" in Fig. 211, 1, was ob- 
tained by the relation 1 = (11 - 12)/2. The measure- 
ment was taken using the patterns with the larger 
dimensions of the ion-implanted region (the diffusion 
sources) than the lateral diffusion lengths. The lateral 
diffusion lengths measured by this method (shown in 

ion implantation (As' or P') 

fl r , ,  , , TI, , ,diffused region 

Fig. 1. Experimental procedure. I, lateral diffusion length; C,, 
impurity concentration in the ion implanted region ( ~ m - ~ ) ;  N, 
number of impurities in the ion-implanted region ( ~ m - ~ ) ;  CI, 
impurity concentration at  a position distance I from the edge of 
the ion-implanted region (cm-3); NI, number of impurities a t  a 
position distance I from the edge of the ion-implanted region 
(cm-2). 
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method mentioned above used to evaluate the oxide 
thickness. CI can be obtained using the critical dose 
NI, which is related to CI by the following equation 

NI = C~d/r  [I1 

where d is the poly-Si thickness (3010A), and r is the 
ratio of the number of impurities implanted in the 
poly-Si through the surface oxide (0.02 ~ m )  to the 
total dose. 

In order to determine NI, the samples selectively 
implanted with doses of 1.5 X 1014, 3 X lot4, 6 x 1014, 
9 x 1014, 1.2 x 1015, 1.8 x 1015, and 2.4 x 1015 cm-2 

4, ti (----4 
were prepared in the same way as those whose lateral 
diffusion lengths were measured. These samples were 

1num heated at 1000°C for 30 min in an Nt atmosnhere to 

Fig. 2. Example of measurement of a lateral diffusion length. 
Impurily, As; annealing condition, 1 1 W C  15 min in an Nz at- 
mosphere; A, ion-implanted region; B, Mo  mask pattern; C, dif- 
fused region; D, undiffused region; lateral diffusion length I = 
(II - 12)/2 = (22.5-12.5)/2 = 5.0 (cm). 

Fig. 3) are proportional to the square root of diffusion 
time. 

The impurity concentration at a position distance 1 
from the edge of the ion-implanted region is the criti- 
cal concentration C1 above which the oxidation is 
enhanced (see Fig. 1). In order to clarify the applica- 
bility of this method, Cl was studied by the same 

diffusion temp. 

I0OO0C 

- 
O.' 10 100 1000 

diffusion time t (m in )  

obtain a constant impurity concentration throughout 
the thickness and were subsequently oxidized under 
the same conditions as the samples for lateral diffusion 
length measurement. As shown in Table 11, the high- 
est dose among the samples in which the oxide thick- 
nesses of the implanted regions were the same as those 
of unimplanted regions is determined to be NI. It is 
determined that NI is 9 x lOI4 cm-2 for the As+ im- 
planted samples and 1.2 x 1015 cm-2 for the P+ im- 
planted ones. 

As 1's and C;s have been obtained, the effective dif- 
fusion coefficients Dl's can be calculated assuming that 
the following simple one-dimensional equation (7) 
holds 

CI = C, [ I  - erf(1/2d&t)l/2 C2l 

where C, is the impurity concentration of the diffu- 
sion source (ion-implanted region) and is expressed 
as 

C, = N,r/d [31 

where N, is the ion-implanted dose (2 x 1016 cm-2). 
From Eq. [I], [21, and [31 DI can be given by 

Dl (As) = Z2/5.76t [41 

diffusion temp 

,x'90o0c 

diffusion time t (mi n) 

Fig. 3. Lateral diffusion lengths in poly-Si films. (a) implanted As; (b) implanted P 
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Table II. Determination of NI. 0, oxidation was enhanced by impurities (interference color of unimplanted region was different from thot of 
the implanted region); X, oxidation was not enhanced by impurities (interference color of unimplanted region was the same as that of 

the implanted region) 

Dose Icma1 
NI (As) NI (P) 

1.5 x 101a 3 x iwr 6 x 1014 9 x m a  1.2 x lo= 1.8 x lo= 2.4 x lo= 

Impurity 

Impurities implanted selectively into poly-Si diffuse 
in the lateral direction and the perpendicular direc- 
tion, simultaneously. However, in these cases, since 
the measured lateral diffusion lengths (about 1-15 @m) 
are much larger than the poly-Si thickness (0.3 pm) 
and the poly-Si lies between the upper and under- 
lying SiOz, the impurity concentration of the im- 
planted region must become constant throughout the 
thickness in the short heat-treatment time. Therefore, 
it is thought that the ion-implanted region can be 
regarded as a diffusion source with a constant concen- 
tration throughout its thickness, and that the effective 
diffusion coefficients can be approximated by Eq. [4] 
and [5]. On the other hand the diffusion characteristics 
of impurities in poly-Si depend generally on the prop- 
erties of poly-Si such as the grain size and the struc- 
ture, and the difference in diffusion sources (4, 8, 9). 
Moreover, especially in cases where the impurity con- 
centration is high, the diffusion processes are accom- 
panied by poly-Si grain growth. I t  has been observed 
by TEM in this demonstrative experiment that the 
poly-Si grain size increases to some several thousand 
angstroms where the concentration of the impurities 
is more than about 1020 cm-3 with the impurity dif- 
fusion at  high temperature (more than 1000°C for As, 
900°C for P') . Therefore, these diffusion phenomena are 
complex, and the Dis calculated from Eq. [4] and [n 
are at most only the effective values. 

From the experimentally obtained relationship be- 
tween 1 and  fin Fig. 3, Dl(As) and DI(P) in Fig. 4 
were determined using Eq. [41 and [51. The effective 

temperature ("C) 

I diI6 
7 8 9 10 

I O ~ / T (  K-') 
Fig. 4. Diffusion coefficients in poly-Si films. 0, &(As); 0, 

&(PI by this method; +, Dp(As); :I:, DD(P) by SIMS; V, for As 
from Ref. (11); V, for P from Ref. (8). 

didusion coefficients determined from perpendicular 
profiles of As or P in the poly-Si films at  a temperature 
of 700"-800'C (D,'s) are also shown in Fig. 4 for com- 
parison. The deposition conditions of the poly-Si in 
this case are the same as those shown in Table I. An 
example of D, determination is given in Fig. 5. Curve 
" A  in Fig. 5 gives the as-implanted As distribution, 
and "B" shows the redistribution after annealing a t  
800'C for 30 min in an Nz atmosphere. They were 
measured by secondary ion mass spectroscopy (SIMS). 
Although curve "B" does not follow a Gaussian dis- 
tribution, D, is determined so as to fit the calculated 
Gaussian redistribution (curve "C" in Fig. 5) (10) to 
curve "B" in the concentration range near CI (9 is 
3 x 1019 cm-3 for As, and 4 x 1019 cm-3 for P). A 
comparison of Dl's with D,'s shown in Fig. 4 reveals 
that they are almost on the same lines. Thus it is 
considered that there is little difference between the 
effective diffusion coefficient of the perpendicular di- 
rection and that of the lateral direction in this poly-Si. 
Diffusion coefficients in poly-Si in other reports (8, 11) 
are also shown in Fig. 4 for comparison. It should be 
noted thaf these coefficients are a little smaller than 
those in our experiments. However, because of the 
extreme complexity of the diffusion phenomena in 
poly-Si, it is not possible to present a full and precise 

18- 
l o  0 0.2 0.4 

depth in poly-Si ~~ 
Fig. 5. Example of D, determination. Poly-Si thickness, 0.45 sm; 

As dose, 2 X 1018 cm-2; implanted energy, 80 keV; annealing 
condition, 800°C 30 min in an Nz atmosphere; (A), as-implanted 
distribution; (0) redistribution after annealing; (C) calculated 
redistribution. 
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Method to Measure the Precipitated and Total Oxygen Concentration 

in Silicon 
1 

L. Jostrzebski,* P. Zanzucchi, D. Thebault, and J. Lagowski 

RCA Laboratories, Princeton, New Jersey 08540 

The presence of oxygen as a major impurity in Czo- 
chralski (CZ) grown silicon is well known. The oxy- 
gen in CZ silicon is normally present in an amount ex- 
ceeding the solubility limit at room temperature. Thus 
oxygen is incorporated into the CZ silicon lattice in 
various aggregated forms, i.e., precipitates or com- 
plexes. The effect of the various forms of nonintersti- 
tial oxygen on the properties of silicon is complex (1). 
Some of the noninterstitial oxygen, thought to be in- 
corporated as complexes, is known to improve the me- 
chanical strength of silicon wafers, which increases 
wafer resistance to warpage (2). Other noninterstitial 
oxygen, thought to be incorporated in CZ silicon as 
precipitates, can introduce dislocations and reduce the 
mechanical strength of the silicon (3, 4). Furthermore, 
precipitates of this type, which are associated with 
stacking faults in the region of the semiconductor de- 
vice (the substrate surface region), are detrimental to 
electrical performance (5, 6). However, these same de- 
fects can improve electrical performance if, as gettering 
sites, the oxygen related defects are outside the device 
region, e.g., in the interior of the silicon wafer (7, 8). 

Gettering by oxygen precipitates is a widely used 
procedure for which, in each device fabrication proced- 
ure, an optimum size, concentration, and spatial dis- 
tribution of oxygen precipitates exist. The generation 
of the gettering precipitates, i.e., the precipitation ki- 
netics of oxygen in silicon, depends on the concentra- 
tion of the interstitial oxygen (9), carbon (lo),  and, as 
has been shown indirectly ( l l ) ,  on the amount of 
initially precipitated oxygen in as-grown wafers. 

Thus to achieve reproducible oxygen precipitation 
during device fabrication, the amount of oxygen in the 
form of precipitates and complexes in the as-received 
wafers should be measured in addition to monitoring 
the carbon and interstitial oxygen concentration. At 
present, a direct, easy to use method to measure pre- 

Electrochemical Eoc!ety Active Member. 
'Department of Materials Science. Massrlchusetts Institute of 

Technology, Cambridge, Massachusetts 02139. 
Key words: gettering, infrared, impuritles, integrated circuits, 

dissolution. 

cipitate content is not available. The infrared method 
widely used to measure the interstitial oxygen content 
of crystal silicon (12-14) cannot be used directly to 
measure the precipitated oxygen content. As recently 
noted by Hu (15) infrared absorption by some of the 
precipitated oxygen species in silicon is not unique 
and may overlap with the absorption of the interstitial 
oxygen species. In other forms of precipitates, a unique 
absorption band may be relatively weak or absent due 
to symmetry properties. Only by annealing for long 
periods of time has strong, unique infrared absorption 
related to oxygen precipitates been detected (16, 17). 
This procedure is not practical for evaluating silicon 
wafers prior to use in device manufacture. 

The concentration of oxygen precipitates can, how- 
ever, be determined indirectly by measuring the differ- 
ence between the total and interstitial oxygen concen- 
tration of as-received wafers. An infrared absorption 
method for indirectly determining the precipitate, i.e., 
noninterstitial oxygen, content in CZ grown silicon is 
reported here, and an example of the application of 
this method to evaluate the precipitate content in waf- 
ers used for device fabrication is given. 

Commercially available (100) oriented, 3 and 4 in. 
diam, Czochralski grown silicon wafers were used in 
this study. The selection was random, i.e., a given boule 
or position in a boule was not specified. The interstitial 
oxygen concentration in the samples was determined 
from the magnitude of the 0.9 pm absorption band (12) 
measured at room temperature with a Digilab FTS-15C 
Fourier Transform Spectrometer. Sets of silicon sam- 
ples were heat-treated at temperatures of 1200°, 1240°, 
1300°, or 1350°C for times ranging from a few minutes 
to about 2 hr in argon, oxygen, or air ambients. After 
heating, samples were rapidly cooled to room temper- 
ature with an average cooling rate of 3OO0C/min. Ex- 
perimental data showed that a cooling rate exceeding 
15"C/min was sufficient enough to prevent reprecipi- 
tation of oxygen. The surface oxide was stripped off 
in HE' solution. The wafers were lapped to remove from 
the surface about a 40 pm layer thought to be depleted 
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of oxygen by outdiffusion. This was determined by sec- 
ondary ion mass spectrometry (SIMS). These were 
then repolished using colloidal silica and the concen- 
tration of the interstitial oxygen was remeasured. 

The concentration of the interstitial oxygen in CZ 
grown silicon as a function of time for heat-treatment 
at 1300" and 1250°C is shown in Fig. 1. Initially the in- 
terstitial oxygen concentration increases, then reaches 
a maximum, constant concentration within the first 
hour of heat-treatment. With further heat-treatment 
the oxygen content tends to decrease due to outdiffu- 
sion of oxygen. The time required to reach a maximum, 
constant interstitial oxygen concentration, is reduced 
when the temperature is increased. The reduction of 
the oxygen concentration after heat-treatment for long 
periods of time is more significant at  higher temper- 
atures and it has been found to depend on the anneal- 
ing atmosphere. 

Figure 2 shows the interstitial oxygen concentration 
in samples from the same wafer as a function of heat- 
treatment temperature for a constant time of 1 hr. A 
significant increase in the interstitial oxygen concen- 
tration takes place after heat-treatment above 1250°C. 
For the samples studied, anneal at the highest temper- 
ature, e.g., 1350°C, does not increase the interstitial 

I l l  I  I  I l l  I 
0 2  4 6 8 1 0 1 2 1 4  

A N N E A L  TIME (hrs) 

Fig. 1. Dependence of interstitial oxygen concentration on time 
for annealing a t  1 3 W  and 1350°C. 

AS A N N E A L I N G  T E M P E R A T U R E  :C 
G R O W N  

Fig. 2. Dependence of interstitial oxygen concentration on tem- 
perature for 1 hr annealing. 

oxygen concentration above the value obtained after 
a 1300°C heat-treatment. 

Comparison of the data of Fig. 2 to the solubility 
curve for oxygen in silicon given by Hrostowski and 
Kaiser (18) and the interstitial oxygen content of CZ 
silicon determined by Tempelhoff et al. (17), Fig. 3, 
is significant. Clearly the data of the latter and this 
work are following the solubility curve for oxygen in 
silicon. The fact that the data of this work appear 
slightly above the solubility curve is not significant 
since there are errors in measuring the oxygen content 
of thin wafers by the infrared absorption method. 

From these data, it is evident that the increase in the 
interstitial oxygen concentration after heat-treatment 
is caused by decomposition of oxygen precipitates. At 
high temperature, when the concentration of dissolved 
interstitial oxygen is below the solid solubility limit, 
the dissolution of oxygen precipitates will take place 
as, for example, reported by Yue and Ruiz in their 
study of oxygen precipitation kinetics (19). Oxygen 
from precipitates will be incorporated into silicon lat- 
tice at  interstitial positions. During rapid cooling of the 
silicon to room temperature, the interstitial oxygen re- 
mains frozen in the silicon lattice. The oxygen does not 
have enough time to precipitate even when the oxy- 
gen concentration exceeds the solubility limit at the 
lower temperatures (16-18). The critical rate of cool- 
ing required to maintain oxygen frozen in the inter- 
stitial positions was established from measurements of 
the intensity of interstitial oxygen band (after 1300nC, 
1 hr annealing) as a function of cooling rate. For cool- 
ing rates above 15"C/min, this intensity remains con- 
stant while for the cooling rates below 1BoC/min it was 
decreasing with rate. The decrease has been interpre- 
tated as due to precipitation of oxygen and, therefore, 
it has been assumed that for cooling rates exceeding 
15"C/min oxygen remains frozen in-the interstitial po- 
sitions. Because the solubility and diffusivity of oxygen 
in silicon increases with temperature, the increase in 
temperature from 1250" to 1300°C accelerates the pre- 
cipitated dissolution process, which accounts for data 

X TEMPELHOFF, ETAL 

THIS WORK 

---HROSTOWSKI A N D  
KAISER 

Fig. 3. Interstitial oxygen concentration in silicon 0s o function 
of temperature. Comparison of data by Hrostowski and Kaiser with 
those of Tempelhoff e t  01. and this work. 
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presented in Fig. 1. The observed decrease of the inter- 
stitial oxygen concentration during prolonged heat- 
treatment is caused by outdiffision of oxygen from the 
silicon. Although the solubility of oxygen in silicon is 
significantly higher at  1350°C than it is at  1300°C (181, 
heating at 1350°C did not increase the oxygen concen- 
tration above that obtained after 1300°C heat-treat- 
ment (Fig. 2). Therefore, we conclude that all measur- 
able oxygen in the silicon of this study has been intro- 
duced into interstitial sites by a 1 hr, 1300°C heat-treat- 
ment. The critical temperature, time, and cooling rate 
required to dissolve and maintain oxygen in interstitial 
positions is expected to vary depending on concentra- 
tion and form of oxygen precipitates. The procedure 
presented here allows this to be established unambigu- 
ously in each case. 

After heat-treatment for 1 hr at  1300°C, measure- 
ment of the infrared absorption at 9.0 /Am gives the 
total oxygen concentration present in silicon. The dif- 
ference between the interstitial oxygen concentration 
of the silicon after heating to 1300°C and prior to heat- 
ing determines the amount of the oxygen bound in pre- 
cipitates or complexes in as-grown crystals. 

This procedure was used to determine the amount of 
precipitated oxygen present in as-received, CZ wafers 
normally used in device production. The concentration 
of the interstitial oxygen measured across 4 in. diam 
wafers at  the center, center to edge midsection, and 
edges with a 0.5 cm diam aperture prior to and after 
the 1300°C heat-treatment for 1 hr in argon, is pre- 
sented in Table I. In as-received wafers the radial dis- 
tribution of oxygen is typical of CZ wafers as reported 
previously (20, 21), i.e., the total oxygen concentration 
shows a slight decrease in the center, increases to a 
maximum in the center to edge midsection of the wafer, 
and decreases at  the wafer edge. After a 1300°C heat- 
treatment, the oxygen concentration in the wafer cen- 
ter is practically the same as at  the edge. Thus for this 
case, a reduction in the interstitial oxygen concentra- 
tion measured at the edge of as-received wafers should 
not be attributed to the segregation of the oxygen dur- 
ing crystal growth process but to a difference in the 

Table I. Interstitial oxygen concentration (ppma) measured across 
silicon wafers 

Center Middle Edge 

As grown 
Annealed 1300°C 

28 30 21 
34 

Oxygen in complexes 
36 36 

7 
i n  virgin wafers 

15 

amount of 
and edge. 

precipitated oxygen at  the wafer center 

Defect formation and oxygen precipitation kinetics 
in silicon during heat-treatments involved in IC fabri- 
cation can vary critically among wafers with similar 
interstitial oxygen and carbon concentrations for as- 
grown wafers but with different amounts of precipi- 
tated oxygen (22). Figure 4 presents the distribution 
of the precipitated oxygen measured in silicon wafers 
bought from two different suppliers but containing a 
similar concentration of interstitial oxygen and carbon 
(-4 x 1016 cm-3). For the concentration of the in- 
terstitial and precipitated oxygen measured at  the cen- 
ter of each wafer, it is evident that the amount of pre- 
cipitated oxygen in the two groups of wafers is quite 
different. The first group of wafers has a lower concen- 
tration of precipitated oxygen compared to the second 
group although the wafers from the second group h a w  
a narrower distribution of interstitial oxygen content 
than the wafers from the first group. The difference in 
the concentration of precipitated oxygen is probably 
caused by the difference in the silicon crystal growth 
conditions, especially the rate of cooling down the sili- 
con crystals after growth (11). 

The indirect analysis procedure of measuring the 
amount of oxygen precipitation is, therefore, useful in 
evaluating silicon wafers prior to use in device manu- 
facturing. It is significant that in the wafers analyzed 
we did not detect infrared absorption related to some 
of the oxygen precipitates previously reported in liter- 
ature (15-17). Even with improved sensitivity, i.e., 
measurements made at liquid helium temperature, 4.2 

c (A) INTERSTITIAL OXYGEN 
W 
V) 

IL 2 0  
0 
I- 
Z 
W g lo 
W 
a 

OXYGEN, ppma 

STlT lAL  OXYGEN 

LIMIT LIMIT 
OXYGEN, ppma OXYGEN, ppma 

Fig. 4. Distribution of interstitial oxygen (Fig. 4% C) and noninterstitial oxygen (Fig. 48, D) in wafers from two different suppliers. The 
measurement was made a t  the center of the wafers. 
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K, and in a long path prism configuration (14, 23), di- 
rect measurement of oxygen precipitate content was 
not possible. In the second case the wafer thickness 
is effectively increased by the multiple reflection of 
light, and therefore, the sensitivity of the absorption 
method is increased by about one order of magnitude 
compared to normal transmittance. In general, infrared 
absorption modes related to the precipitates have not 
been observed in the wafers studied, even though large 
amounts of precipitated or complexed oxygen are 
thought to be present. 

We conclude that the method described allows for 
determination of the total and, indirectly, the precipi- 
tated, i.e., noninterstitial, oxygen content in silicon 
wafers. The oxygen precipitate content is an important 
parameter in the evaluation of the internal gettering 
process for IC manufacture. 
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Erratum 

In the paper "Preparation and Electrical Properties November 1981 issue of This Jourml, pp. 2472-2475, the 
of VzO3 Single C~ystals of Controlled Stoichiometry," 
by S. A, Shivashankar, R. Arag6n, H. R, Harrison, C. J. following corrections should be noted: In figures 2 and 

Sandberg, and J. M. Honig, which appeared in the 4, y should be replaced by y/2. 
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-BRIEF COMMUNICATIONS 

Chemical Methods for the Deposition of Thin Films of Sb2Se3 and Sb203 

R. N. Bhattacharya and P. Pramanik 

Department of Chemistry, Indian Institute of Technology, Kharagpur- 721302, India 

Thin f i lm deposition of bismuth chalco- 
genides, lead selenide, lead oxide, thallium 
oxide by c h d c a l  method has been reported 
(1,2,3,4,5,6). This br ief  communication des- 
cribes the authors' successful attempt i n  
deposition of Sb2Se and Sb 0 t h i n  films by 
chemicalmeans. 2 3 

A sodium selenosulfate solut ion is  pre- 
pared by refluxing 5 gm selenium powder with 
12 gm of sodium s u l f i t e  (anhydrousj i n  200 ml 
of water f o r  about 1 0  hours and subsequently 
cooled f o r  10-12 hours. On cooling, a l i t t l e  
selenium separates out from the solution. It 
i s  then f i l t e r e d  to obtain a c lea r  solution. 

22 gm potassium-antimony1 t a r t r a t e  is  
dissolved i n  250 ml water t o  obtain a s a t u r a  
ted solut ion of potassium-antimony1 ta r t ra te .  

25 ml Sb3+ solution i s  taken i n  a glass  
beaker. 2.5 id triethanolamine and 30 m l  
17(N) NH40H are  added to it and s t i r red .  To 
t h i s  solut ion 12.5 ml sodium-selenosulfate 
solut ion is added. 

Two cleaned glass  nlides a re  clamped 
ver t i ca l ly  i n t o  the glass  beaker containing 
the  solution. When it is  kept a t  room tempe- 
rature (30'~) f o r  about 10 hours, uniform 
f i lms of SbqSeg a r e  obtained on the glass  
substrates. They a re  then taken out,  washed 
with water and dried i n  open air. The Sb2Se3 
f i b s  are found to be 0.L9.3 microns thick. 
Thickness of the f i lm increases with the 
increasing amount of t h e  ammonia solution and 
also with time. 

I n  another experiment, 40 ml sb3 is  
taken i n  a beaker and 20 m l  sodium s e l e n o s u l  
f a t e  i s  added t o  it. Two cleaned glass  s l i d e s  
a r e  clamped ver t i ca l ly  i n t o  the g lass  beaker 
containing the solution. When it is  kept a t  
room temperature (30%) f o r  about 6 hours, 

Key words - Antimony Selenide, Antimony Oxide, 
Thin films, Chemical deposition 

uniform films of Sb20 a re  obtained on the 
g l a s s  substrates. A s  2n the previous experi- 
ment, they are  taken out, washed with water 
and dried i n  open a i r .  The Sb2O3 films a re  
found t o  be 0.2-0.3 microns thick. 

X-ray d i f f rac t ion  data  f o r  S b 2 9  show 
d i s t i n c t  &lines. The composition f o r  both 
the  films i s  confirmed by atomic absorption 
spectrophotometer method and gravimRtric 
analysis. Scannlng electron microscopy 
reveals random d is t r ibu t ion  of small crysta- 
l l i t e s  f o r  both the films. Fig. (1) and 
Fig. (2) show the  d i s t r ibu t ion  of Sb2Se and 
Sbpqj c r y s t a l l i t  e s  respectively. Spe c d . c  
resis tance of the films measured by four- 
probe method and also by electrometer is  

ohm-cm f o r  Sb203. Plactronic spectra of 
8f the  order of 107 ohm-cm f o r  Sb2Seg and 1 0  

Sb2Ss3 are  shown i n  Fig. (3). Optical band 
gap i s  found t o  be 1.88 eV f o r  SbpSe3 a t  room 
temperature (30°c). The band gap and r e s i s t i -  
v i t y  of Sb2Seg s ing le  c rys ta l  reporte  % by J. Black st a l .  (7) a re  1.2 eV and 1 0  ohm-cs 
respectively. J.G.N. Braithwite (8) reported 
band gap of evaporated film of Sb2Se3 t o  be 
1.35 eV. 

Fig. 1. Scanning Electron Hicrograph of 
Sb2Se3 t h i n  f i lm (B. S.E. ; 1210X) 
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Fig. 2. Scanning Tlectron Micrograph of 
Sbpq th in  film (B.S.5.; 1600X) 

Pig. 3. Electronic Spectra of Sb2Se3 
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p-Type Amorphous SiliconlLiquid Junction Solar Cell 

William M. Ayers*al 

Exxon Research and Engineering Company, Linden, New Jersey 07036 

The a p p l i c a t i o n  o f  s e m i c o n d u c t o r  
p h o t o e l e c t r o d e s  t o  l i q u i d  j u n c t i o n  
s o l a r  c e l l s  and c h e m i c a l  s y n t h e s i s  
r e a c t i o n s  r e q u i r e s  t h e  deve lopmen t  
o f  low c o s t ,  t h i n  f i l m ,  s t a b l e  
m a t e r i a l s .  S t a b i l i t y ,  i n  t h i s  
c o n t e x t ,  means t h e  l a c k  o f  f o r m a t i o n  
of a n  i n s u l a t i n g  o x i d e  o r  s u r f a c e  
p h a s e  t h a t  w i l l  b l o c k  t h e  p a s s a g e  o f  
c u r r e n t .  We r e p o r t  o n  t h e  c h a r a c t e r -  
i s t i c s  o f  s u c h  a  m a t e r i a l ,  p - t y p e  
amorphous  s i l i c o n  (p-a-Si :H) ,  and 
t h e  f i r s t  l i q u i d  j u n c t i o n  s o l a r  c e l l  
b a s e d  on t h i s  m a t e r i a l .  The s e c o n d  
p u r p o s e  o f  t h e  n o t e  i s  t o  d e m o n s t r a t e  
t h a t  t h e  Fe rmi  l e v e l  o f  p-a-Si:H i s  
n o t  p i n n e d  by a q u e o u s  e l e c t r o l y t e s .  

The p-a-Si:H s a m p l e s  were  made 
by D C  p l a sma  d e c o m p o s i t i o n  o f  s i l a n e .  
The d o p i n g  s e q u e n c e  was p+ (2% B2H6 
i n  S iH4)  f o l l o w e d  by a  p- l a y e r  
(10ppm B2H6) on e i t h e r  s t a i n l e s s  
s t e e l  o r  C o r n i n g  EC7059 g l a s s  
s u b s t r a t e s .  The band gap i s  a p p r o x -  
i m a t e l y  1.7eV ( 1 ) .  The s a m p l e s  were  
2p i n  t h i c k n e s s  w i t h  0 .18  cm2 exposed  
t o  t h e  e l e c t r o l y t e .  Samples  w e r e  
e t c h e d  i n  4 : l  ammonium f l u o r i d e /  
h y d r o f l u o r i c  a c i d  p r i o r  t o  e a c h  
e x p e r i m e n t .  

H e l l e r  e t  a 1  have  shown t h a t  t h e  
Fe rmi  l e v e l  o f  p - t y p e  c r y s t a l l i n e  
s i l i c o n  i s  n o t  p i n n e d  i n  a q u e o u s  
e l e c t r o l y t e s  ( 2 ) .  T h e i r  demons t r a -  
t i o n  c o u n t e r e d  p r e v i o u s  c l a i m s  t h a t  
t h e  Fe rmi  l e v e l  o f  t h e  c r y s t a l l i n e  
m a t e r i a l  was p i n n e d  ( 3 ) .  The 
maximum p h o t o v o l t a g e  a t  a n  i d e a l  
e l e c t r o l y t e  j u n c t i o n  i s  t h e  d i f f e r -  
e n c e  be tween  t h e  e l e c t r o l y t e  p o t e n -  
t i a l  and  t h e  f l a t - b a n d  p o t e n t i a l .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  
Member. Keywords: amorphous  s i l i c o n ,  
p h o t o e l e c t r o d e ,  Fe rmi  l e v e l  p i n n i n g .  

A t  l i g h t  i n t e n s i t i e s  i n s u f f i c i e n t  t o  
f l a t t e n  t h e  b a n d s ,  t h e  p h o t o v o l t a g e  
i s  d e c r e a s e d  by t h e  e x t e n t  o f  t h e  
band b e n d i n g .  Hence ,  t h e  maximum 
p h o t o v o l t a g e  d e p e n d e n c e  on e l e c t r o -  
l y t e  p o t e n t i a l  i s :  

( i Y & ) = l - ( d V S )  
dE0 [ 

Where Vph i s  t h e  p h o t o v o l t a a e .  V s  i s  - .  

t h e  p o t k n t i a l  a t  ;he e l e c t r o d e  
s u r f a c e  and EO i s  t h e  e l e c t r o l y t e  
p o t e n t i a l .  I n  t h e  a b s e n c e  o f  s u r f a c e  
s t a t e s ,  t h e  s u r f a c e  p o t e n t i a l  i s  
c o n s t a n t  and  t h e  p h o t o v o l t a g e  l i n e a r -  
l y  f o l l o w s  c h a n g e s  i n  t h e  e l e c t r o l y t e  
p o t e n t i a l .  As t h e  s u r f a c e  s t a t e  
d e n s i t y  i n c r e a s e s ,  (dVs/dEO) a p p r o a c h -  
e s  u n i t y  and t h e  p h o t o v o l t a g e s  
become p i n n e d  o r  i n s e n s i t i v e  t o  
c h a n g e s  i n  t h e  e l e c t r o l y t e  p o t e n t i a l .  

The r e d o x  p o t e n t i a l  o f  t h e  
vanadium u s e d  i n  t h e s e  e x p e r i m e n t s  
d r i f t s  f rom -0.5V t o  +0.2V v s .  SCE 
a s  oxygen  d i f f u s e s  i n t o  t h e  s o l u t i o n .  
I t  i s  a  c o n v e n i e n t  s y s t e m  f o r  
d e t e r m i n i n g  t h e  p h o t o v o l t a g e  depend-  
e n c e  on t h e  e l e c t r o l y t e  p o t e n t i a l .  

F i g .  1 i l l u s t r a t e s  t h e  d e c r e a s e  
i n  p-a-Si:H p h o t o v o l t a g e  a s  t h e  
vanad ium e l e c t r o l y t e  d r i f t s  t o  more  
o x i d i z i n g  p o t e n t i a l s .  The t o t a l  
vanadium c o n c e n t r a t i o n  o f  t h e  
p - a - S i : ~ / v n / n + l ,  HCl /P t  c e l l  i s  
0.2M and  t h e  H C 1  c o n c e n t r a t i o n  i s  
4M. A t  p o t e n t i a l s  more n e g a t i v e  
t h a n  -0.05V v s .  SCE, t h e  b a n d s  bend 
downward a t  t h e  i n t e r f a c e  a s  would 
b e  e x p e c t e d  f rom a  p - t y p e  m a t e r i a l .  
As t h e  e l e c t r o l y t e  d r i f t s  t o  more 
o x i d i z i n g  ( p o s i t i v e )  p o t e n t i a l s ,  t h e  
p-a-Si:H Fe rmi  l e v e l  d r o p s  f l a t t e n -  
i n g  t h e  bands  and  r e d u c i n g  t h e  
p h o t o v o l t a g e .  A t  e l e c t r o l y t e  
p o t e n t i a l s  more p o s i t i v e  t h a n  +0.05V 

1 Present address: Energy Conversion Devices, 
Incoqmrated, North Branch, New Jersey  08876. 
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vs .  SCE, t h e  s i g n  of  t h e  p h o t o v o l t a g e  
changes  i n d i c a t i n g  i n v e r s i o n  o f  t h e  
band b e n d i n g .  

S i n c e  t h e  p h o t o v o l t a g e  i s  n e a r  
s a t u r a t i o n ,  t h e  i n i t i a l  s l o p e  o f  
F i g . 1  and  Eq. ( I ) ,  y i e l d  t h e  
dependence  o f  t h e  s u r f a c e  v o l t a g e  on 
t h e  e l e c t r o l y t e  p o t e n t i a l .  With  t h e  
a s s u m p t i o n  t h a t  t h e  s u r f a c e  s t a t e s  
behave l i k e  a  c a p a c i t o r  o f  5A 
t h i c k n e s s ,  6 ,  and  d i e l e c t r i c  c o n s t a n t  
of u n i t y ,  a n  a p p r o x i m a t e  c a l c u l a t i o n  
of t h e  d e n s i t y  o f  s t a t e s  y i e l d s :  

and Ns = 2 x  I 

A l though  t h e r e  a r e  s u r f a c e  s t a t e s  
p r e s e n t ,  t h e  Fe rmi  l e v e l  o f  t h e  
p - t y p e  amorphous  s i l i c o n  i s  n o t  
p i n n e d  by them. 

Electrolyte Potential. E' vs. SCE (V) 

F i g u r e  1. D e c r e a s e  i n  c e l l  p h o t o -  
v o l t a g e  a s  e l e c t r o l y t e  d r i f t s  t o  
more p o s i t i v e  ( o x i d i z i n g )  p o t e n t i a l s  
v s .  SCE. 

As a  c h e c k  t o  i n s u r e  t h a t  t h e  
d e c r e a s e  i n  p h o t o v o l t a g e  i s  d u e  t o  
t h e  p-a-Si:H F e r m i  l e v e l  s h i f t  and  
n o t  t o  t h e  g r o w t h  o f  a n  i n s u l a t i n g  
o x i d e  l a y e r ,  t h e  r a t e  o f  e l e c t r o l y t e  
p o t e n t i a l  a n d  p h o t o v o l t a g e  c h a n g e  
w e r e  m e a s u r e d .  T h e i r  s y m m e t r i c a l  
t i m e  r e s p o n s e  ( F i g . 2 )  i l l u s t r a t e s  
t h a t  t h e  s-Si:H d o e s  f o l l o w  t h e  
c h a n g e  i n  e l e c t r o l y t e  p o t e n t i a l  e v e n  
a t  r a t e s  a s  f a s t  a s  25mVlmin. 

i l l u m i n a t i o n  i s  i l l u s t r a t e d  i n  F i g .  3 .  
A l s o  shown on t h e  f i g u r e  i s  t h e  
c u r r e n t - v o l t a g e  b e h a v i o r  o f  t h e  
e l e c t r o l y t e  be tween  two p l a t i n u m  
e l e c t r o d e s .  The r e c t i f y i n g  b e h a v i o r  
o f  t h e  c e l l  and  s i g n  o f  t h e  p h o t o -  
c u r r e n t  a r e  t h o s e  e x p e c t e d  f o r  a  
p - t y p e  m a t e r i a l .  

I n  t h e s e  p r e l i m i n a r y  e x p e r i m e n t s ,  
t h e  l a r g e s t  b u t  n o t  o p t i m i z e d  c e l l  
power o u t p u t  was o b t a i n e d  b y  d r i v i n g  
t h e  e l e c t r o l y t e  p o t e n t i a l  t o  -0.51V 
v s .  SCE t h r o u g h  t h e  a d d i t i o n  o f  
e x c e s s  z i n c  powder t o  t h e  s o l u t i o n .  
The open  c i r c u i t  v o l t a g e  i s  0.41V, 
t h e  s h o r t  c i r c u i t  c u r r e n t  i s  0 .18 
m ~ / c m '  and  t h e  f i l l  f a c t o r  i s  0 . 3  
( F i g .  4 ) .  A t  4 0 m ~ / c m ~  i l l u m i n a t i o n  
f rom a  t u n g s t e n  lamp ( u n c o r r e c t e d  
f o r  r e f l e c t i o n  and  s o l u t i o n  a b s o r b -  
a n c e ) ,  t h e  c e l l  h a s  a n  e f f i c i e n c y  
o f  0 .06%.  The low s h o r t  c i r c u i t  
c u r r e n t  s u g g e s t s  p o o r  c h a r g e  c a r r i e r  
t r a n s p o r t  i n  t h e  m a t e r i a l .  The 
p h o t o v o l t a g e  s a t u r a t e s  a t  low l i g h t  
i n t e n s i t y  ( ~ 4 0 m ~ / c m ~ )  i n  t h i s  e l e c -  
t r o l y t e  i n d i c a t i n g  t h a t  r e c o m b i n a t i o n  
a n d / o r  t r a p p i n g  a r e  l i m i t i n g  t h e  
t r a n s p o r t .  I t  i s  n o t  y e t  known 
w h e t h e r  l a r g e r  p h o t o v o l t a g e s  c o u l d  
b e  o b t a i n e d  w i t h  e l e c t r o l y t e  c o n t a c t s  
<-0.5V v s .  SCE. 

0 10 20 30 40 50 60 70 

Time (rnin) 

F i g u r e  2 .  R a t e  o f  p h o t o v o l t a g e  and  
e l e c t r o l y t e  p o t e n t i a l  c h a n g e .  
S y m m e t r i c a l  r e s p o n s e  i n d i c a t e s  pho to -  
v o l t a g e  d e c r e a s e  i s  n o t  due  t o  
i n s u l a t i n g  o x i d e  g r o w t h .  

The c u r r e n t  v o l t a g e  b e h a v i o r  o f  
t h e  c e l l  i n  t h e  d a r k  and  u n d e r  
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Dark Current 

/ 1 V vs. SCE 

F i g u r e  3 .  C u r r e n t  v o l t a g e  b e h a v i o r  
f o r  p - a - ~ i : ~ / ~ n / n + ' , H C 1 / P t  c e l l  i n  
d a r k  and  i l l u m i n a t e d  a t  4 0 r n ~ / c m ~  
(-0.39V v s .  SCE). I n s e r t  shows 
c u r r e n t  v o l t a g e  r e s p o n s e  f o r  same 
e l e c t r o l y t e  be tween  two p l a t i n u m  
e l e c t r o d e s .  

0  0.25 0.5 

Cell Voltage 

F i g u r e  4 .  C e l l  power w i t h  e l e c t r o l y t e  
a t  -:0.51V v s .  SCE. Open c i r c u i t  
p h o t o v o l t a  e ,  0.42V, s h o r t  c i r c u i t ,  f 0 .18  mA/cm a t  40 mw/cm2. F i l l  
f a c t o r  0 .3 .  

A s  p o i n t e d  o u t  by H e l l e r  e t  a l ,  
p - t y p e  s i l i c o n  p h o t o e l e c t r o d e s  a r e  
s t a b i l i z e d  by t h e  d e p l e t i o n  f i e l d  
d r i v i n g  e l e c t r o n s  t o  t h e  e l e c t r o l y t e  
i n t e r f a c e .  These  c a r r i e r s  ' c a t h o d -  
i c a l l y  p r o t e c t '  t h e  s u r f a c e  by i n -  
h i b i t i n g  t h e  s i l i c o n  o x i d e  r e a c t i o n .  
The p-a-Si:H e l e c t r o d e  i s  r e m a r k a b l y  
s t a b l e  i n  t h i s  a q u e o u s  e l e c t r o l y t e .  

With  t h e  e l e c t r o l y t e  p o t e n t i a l  a t  
-0.4V v s .  SCE, t h e  c e l l  s u s t a i n e d  a  
1 . 3 p ~ / c m ~  c u r r e n t  d e n s i t y  (10mW HeNe) 
f o r  o v e r  a n  h o u r  w i t h o u t  a n  i n d i c a t i o n  
o f  f a i l u r e .  P r e v i o u s  s t u d i e s  w i t h  
undoped h y d r o g e n a t e d  amorphous  
s i l i c o n  (wh ich  f o r m s  n - t y p e  d e p l e t i o n  
r e g i o n  l i q u i d  j u n c t i o n s )  showed t h a t  
t h e  m a t e r i a l  formed a  b l o c k i n g  o x i d e  
w i t h i n  30 m i n u t e s  u n d e r  s i m i l a r  
c o n d i t i o n s  ( 4 ) .  

I n  summary, t h e  v i s i b l e  a b s o r p -  
t i o n ,  v a r i a b l e  j u n c t i o n  p o t e n t i a l ,  
and  s t a b i l i t y  make p - t y p e  amorphous  
s i l i c o n  a  p r o m i s i n g  t h i n  f i l m  p h o t o -  
c a t h o d e  m a t e r i a l .  I t s  c h i e f  l i m i t a -  
t i o n  a t  t h e  moment i s  t h e  low s h o r t  
c i r c u i t  c u r r e n t .  B e t t e r  u n d e r s t a n d -  
i n g  o f  t h e  s i l a n e  d e c o m p o s i t i o n  
p r o c e s s  and  s i l i c o n  i n c o r p o r a t i o n  
i n t o  t h e  g r o w i n g  f i l m  w i l l  p e r h a p s  
a l l o w  c o n t r o l  o f  t h e  s t r u c t u r a l  
d i s o r d e r  and  t r a n s p o r t  p r o p e r t i e s  o f  
t h e  m a t e r i a l .  
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Semiconductor Electrodes 

XLVI. Stobilizotion of n-Silicon Electrodes in Aqueous Solution Photoelectrochemical Cells by 
Formation of Platinum Silicide Layers 

F.-R. F. Fan, G. A. Hope, and Allen J. Bard* 

Department of Chemistry, The University of Texas, Austin, Texas 78712 

The s t a b i l i z a t i o n  of small bandgap semi- 
conductors agains t  photocorrosion i n  photo- 
electrochemical (PEC) c e l l s  i s  necessary in 
the design of prac t ica l  c e l l s  f o r  the  con- 
version of s o l a r  energy t o  e l e c t r i c i t y ,  and 
i s  of c r i t i c a l  importance in  photoelectro- 
synthetic systems where the  photogenerated 
holes produce highly oxidizing species  (e.g. ,  
Br2, 02, C12, e t c . )  a t  t he  seniiconductor sur-  
face. One approach involves t he  u t i l i z a t i o n  
of t h in  f i lms of metals ( 1 )  o r  semiconductors 
(2)  t o  protec t  t he  surface .  The deposit ion of 
conductive polymer l aye r s  (3 )  o r  protec t ive  
polynier f i lms ( 4 )  on the  semiconductor surface  
can a l s o  decrease the  r a t e  of photocorrosion. 
Highly stab1 e n-Si photoelectrodes can be 
achieved by coating the  photoanode with a t h in  
gold o r  platinum l aye r  overcoated with a th ick  
polypyrrole (PP) f i lm (5) .  The increased s t a -  
b i l i t y  can mainly be a t t r i b u t e d  t o  t he  rapid 
in t e r f ac i a l  charge t r a n s f e r  k ine t i c s  between 
Si and t h e  (metal/PP) overlayer and those be- 
tween the  (metal/PP) layer  and so lu t ion  . . 

species ( 6 j .  
There i s  a wealth of information concern- 

ing th in  f i  lm-semiconductor reac t ions ,  especi-  
a l l y  metal t h in  f i lms on s i l i c o n  (7,8). 
Metals deposited upon Si can r eac t  t o  form 
various compounds, which exh ib i t  me ta l l i c  
conduct iv i ty ,  good mechanical adhesion, and 
reasonable chemical s t a b i l i t y .  We repor t  here 
a study of t he  electrochemical (EC) and PEC 
behavior of s i l i c ide -coa ted  s i l i c o n  e lec t rodes  
in aqueous so lu t ion ,  and amplify our prelimin- 
ary r epo r t  (9 )  of t he  s t a b l e  PEC performance 
of such e lec t rodes  i n  aqueous solu t ions  con- 
ta in ing several  redox couples. We demonstrate 
t h a t  P t  s i l i c i d e  coated n-Si e lec t rodes  can be 
employed t o  f a b r i c a t e  s t a b l e  PEC c e l l s  with 
aqueous solu t ions  containing various r e  o 
couples, e . g . ,  reZi/3+, 1-113-, Fe(CN)$-y4-. 
Power conversion e f f i c i ences  of 5 t o  8% a t  
65 mw/cm2 i r r a d i a t i o n  from a tungsten-halogen 

* Electrochemical Society Active Member 
Keywords: photoelectrochemistry,  s o l a r ,  

semiconductor, s t a b i l i z a t i o n  

lamp can be a c h i e ~ e d  by choosing a su i t ab l e  
redox solu t ion  and by optimizing the  condi- 
t i ons  used t o  prepare the  s i  1 i c ides .  

Platinum s i l i c i d e s  were prepared by pro- 
cedures reported previously (8) .  N-Si 
s ing le  c r y s t a l s  (0.4 t o  0.6 Rcm) donated by 
Texas Instruments were u l t r a son ica l ly  cleaned 
in t r ichloroethylene ,  acetone,  and methanol. 
Immediately p r io r  t o  vacuum deposit ion of 
pla-tinum, the  n-Si c r y s t a l s  were etched twice 
with 48% HF solut ion  f o r  10 min. The etched 
c r y s t a l s  were then rinsed thoroughly with d i s -  
t i l l e d  water and methanol and dr ied  in  vacuum. 
The platinum f i lms were deposited by f l a s h  
evaporation of a known amount of P on the  
n-Si c r y s t a l s  a t  a pressure of t o r r .  The 
thickness of t he  P t  f i lm  deposited was c a l i -  
brated spectrophotometrically.  Immediately 
a f t e r  metal deposit ion,  the  Pt-coated n-Si 
c r y s t a l s  were annealed in s i t u  a t  bout 400°C 8 f o r  5-15 min. a t  a pressure of 10- t o r r .  The 
c r y s t a l s  obtained showed a mirror- l ike  surface 
with no obvious p i t s  when examined a t  a magni- 
f i c a t i  on of 500X. 

The de t a i l ed  procedures f o r  preparing the  
ohmic contac ts ,  mounting and sea l ing  the  elec- 
t rodes  a r e  s imi l a r  t o  those previously re-  
ported (5a ) .  The voltammetric experiments and 
the  so l a r  c e l l  measurements were performed 
with t he  same apparatus and procedures a s  re- 
ported previously (10 ) .  The l i g h t  source used 
in the  study of the  PEC e f f e c t  was a tungsten- 
halogen lamp f i t t e d  with a 13 cm th ick  water 
f i 1 t e r .  The Auger e lec t ron spectroscopic (AES) 
measurements were performed with a Physical 
Electronics 590 system. Reagent grade chemi- 
c a l s  were used without f u r t h e r  pu r i f i ca t ion .  
All so lu t ions  were prepared from t r i p l y  d is -  
t i l l e d  water. All experiments were carr ied  
out  with t he  solu t ion  under a nitrogen atmos- 
phere. 

The Auger depth p r o f i l e  (Fig. 1 )  of the  
annealed specimen of Pt  on n-Si showed t h a t  a t  
t he  surface ,  a s ign i f i can t  amount of S i ,  oxy- 
gen and P t  ex is ted .  A t  increasing spu t t e r  
times the  oxygen s ignal  quickly disappeared 
and the  P t  s ignal increased with increasing 
depth f o r  t he  f i r s t  20 a.  Near 20 4, t he  
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signal  due t o  the oxygen vanished; on the 
other hand, a s i g n i f i c a n t  P t  s igna l  remained 
t o  a depth o f  about 80 a. The Si s ignal  i n -  
creased s tead i l y  up t o  a depth of about 80 A. 
Thus P t  d i f f uses  i n t o  the  Si f o r  a consider- 
able distance anddoes not  merely form an ad- 
l aye r  on the surface. Oxygen (perhaps from 
the t h i n  nat ive  oxide l aye r )  remains r i g h t  on 
the surface and does not  d i f f u s e  deeply i n t o  
the S i  substrate. 

The current-vol tage curve f o r  an n-Si, 
electrode, which was coated w i t h  about 40 A 
o f  P t  and annealed a t  400" C a t  10-6 t o r r  f o r  
10 min., i n  a so lu t i on  containing 1 FeC12, 
0.1 il FeCl and 1 M HC1 under i l l u m i n a t i o n  
o f  63  m!~l/ci@ (tungsten halogen lamp) i s  shown 
i n  Fig. 2. The i n i  i a l  s h o r t - c i r c u i t  cur rent  $ densi ty i s  16 mA/cm , the open-c i rcu i t  v o l t -  
age i s  0.38 V and the f i l l  f a c t o r  0.62. The 
maximum power conversion e f f i c i e n c y  i s  thus 
5.8%. S t a b i l i t y  tes  s (Fig.  3) under i l l u -  3 minat ion o f  65 mW/cm showed no de te r i o ra t i on  
i n  s h o r t - c i r c u i t  current,  a s l i g h t  increase 
i n  open-c i rcu i t  voltage, and about a 10% de- 
crease i n  the f i l l  f a c t o r  ( f f )  a f t e r  20 days 
o f  discontinuous i l l um ina  i o n  w i t h  the  pas- t sage o f  about 10,000 C/cm . No apparent 
change i n  the  electrode surface was observed 
a f t e r  t h i s  extended i r r a d i a t i o n  under a mag- 
n i f i c a t i o n  o f  500X. A be t te r  f i l l  f a c t o r  was ob rved for  
1-11 ( f f  = 0.72) and Fe(CN)s3-jp- ( f f  = 
0.707 cot!ples. Under s i m i l a r  i l l u m i n a t i o n  
condi t ions , these three couples show essen- 
t i a l l y  the  same open-circui t voltage. How- 
ever, F ~ ( c N ) ~ ~ - / ~ -  gives the highest hor t -  h c i r c u i t  cur rent  densi ty (ca. 20 mA/cm ) and 
1-11 - the lowest (ca. 13 rn~/cmZ> (perhaps 
becaase o f  so lu t i on  absorption o f  i nc iden t  
l i g h t  by 13-1. 

I n  conclusion, P t  s i l i c ide-coated n-Si 
electrodes have been shown t o  g i ve  h igh l y  
s tab le  PEC performance i n  aqueous solut ions.  
The exceptional s t a b i l i t y  and performance 
o f  these PEC c e l l s  might be due t o  the  fo l low-  
ing: (1) fas t  i n t e r f a c i a l  charge t rans fe r  
k i ne t i cs  between the n-Si substrate and the 
plat inum s i l i c i d e  and between plat inum s i l i -  
c ide  and so lu t i on  redox species; (2)  separa- 
t i o n  of region o f  photocharge c a r r i e r  genera- 
t i o n  from so lu t i on  contamination; (3)  good 
mechanical s t a b i l i t y  o f  the s i l i c i d e  on the 
s i  1 icon substrate; (4)  reasonable chemical 
and electrochemical s t a b i l i t y  of the s i l  i c i de .  
Detai led EC and PEC studies on d i f f e r e n t  
s i l i c ide-coated electrodes and su i t ab l y  modi- 
f i ed  forms o f  these electrodes for  the  s tab le  
photooxidation o f  Br-, C1- and H20 w i l l  be 
pub1 ished e l  sewhere. 
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F i g .  1: Auger dep th  p r o f i l e  o f  annealed 
specimen o f  P t  on n-Si .  P t  t h i c k n e s s  depos- 
i t e d  -4.0 1. Anneal i n g  temperature 400' C 
a t  T, t o r r  f o r  15 min. S p u t t e r i n g  r a t e  
% 10 f i lmin.  

Photovoltage, V 
F ig .  2: Pho tocur ren t -pho tovo l tage  c h a r a c t e r -  
i s t i c s  o f  t h e  c e l l  n-Si  ( P t  s i l i c i d e  coa ted) /  
1 .0 >l FeC12, 0. 1 FeC13, 1 V HCl/Pt  a t  65 
m~/c;fii! i l l u m i n a t i o n .  P t  t h i c h e s s  depos i ted  

% 40 1. Annea l ing  temperature 400°C a t  % 

10-6 t o r r  f o r  10 min.  ( a )  Before  long-  
t e r n  s t a b i l i t y  t e s t .  (b )  A f t e r  l o n g - t e n  
s t a b i l i t y  t e s t .  

hm days 
Time 

F i g .  3: Pho tocur ren t - t ime  behav io r  o f  p l a t i -  
num s i l i c i d e  coated n-Si  e l e c t r o d e s  i l l u m i -  
na ted  w i t h  tungsten-halogen lamp a t  65 mH/cmZ 
a t  b i a s i n g  p o t e n t i a l  a t  0.4 V vs SCE. Solu- 
t i o n  and e l e c t r o d e  a r e  s i m i l a r  t o  those used 
i n  F i g u r e  2. I l l u m i n a t i o n  t i m e  n e r  day ranged 
f rom 4 t o  24 hours. 
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Zirconium and Its Alloys. J. P. Pemsler, E. C. W. Perryman, Electron and Ion Beam Science and Techno10gy9 Sixth 
and W. W. smeltzer,  it^^^, A 1965 symposium, 205 International Conference. R. Bakish, Editor. A 1974 sym- 
pages. posium. 594 pages. 

t Mes8urement Techniques for Thln Films. B. Schwartz and Energy H' P' Silverman and J' '' Berkowitz' 
N. Schwartz, Editors. 1965 and 1966 symposia. 347 pages. A 1975 258 pages. 

, Electrode Second Conference. E. Yeager 
Chemical Vapor Deposition, Fifth International Confer- 

Hoffman, and E. Eisenmann, Editors. A 1966 sympos;um: ence. J. M. Blocher, Jr., H. E. Hintermann, and L. H. 

190 pages. Hall, Editors. A 1975 symposium. 848 pages. 

' Electrolytic ~ectincati'bn end Conduction Mechanisms In Etching' G' Hughes and M' J' Editors' A 
Anodic Oxide Fllms. P. F. Schmidt and D. M. Smyth, Symposium'203 pages' 
Editors. A 1967 symposium. 230 pages. * Electrode Materials and Processes for Energy Conversion 

' Electrets and Related Electrostatic Charge Storage Phe. and Storage' J' D' E' Mclntyre, S' Srinivasans and F' G' 

nomena. L. M. Baxt and M. M. Perlman, Editors. A 1967 Will1 A symposium' 340 pages' 
symposium. 150 pages. Electron and Ion Beam Science and Technology, Eighth . Dielectrophoratlc and Electrophoretic E. F. 

International Conference. R. Bakish, Editor. A 1978 sym- 

Pickard and H. A. Pohl, Editors. A 1967 symposium. 138 posium' 297 pages' 
pages. ' International Symposium on Solar Energy. J. B. Berkowitz 

Electron and Ion Beam Science and Technology, Third In- and I' A' Leskl Editors' A symposium' 372 pages' 

ternationat Conference. R. Bakish, Editor. A 1968 sym- ~ i ~ h - ~ ~ ~ ~ ~ ~ ~ t ~ ~ ~  nqetallic corrosion of Sulfur and Its 
posium. 725 pages. Compounds. 2. A. Foroulis, Editor. A 1969 symposium. 276 

' Optical Properties of Dielectrlc Films. N. Axelrod, Editor. Pages. 
A 1968 symposium. 325 pages. Properties of Electrodeposita-Their Measurement and . Film Dlelectrlcs. F. Vratny, Editor. A 1968 symposium. Significance. R. Sard, H. Leidheiser, Jr., and F. Ogburn, 

680 pages. Editors. A 1974 symposium. 430 pages. 

Chemical Vapor Deposition, Sixth lnternational Confer- * Ohmic Contacts B. Schwartz* ence. L. F. Donaghey, P, Rai-Choudhury, and R. N. Tauber, A 1968 symposium. 356 pages. 
Editors. A 1977 symposium. 596 pages. 

' Semiconductor Silicon- R. Haberecht and E. L. Battery Design and Optimization. S. Gross, Editor. A 1978 Editors. A 1969 symposium. 750 pages. symposium. 486 pages. 

~hemlca l  Vapor Deposition, Second Inte:national Confer- ' The Electrocatalysis of Fuel Cell Reactions. W. E. O'Grady, ence. J. M. Blocher, Jr. and J. C. Withers, Editors. A 1970 S. srinivasan, and R. F. Dudley, Editors. A 1978 workshop. symposium. 872 pages. 228 pages. 

* Marine Electrochemistry. J. B. Berkowitz, M. Banus, M. J. Electron and Ion Beam Science and Technology, Fourth 
pryor, R. Horne. P. L. Howard, G. C. Whitnack, and H. V. lnternational Conference. R. Bakish, Editor. A 1970 sym- 
Weiss, Editors. A 1972 symposium. 416 pages. posium. 680 pages. 

' Semiconductor Silicon 1973. H. R. Huff and R. R. Burgess, ' Plasma Processing. R. G. Frieser and C. J. Mogab, Edi- 
Editors. A 1973 symposium. 936 pages. tors. A 1980 symposium. 360 pages. 

Order from University Mlcrofiims, Inc., 300 North Zeeb Street, Ann Arbor, Mich. 48106. Specify an Electrochemical 
Society volume. 

f Order from Johnson Reprint Co., 355 Chestnut St., Norwood, N.J. 07646. Specify an Electrochemical Society vol- 
ume. 
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J O U R N A L  O F  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

REVIEWS A N D  NEWS 

SECTION NEWS NEW MEMBERS 

C h i c a g o  Sec t ion  

The seventh meet ing o f  the  Chicago 

Section was Graduate Student  Mini -  

Symposium o n  "Research in Electro- 

chemistry and  Surfaces." It was he ld  o n  

April 15, 1982 a t  Al len Center, North- 

western University. Prof. Donald Smith, 

Northwestern University, was t h e  tech- 

nical chairman and  organizer. The pro- 

gram covered six papers o f  recent elec- 

trochemical research interest such as 

the development o f  a new electroana- 

lytical technique fo r  organic drug assay, 

characterization o f  porous electrode 

and gas-metal interface, e lectron trans- 

port process in polymer film coated 

electrode, quant i tat ive evaluation o f  

electrode reaction kinetics, and thin 
electrode film characterization by sur- 
face enhanced Raman spectroscopy. 

Graduate students and  facul ty  members 

of five universities, three f rom I l l inois 

and two f rom Wisconsin, took part  in 
this event. Forty-five members, students, 

and guests at tended t h e  meeting. The 

symposium was followed by a tour  of 

the electrochemical research labora- 

tow. 
Basanta Mahato 

Secretary 

Southern C a l i f o r n i a - N e v a d a  Sec t ion  

On Apr i l  6, 1982, t h e  Southern Cali- 

fornia-Nevada Section m e t  f o r  i t s  regu- 

1 larly scheduled dinner meeting. Dr. 

/ Ralph Bmdd, immediate Past-President 

of The Electrochemical Society, spoke 

on "Batteries a n d  Electric Vehicles," 

comparing electr ic  vehicle battery can- 

didates and  speculating as  t o  wh ich  

technology might dominate in the  fu- 
ture. Dr. Brodd also discussed current 

ECS affairs, deta i l ing the  f iscal and  

membership growth o f  t h e  Society. H e  

noted tha t  Joseph C. Schumacher o f  

the local  section is  the  recip ient  of the  

Vittorio d e  Nora-Diamond Shamrock 

Award fo r  h is  work in electrochemical 

technology. 

It i s  a pleasure t o  announce t t ie  fo l -  
lowing new members o f  The Electro- 
chemical Society as recommended by 
the Admissions Committee and  ap- 
proved by the  Board o f  Directors in 
May 1982. 

Active Members 

Abu-Zeid, M. M., Nuenen. The Netherlands 
Ahmad, A,, Ottawa. Ont., Canada 
Alderman, J. C., Northants, England 
Anderson. C. R., Silver Spring, MD 
Battista, M. A,, Ridgefield, CT 
Blanco, M. E.. Wayne, NJ 
Bomch~l, G.. Meylan. France 
Bradley. M. C., Philadelphia, PA 
Bukin, C. I., Richardson, TX 
Castor. W. S., Jr.. Bethlehem, PA 
Chan, W. K., Murray Hill, NJ 
Chang, P., San Jose, CA 
Chen J -R. Taiwan China 
ciapie; T.'w.. oklihoma City, OK 
Cookingham. R.. Rochester, NY 
Darken. L., Oak Ridge, TN 
De Battisti. A., Borsari, Italy 
Donepudi, V. S., Ottawa, Ont, Canada 
Elliott. J. K., Albuquerque, NM 
Esqulvel, A. L., Dallas, TX 
Gillespie, L. J., Brooklyn Center, MN 
Gross, M.. Murray Hill. NJ 
Harr~ngton, 0. A,, Ottawa, Ont.. Canada 
Huq, R., Philadelphia. PA 
Hyde, P. J.. Los Alamos, NM 
Itoh, H., Arlington, MA 
Jack, R., Poughkeepsie, NY 
Jacy. O., Campbell, CA 
James, R. W., Nepean. Ont., Canada 
Jenkins. G. M.. Kanata. Ont., Canada 
Karoly, R. F.. Whitehall, PA 
Khosla, R. P.. Rochester. NY 
Khoyetsan, R., Toronto, Ont.. Canada 
Koike, A., Tokyo, Japan 
Kuwana. T.. Columbus. OH 
Lasky, J. B., Essex Junction, VT 
Leef, A,, Burlington, MA 
Levy. I. I., Valdosta, GA 
Lie-Wei. Y., Taiwan, China 
Liu. J.-C., Taiwan, China 
Liu, P.-H., Redondo Beach, CA 
Malinski. T.. Houston, TX 
Merritt, D. R.. Brooklyn Center, MN 
Miller. B. E.. Wheaton, IL 
Morioka. Y., Hyogo, Japan 
Morrison, A. D., Pasadena, CA 
Motamedi. M. E.. Thousand Oaks, CA 
Nadezhdin, D. S., Ottawa. Ont., Canada 
Nguyen, V. S., Essex Junction, VT 
Nirdosh, I., Thunder Bay. Ont., Canada 
Novotnv. D. B.. Bethesda. MO 
Ong. ~ d ~ u r r a y  Hill. NJ 
O'Toole, M. M., Palo Alto, CA 
Pace, L. J.. Rochester, NY 
Patton J C. Columbia MD 
powell: J: L.: Hopewell junction, NY 
Rekhtman. R., El Segundo, CA 
Roth. W. L.. Schenectadv. NY 
 usl ling, J. 'T.. Storrs, c i '  
Salmon, M., Coyoacan, Mexico 
Sarkar, N.. New Orleans. LA 
Sato, K., Danbury, CT 
Schaeffer, C. A,, Colchester, VT 
Schmidt. T.. Edmonton, Alta., Canada 
Sereda. M. W., Wellesley. MA 
Sharma. L. R.. Chandigarh. India 
Sirkin. E. R., Pal0 Alto, CA 
Smith. G. C.. Dallas. TX 

Wang, D. C.. Anahelm, CA 
Warren, L. F.. Thousand Oaks, CA 
Westendorf, G., Santa Clara, CA 
Wettstrom. R.. Skoghall. Sweden 
Williams, D. S., Murray Hill. NJ 
Yamamoto, T., Yokohama. Japan 
Yang. K.-H.. Poughkeepsie, NY 
Yasar, T., West Hurley. NY 
Zhiming. C.. London, Ont.. Canada 

Student Members 

Akano, U. G., ~ami l ion,  Ont., Canada 
Dogan, N.S., Ann Arbor, MI 
Oubetz. T. A,, Edmonton. Alta.. Canada 
Graham. J. A.. Los Angeles. CA 
Harkness. T. L.. State College, PA 
Herrera, P.. Santiago, Chile 
Lee. B. I.. Gainesville. FL 
Pardo. J. E.. Rio Piedras. PA 
Perino. S.. Stanford. CA 
Quinones. A. G.. Bayamon, PR 
Stratton. T. G.. Cambridge, MA 
Wessel. S., Coquitlam. B.C.. Canada 

Reinstatements 

Fan. J. C. C.. Lexington, MA 
Hansen. W. N., Logan. UT 
Raistrick, I. D.. Stanford, CA 

N E W S  ITEMS 

Symposium on E lec t ro -Organ ic  

Synthesis 

The Royal Society o f  Chemistry is  

sponsoring a symposium o n  Electro- 

Organic Synthesis a t  the North E. Wales 

Institute, Cartrefle College, Wrexham, 

o n  Sept. 22-24, 1982. 

For fur ther  information, contact Dr. 

D. R. Palmer, Palmer Research Ltd., 

Mostyn Road, Holywell, Clwyd CH8 9DN. 

U.K. 

Symposium on E lec t rochemica l  

Eng ineer ing  Aspec ts  o f  

Electroplating 

A Symposium o n  Electrochemical En- 

gineering Aspects o f  Electroplating w i l l  

be held Aug. 29-Sept. 1, 1982, in Cleve- 

land, Ohio. These sessions are being 

organized under the auspices o f  the 

American Inst i tute o f  Chemical Engi- 

neers. For fur ther  information, contact 

Mr. G. Chiffriller, American Inst i tute of 

Chemical Engineers, 345 East 47th St., 

New York, NY 10017. 
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Senior Technicall 
Scientific 

Coordinator 
Lawrence Berkeley Laboratory in. 
vites ail persons with electro. 
chemical expertise to apply for 
this position. As Sr, Coordinator 
responsibilities will include: han. 
dling technical contract manage- 
ment, reviewing and evaluating re- 
search proposals, and planning 
and coordinating long range tech- 
nical programs. 

A BS in science or engineering 
with emphasis in electrochemistry 
strongly recommended. A back- 
ground in electrochemical energy 
conversion research is preferred 
as well as familiarity with contract 
management with emphasis on 
technical areas. Demonstrated or- 
ganizational and writing skills are 
a mus t .  Salary range i s  
$2150-$3130 per month. 

Please send two copies of your 
resume, including salary history 
to: Cathy Boyd, Job tC10230, 
Lawrence Berkeley Laboratory, 
Building 65, 1 Cyclotron Road, 
Berkeley, CA 94720. An equal op- 
portunity employer mlflh. 

LAWRENCE 
BERKELEY 
LABORATORY 

P O S I T I O N S  W A N T E D  

Please address replies to the box 
number shown, c/o The Electrochemi- 
cal Society, Inc., 10 South Main Street, 
Pennington, N.J. 08534-2896. 

Technical Librarian-With a backmround in 
chemistry and experience in the baitery field 
is Jeeking work which will utilize these 
special abilities. Please contact Mr. Philip 
E. Krouse. 216 Bipl Oak Road. Morrisville. 
Pennsylvania 19067- 

trial/acadeinic experience. Process/pmduct 
develooment; process design; metal p!ating. 
corrosion. extraction. and reduction: materi- 
a~sisurface characterizatibn: e~ectroiktel;o~u- 
tion formulation: transient and steidy-state 
electrochemical technioues; statistical optim- 
ization. Accomolishments. Publications and 
reports. Sintering and casting. Available im- 
mediately. Willing to relocate. Reply Box 
C-238. 

Section News . . . . . . . . . . . . . . . . . .  253C 
New Members . . . . . . . . . . . . . . . . . .  253C 
News Items . . . . . . . . . . . . . . . . . . . .  253C 
Positions Wanted . . . . . . . . . . . . . .  254C 
ECS Membership Statistics . . . .  254C 
Call for Recent News Papers- 

Detroit, Michigan, Meeting . . .  255C 
ECS Financial Statements, 1981 

256C-257C 
ECS Committees . . . . . . . . . . . . . . .  258C 
Call for Papers-San Francisco, 

California, Meeting . . . . . . .  .265C-270C 

ECS members hi^ Statistics 
The following three tables give a breakdown of membership as of May 1,1982. 

Table I. ECS Membership by Sections 

Section 1979 1980 1981 1982 

Boston 295 345 377 391 
Chicago 243 245 235 235 
Cleveland 134 131 141 142 
C!olumbus 75 78 74 68 
Detro i t  124 117 128 129 
European (not officially formed-no bylaws) - - 20 59 
Indianapolis 27 24 31 31 
Metropolitan/New Y o r k  601 636 652 657 
Midland 28 32 27 24 
National Capital Area 151 168 164 164 
Niagara Fal ls (Inactive) 73 141 139 113 
N o r t h  Texas 142 189 201 205 
Ontario/Quebec 137 145 151 163 
Oregon - - 11 70 
Pacific Northwest 91 84 82 26 
Philadelphia 204 216 228 217 
Pittsburgh 129 129 120 114 
Rocky Mounta in 88 103 126 148 
San Francisco 404 479 559 626 
South Texas (Inactive) 47 39 27 24 
Southern California/Nevada 271 305 308 308 
T w i n  Cities - - 46 97 
Non-Section 1128 1019 1063 1098 ---- 

Subtotal-In Good Standing 4392 4625 4910 5109 
Delinquents (Active and Student) 554 758 739 840 

T O T A L  4 9 4 6 5 3 s 3 j 6 4 9 5 9 4 9  ---- 
Table II. ECS Membership by Divisions or Group* 

Division/Group 1979 1980 

Batterv 1355 1409 
Corrosion 
Dielectrics and Insulat ion 
Electrodeposition 
Electronics 

N e w  Electronic Technologies 
Semiconductors 

Electrothermics and Meta l lurgy 
Industr ial  Electrolyt ic 
Luminescence and Display Materials Group 
Organic and Biological Electrochemistry 
Physical Electrochemistry 
Energy Technology Group 

A member may be included in the count of several divisions or groups. 

Table Ill. ECS Membership by Grade 

Category 

Active 
Member Reps. o f  

Contr ibuting Companies 
Emeritus 
L i f e  
Honorary 

Subtotal Active in 
Good Standing 

Delinquent 
Tota l  Active o n  Record 

Student Members in 
Good Standing 

Delinquent 

Tota l  Students o n  Record 
Tota l  Ind iv idual  Members 

May 1 
1982/1981 

1978 1979 1980 1981 1982 %Increase 

3569 3763 3916 4188 4319 3.13 
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I I 
CALL FOR RECENT NEWS PAPERS 

AND EXTENDED RECENT NEWS PAPERS 

Detroit, Michigan Meeting 
October 17-22, 1982 

TRIPLICATE copies of a 75-word abstract of a Recent News Paper, for a lo-minute presentation, must be re- 
ceived by the Symposium Chairman not later than August 23,1982. 
TRIPLICATE copies of a 75-word abstract and, ALSO a 200-300 word abstract of an Extended Recent News Paper, 
for a 20-minute presentation, must be RECEIVED by the Symposium Chairman not later than August 16, 1982. 

ELECTRONICS DIVISION AND DIELECTRICS AND 
INSULATION DIVISION 

Recent News Papers and Extended Recent News Papers are invited for the sessions sponsored by the Elec- 
tronics and Dielectrics and Insulation Divisions for the 1982 Fall Meeting in Detroit, ,Michigan. The time allotted 
for the 75-word Recent News Paper will be 10 minutes, including 2 minutes for discussion. The time allotted for 
the Extended Recent News Paper will be 20 minutes, including the questionlanswer period. 

The Extended Recent News Paper requires, in  addition to the 75-word abstract, a 200-300 word abstract in  trip- 
licate and should be received significantly earlier than the normal deadline date because these papers will be 
reviewed for technical content, appropriateness of the paper, time limitations, duplication of material, etc. 
Topics for Recent News Papers and Extended Recent Newspapers include: 

1. Automotive Microelectronics and Reliability 
2. Very Large Scale Integration Science and Technology as well as topics of general interest. 

Copies of all abstracts, as outlined above, should be sent to the Recent News Papers Symposium Chairman: 
G. C. Schwartz, IBM Corporation, Department 206, Zip 48A, Route 52, Hopewell Junction, New York 12533. PLEASE 
NOTE THE DEADLIN,ES ARE FOR REOElVlNG THE PAPERS AND NOT FOR MAILING THEM. 

The Energy and Environment Divi- 
sion has a Staff Scientist position to 
conduct research relevant to elec- 
trochemical energy storage. Will 
participate in LBL's Electrochem- 
ical Research Program by monitor- 
ing external research projects, re- 
viewing research proposals and 
making site visits. Requires sub- 
stantial demonstrated research ex- 
pertise in membrane transport, ma- 
terials science, polymer science 
fuel cells andlor photoelectrochem- 
istry. Prefer a PhD. in chemical en- 
g~neering, materials science or ap- 
plicable scientific field. 
Please send two resumes includin 
salary history to: Employment OR 
fice. Lawrence Berkeley Labora- 
tory, University of California, One 
Cyclotron Road. Berkeley. CA 
94720. An Equal Opportunity Em- 
ployer MIFIH. Please specify Job 
#A0228 

ADVERTISERS' INDEX 

ECO instruments .................... 2600 
Gould, Inc. .......................... 2550 
JEC Press ........................... 262C 
Lawrence Berkeley Laboratory ........ 254C 
Lawrence Berkeley Laboratory ........ 2550 
Phwnix Materials Corp. ............ 2850 
Princeton Applied Rarearch Carp. .... 2810 
Texas Instruments ................... 2% 

and electrical products, is expanding its materials research capabilities 
at its modern research center in Rolling Meadows, a city 30 miles 
northwest of Chicago. 

Materials Science 
Opportunities 

Materials Science 
This is a senior position with responsibility for initiating and managing 
projects covering a variety of materials needs. Candidates should have 
an advanced degree and a wide experience and interest in materials 
R&D in relation to high technology products. Good planning and 
interpersonal skills necessary as there will be considerable interaction 
with operating divisions. 

Ill-V Materials 
This is a key position in a new electronic materials group. Candidates 
will be responsible for growth of Ill-V compounds and should have an 
advanced degree. Experience in MBE preferred and familiarity with 
other growth techniques desirable. 

For immediate and confidential consideration, send a resume to: The 
Employee Relations Department, Dept. #115-82, Gould Inc., Gould 
Laboratories, 40 Gould Center, Rolling Meadows, IL 60008. An Equal 
Opportunity Employer MIFIH. 

Electronics & Electrical Products 



The Electrochemical Society, Inc. * 
Financial Statements as of December 3 1, 1981 

COMBINED BALANCE SHEET 

ASSETS 

UNRESTRICTED FUNDS 
CURRENT ASSETS: 

............ ................... Cash and time deposits .... ...................................... Certificates of deposit 
Accounts receivable. less allowance for doubtful accounts of 

$1,500 ..................................................... 
Inventories ................................................. 
Prepaldexpenses and deposits ............................. 

................... .. TOTAL CURRENT ASSETS.. ... 

PROPERTY, PLANT. AND EQUIPMENT, at cost-Note 3: 

Land ....................................................... 
Building .................................................... ....... ........................ Furniture and equipment ... 
Less accumulated depreciation 

....... NET PROPERTY. PLANT, AND EQUIPMENT 

SHARED INVESTMENT FUND-Note 2 .................... 
OTHER ASSETS, NET OF ACCUMULATED AMORTIZA- 

TION .................... .... ............................. 

ENDOWMENT FUNDS 
SHARED INVESTMENT FUND-Note 2 

LIABILITIES AND FUND BALANCES 

UNRESTRICTED FUNDS 
CURRENT LIABILITIES: 

.... Current installments of mortgage note payahle-Note 3 $ 9.549 
......................................... Accounts payable.. 27.752 

........................................... Deferred revenue 444.148 

..................... TOTAL CURRENT LIABILITIES 481.449 

MORTGAGE NOTE PAYABLE, less current install- 
ments-Note 3 . .  .................... ... ................... 124.984 

FUND BALANCES: 

TOTAL FUND BALANCES 

ENDOWMENT FUNDS 
FUND BALANCES .......................................... $ 274.613 

See accompanying notes to combined financial statements 

COMBINED STATEMENT OF REVENUES, EXPENSES NOTES TO COMBINED FINANCIAL STATEMENTS 
AND CHANGES IN FUND BALANCES 

THE ELECTROCHEMICAL SOCIETY. INC. 
December 31. 1981 

Unrestricted Endowment NOTE I-SUMMARY OF SIGNIFICANT ACCOUNTING POLICIES 
Funds Funds -- 

REVENUES: 
Financial a t a t ~ m e n t p e n t a t i a n :  The combined financial statements include 
the accounts of the oclety and ~ t s  Divisions. Group, and Local Sections. 

Publications ................................ $ 644.399 
Membership ................................. 225.461 
Society meetings ............................ 259.300 
Monograph royalties.. ....................... 6,524 

................. Investment income-Note 2 90.031 
Gifts.. ....................................... 21.541 

EXPENSES: 

Publications ................................. 668.489 
Membership ................................. 17.885 
Society meetings ............................ 90.025 
Society activities ............................ 57.507 
General and administrative .................. 286.357 
Society office buildin 7 ........................ 21.068 
Prizes. awards, and fe lowsh~ps .............. 23.970 
Interest-Note 3 ............................. 16.705 

1;182.0(16 

EXCESS OF REVENUES OVER EXPENSES 81.743 

.......... Fund balances a t  beginning of year. .  182.913 
FUND BALANCES AT END OF YEAR.. ..... $ 864.656 - 

See accompanying notes to comhined financial statements. 

Fund accounting To ensure observance of ltmrtatlons and restrlctlons placed 
on the use of resources available to The Elertrorhrmlcal Suclety. Inc . the  ac. 
counts of the Sortety are matntarned ~n accordance wtth the pnnctplcs of fund 
account!n Thts rr the procedure by whtrh resources for various purposes are 
rlasr~fled %r accountmg and rrpartlng purposes mtr, funds rsbbltshrd ar- 
cardrng to them nature and purposes Separate accounts are malnmrned for 
each fund. however. I" the acrompanyrng rombaned financ~al smtvments. 
funds that have srrnnlar rharacterrst~rr have been eomb~ncd rnto fund groups. 
Avc#,rdlnalv, all finanetal Iransartlnns have been recorded and r e ~ o n e d  by 
fund group. 

The assets. liabilities, and fund balances of the Society are reported m two self- 
balancing fund groups as follows: 

- Unrestricted funds: 

- General operating fund-funds available for general operations of the 

- signed purposes. 12.860 Endowment funds: - Endowment funds are subject to the restrictions of gin instruments 
re umn in perpetuity thattheprinci al heinvestedand theincomeonly be 
u t j ized .hnd balancesat ~ e c e m b e r  ?I. 1981 ~nclude$43,913ofunexpended 
income 

I n c l u d e s  tbe Socie it. Divisions. Group, and Local Sections. 
See notes to ~nanclQbtaternenta. 

47.416 Revenue recognition: Income received in advance far extended abs t ra~ts  and 
proceedings volumes, which have not yet been pnnted, and membershrp dues 

227.197 pald in advance are recorded as deferred revenue. 

274,613 1"vestment.: Investments are carried at cost and are generally held unul - maturity. 

Inventories: Inventories of publications are stated at the lower of cost. first-in. 
first-out (FIFO) method, or market. 

Depreciation and  amortization: The Society provides for depyia t ion  and 
amortization of plant, equipment, and sonware costs over them estimated use- 
ful laves on the straight-line method. The estimated useful lives in computing 
depreciation and amortization are as follows: 

Building.. .................... .. ......... .. .................. 40 years 
Furniture and equipment.. ..................................... I0 years 
Software costs.. ................................................ 3 years 

lncomo tmes The Soetety qualifies as a tax-exempt organlzatton under Sec 
tton 501(cX3)ofthe Internal Revenuecodeandall nfrts Income, except Income 
eenerated through thr advertrstne tncluded ~n ttr techn8ral lournal. IS excmDt 
&om Federal an2 State income Gxes. 



The Electrochemical Society, Inc. 
Financial Statements as of December 3 1, 1981 

NOTE %SHARED INVESTMENT FUND NOTE3-MORTGAGENOTEPAYABLE 

Unrestnctedand endowmentfundsarelncluded~ntheshared~nvestmentfund The Soeret has a mongage note payable at 12% per annum 
managed by theSocrety. Investment rncame earned by theassets rs allocatedta collatcra&ed by land and bulldmg, payeble m monthly msbll- 
the funds t w r e  a year as of June30 and Decembcr 31 A ~ s e t s  of the fundat De mentq of $2.098 mcludnnp, tnteresf through July 1985 At that 
cember 31. 1981 are as follows t ~ m e  the remafnm~ ~ r m c w a l  balance of $94 000 IS payable .. ~ ........................................................ in total $134,533 

Certificates of deposit .......................................... $172,686 Less current installments ...................................... 9,549 

~~B~&~;;~;;~E~;;;Y,"! v:~e $,5!!.,1,51,), : I I : : : : : : : : : : : : : : : 7 
Mortgage note payable. excluding current installments ......... (124.984 - 

-8 
- 

NOTE C P E N S I O N  PLAN 
The assets of the fund are reflected in the combined balance sheet as follows: 

Unrestricted funds .................... ... ............... $681.485 The Society has a ension Ian under which annuity contracts are purchased 
Endowment funds .............................................. 214.613 fora~eligibleemp[)oyees. &eSociety's policy isto fund pension costs accrued. 

Totalpenslonexpensewas a proximately$8,400,netof$2,100premiumadjus~ 
ment due to voluntary empEyee resignation. 

The Board of Directors 
lhe elrctrochmical So~iety. In=.: 

COMBINED STATEMENT OF CHANGES IN 
FINANCIAL POSITION OF UNRESTRICTED FUNDS 

we have examined the embined balance sheet of The electrocheaical Society. Year ended December 31, 1981 
1.c as of December 31. 1981 and the related cmbinsd statement of revenues. 
erpmse* and cbngea in fund balances and change. in financial poeitian of SOURCES OF WORKING CAPITAL: 
unrestricted funds far the year then ended. our ermin.tion "aa ..de in Fundsprovided from operations: ........................... aceordanee with generally accepted auditing staadards and, accordingly. Excess of revenues over expenses $ 81.143 
included ouch t e s t s  of the accounting records and such orher auditing Items which do not require working capital: ........................... procedure0 as we considered necessary in the cireloatsnees. Depreciation and amortization.. 9,001 

WORKING CAPITAL PROVIDED BY OPERATIONS.. 90,144 
In our opinion, the .forementioned combined financial statements preaent Decrease in working capital ................................... 4.413 
fairly the financial pomition of The Electrochemic.1 Society. Inc. at 
December 31. 1981 and the resnlts of it* oper.tioas, chanpes In fund belences 

tss,zl? 
aod changes in financial Position of unrestricted funds for the year then 
ended. in conformity with gcncrally accepted accounting prineiplea applied w U " p " , ~ C ~ ~ , " $ ~ ~ ~ t , $ . $ ~ ~ ~ * ~ d  equipment , , , , , , , . . , . , , , , , , , , 364 
a basis consistent with char of the preceding ycnr. ........................ Retlrement of mortgage note payable.. 9.549 
The cxamimtiaa referred to primarily taard fonuleriw an Purchases of long-term investments ........................... 85.304 
opinion on the combined financial st.raents of  he Electrochemical society. 595,211 
Inc.. taken as a whole. The ~upploenfary data included in Schedule 1 ia 
presented for eupplementsry analysis purposes and is nor necessary tor a fair CHANGES IN COMP.ONENTS OF WORKING CAPITAL: 
present.tion .f <he financial poairion, result. of operations, ch.D8Ea in Increase (decrease) ln current assets: ...................................... fund balance. end change. in financial of vnresrricred funds of me Cash and time deposits .................. Electrochemice1 Society, 1°C. Ihe eupplemmtary data has been subjected to  Certificates de " '  

auditing proceduze, lo the ination of the combined Accounts receivagle, net.::::::::::::::::::. ............. (2.741) ..................... .................... flomcial and, in our opinion, is in Inventones .... 9,313 
.............................. re.peefa only .,hen in conjvncrion =-bined financisl P'epald expenses and deposits (921) 

srsremenr~ taken as a whole. 121.497 

April 21. 1982 

Increase (decrease) in current liabilities: 
.............. Current installments of mortgage note payable 1.015 

.......................................... 45 A"-..& h%W+6. Accounts payable.. 10,658 ............... ....................... Deferred revenue .... 120.231 
191 01" 

NET DECREASE IN WORKING CAPITAL.. ........... -6?% 

DETAILS OF CHANGES IN FUND BALANCES 
Year Ended December 3 1, 1981 

Schedule 1 

Balance at Excess (Deficiency) Balance a t  
January 1, of Revenues December 31, 

Unrestricted Funds: 1981 over Expenses 1981 

General operating fund .................................................... 
Net investment in property, plant. and equipment. .... ... ... ... .. ..... 
Divisions, Group, and Local Sections ................ .. ................... 
Society Reserve Fund ..................................................... 

.......... ...................... Building Fund ................... ... ... 

Corrosion Dlvision Fund .................................................. 
Corrosion Division Monograph Fund ...................................... 

Ntagara Falls Section Fund ................................................ 
Organic and Biological Division Fund .......................... .... ..... 
Paelfic-Northwest Section Fund ........................................... 
Phlladelphla Section Fund ................................................ 
Physical Electrochemistry Division Fund.. ................................ 
Physlcal Electrochemistry Division-Monograph Fund .................... 
PSC-Publicabon Fund ................................................... 
South Texas Section Fund ................................................ 
Southern California-Nevada Section Fund ................................. .............. Young Authors' Fund ................... ... ........ ...... 

Endowment Funds: 

Csrl Wagner Fund ......................................................... 
Edward Goodrich Acheson Fund .......................................... 
F. M. Becket Memorial Fund ......................... .. .................. 
Grahame AwardFund ................. 
Hen Linford Fund ....................................................... 
0 I i n x n d  ............................................................... 
Solid Sfate Fund ..................... .. ........ .. ....................... 
Vittorio De Nora-Diamond Shamrock Fund ............................... 



Committees of The Electrochemical Society, Inc., 1982-1 983 
Executive Committee of the Board of Directors 

Frederick J. Strieter, Chairman Spring 19113 
J. Bruce Wagner, Jr. Spring 1983 
Paul C. Milner Spring 1983 
Richard C. Alkire Spring 1983 
Forrest A. Trumbore Spring 1983 
Jerome Kruger Spring 1983 

Admissions Committee 
Gunnar Stendahl, Chairman Spring 1985 
Martin F. Quaely Spring 1984 
John L. Everhart Spring 1983 

Contributing Membership Committee 
Henry F. Ivey, Chairman Spring 1983 
Kathryn R. Bullock Spring 1983 
Richard Goodin Spring 1963 

Education Committee 
James McBreen, Chairman Spring 1983 
W. Jean Horkans Spring 1984 
Sigurd Wagner Spring 1984 
B. E. Conway Spring 1985 
William H. Smyrl Spring 1986 
Walter 0. Freitag Term as Chairman, 

Council of Local Sections 
Paul C. Milner Term as Chairman, 

Technical Affairs Committee 
William A. Pliskin Term as Chairman, 

Individual Membership Committee 
Finance Committee 

Jemme Kruger, Chairman Elected Term as Treasurer 
Forrest A. Trumbore Electzd Term as Secretary 
J. Bruce Wagner, Jr. Elected Term as Sr. Vice-President 
Elton J. Cairns Spring 1983 
Arthur Smith Spring 1983 
William McAllister Spring 1984 
Laura Rothman Spring 1984 

Financial Policy Advisory Committee 
Robert E. Visco, Chairman Spring 1985 
Dennis R. Turner Spring 1984 
Patricia L. Castro Spring 1983 
Ken Pickar Spring 1986 
Jerome Kruger Elected Term as Treasurer 

Honors and Awards Committee 
Fritz G. Will, Chairman Spring 1984 
Edward McCafferty Spring 1984 
Robert A. Rapp Spring 1983 
James A. Amick Spring 1983 
James D. E. Mclntyre Spring 1985 
Philip N. Ross, Jr. Spring 1985 
Bruce E. Deal Spring 1986 
Michael J. Pryor Spring 1986 
Frederick J. Strieter Ex Officio as President 

Individual Membership Committee 
William A. Pliskin, Chairman Spring 1985 
David L. Nelson Spring 1983 
Brooke Schumm, Jr. Spring 1984 

Nominating Committee 
Ralph J. Brodd, Chairman Spring 1983 
Forrest A. Trumbore Spring 1983 
J. Bruce Wagner, Jr. Spring 1983 
Robert P. Frankenthal Spring 1983 
Ronald E. Enstrom Spring 1983 

Perkin Medal Award Committee 
Frederick J. Strieter Elected Term as President 
J. Bruce Wagner, Jr. Spring 1983 

Publication Committee 
Robert P. Frankenthal, Chairman Spring 1986 
Forrest A. Trumbore Elected Term as Secretary 
Norman Hackerman Term as Editor of the JOURNAL 
Newton Schwartz Spring 1984 

Rudolf G. Frieser 
Glenn W. Cullen 
Rudo!f Keller 
Isaac Trachtenberg 
Gary McGuire 

Spring 1984 
Spring 1983 
Spring 1983 
Spring 1985 
Spring 1985 

Society Meeting Committee 
Forrest A. Trumbore, Chairman Elected Term as Secretary 
Jerome Kruger Elected Term as Treasurer 
Kenneth A. Bowman Spring 1985 
James R. Huff Spring 1984 
Kenneth E. Bean Spring 1983 
V. H. Branneky Term as Executive Secretary 

(ex-officio non-voting) 

Technical Affairs Committee 
Paul C. Milner, Chairman Elected Term as 

2nd Vice-President 
Richard C. Alkire Elected Term as 

3rd Vice.President 
Ernest Littauer Term as Chairman, 

New Technology Subcommittee 
Glenn W. Cullen Spring 1985 
Robert A. Huggins Spring 1984 
William H. Tiedemann Spring 1983 

Tellers of Election 
Sigurd Wagner, Chairman Spring 1983 
P. N. Yocom Spring 1983 
Ronald K. Smeltzer Spring 1983 
Paul R. Mucenieks, Alternate Spring 1983 
Stephen G. Wechter, Alternate Spring 1983 
Gary N. Taylor, Alternate Spring 1983 

Ways and Means Committee 
J. Bruce Wagner, Jr., Chairman Elected Term as 

1st Vice-President 
Paul C. Milner Elected Term as 

2nd Vice-President 
Richard C. Alkire Elected Term as 

3rd Vice-President 
Eric Brooman Spring 1983 
Herbert P. Silverman Spring 1983 
Geraldine C. Schwartz Spring 1984 
W. Murray Bullis Spring 1984 

Board Representative for Administration 
of the Corrosion Monograph Fund 

Jerome Kruger Spring 1983 

REPRESENTATIVES TO OTHER SOCIETIES 

American Association for Advancement of Science 
Richard C. Alkire Spring 1983 

American National Standards Institute 
Bernard Bergum Spring 1983 

National Research Council-Assembly of 
Mathematical and Physical Sciences 

Forrest A. Trumbore Elected Term as Secretary 

American Society for Testing and Materials 
Robert T. Foley Spring 1983 

American Electroplaters Society-Representative 
of Electrodeposition Division 

John L. Griffin Spring 1983 

Intersociety Energy Conversion Engineering 
Ernest Littauer Spring 1983 

National Inventors Hall of Fame 
Fritz G. Will (Selection Committee) Spring 1983 

Federation of Materials Societies 
Edward McCafferty Spring 1983 
V. H. Branneky, Member, Advisory Board 

Term as Executive Secretary 



Join our dynamic, growing team of experts engaged 
in the development of advanced MOS structures 
and --- -- processes for application to next-generation I 
These highly visible ~ositions reauircl clxnclrimcln- I 

VLSI memory and microprocessor products. From 
conception through prototyping to product 
introduction, you will be involved in all aspects of 
MOS technology. 

.-- - --- r -- ------- 
talists with an advaiced degree in Solid State 
Physics, Electrical Endneering or Matprials science 

.v. A 

-. - - -  --  
ArmitronglP.0. Box 1443, M.S. 631/Houst~,  
Texas 77001. 

* v - - w - -  *-a- ----. 

and a high level of dekonstrated technical abilit,. - - 

background including semiconductor device physics 
is essential and MOS processing experience is 
desirable. Well-qualified recent graduates will be 
considered. 

If you fit this description and are interested in 
tangible work with a challenging future at Texas 
Instruments, a recognized leader in electronics, 
send your resume in confidence tor Dr. Gree I 
TEXAS I N S T R U M E N T S  

I N C O R P O R A T E D  

An equal opportunity employer M / F  I 



Instrumentation for Electrochemistry 

ELECTROCHEMOS( 

)PREPm SYSTEM 
stem for preparative electrosynthesis and 
based on the unique ELECTROPREP cell wh 
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EG&G PRINCETON APPLIED RESEARCH 
PROUDLY INTRODUCES ... - 

THE MODEL 363 

Galvanostat 
for use in electrochemical applications requiring either potential or current control. This powerful yet 
cost-effective unit will find broad application in such diverse fields as corrosion measurements, 
battery and fuel cell testing, electrochemical thickness determinations, and electro-organic synthesis. 

HIGH PERFORMANCE MADE COST EFFECTIVE 
The bipolar potentiostat features k 1 A current capability with a compliance voltage of k 30 V. A 
four-digit thumbwheel switch controls the applied voltage or current. The range of potential control 
is k9.999 V, while current ranges from 1 pA to 1 A are available. The convenient front panel meter 
allows the user to visually monitor either the current or potential while front panel outputs are 
available so that current and potential can be recorded. A connector is available on the front panel to 
accept externally-supplied waveforms such as ramps, triangles, sinusoids, and trapezoids for various 
types of voltammetry. The built-in electrometer prevents reference electrode loading and provides a 
low-impedance, unity-gain monitoring point for the working electrode potential. 

The Model 363 complements our Model 173 Potentiostat for research work and our Model 371 
Potentiostat for high-current applications. The Model 363 Potentiostat/Galvanostat has been 
designed for easy interface with other EG&G PARC instruments such as the Model 379 Digital 
Coulometer and the Model 175 Universal Programmer. Call or write for more information. 

P. 0. BOX 2565 PRINCETON, NJ 08540, USA 609/452-2111 TELEX: 843409 

n EGcG PRINCETON APPLIED RESEARCH 
I 

e* 



Advertisement 

11 I "Progress in Batteries & Solar Cells" Vol. 4 (1982), 400 Pages 
Edited by A. Kozawa, K. V. Kordesch, H. Tamura, E. Voss, H. Joseph, H. Shimotake, etc. About 400pages. Published by JEC Press Inc. $55. 
(Shipping $18 for air, $4 for surface) Contents: about 100 articles under "View From The Top," "Miniature Cells, Li-cells, Silver Cells, 
etc. , "MnO, and Mn02 Cells," "Lead-acid Batteries," "Electric Vehicles, Fuel Cells, Military or Energy-Related Batteries," "Ni-Cd, 
Ni-Hz, and Other Rechargeable Batteries," "Solar Cells, Photoelectrochemical Cells," "Patents and News." 

I.C. 
I.C. 
I.C. 
I.C. 
I.C. 
I.C. 
I.C. 
I.C. 
I.C. 
1.C. 
I.C. 
I.C. 
I.C. 

] Battery Active MnOt Sampl 
No. 1 Electrolytic MnOl made by Ti anode 
No. 2 Electrolytic MnO, made by Pb anode 
No. 3 Electrolytic MnO, made by C anode 
No. 4 Electrolytic Mn0, 
No. 5 Chemically prepared MnO, 
No. 6 Beta MnOp 
No. 7 Natural MnO, ore 
No. 8 Chemically prepared MnO, 
No. 9 Electrolytic MnOZ (coarse grade) 
No. 10 Electrolytic MnO, 
No. 12 Chemical MnOZ 
No. 13 Natural MnO, ore (Comilog) 
Carbon No. 1 (graphite) 

I.C. Carbon No. 2 (acdylene black) 

!s and New Gal rbon Samples for Batteries I 

Left to right: I.C. No. 1 MnO,, I.C. No. 2 MnO,, I.C. No. I3 IlnO,, I.C. 
Carbon No. I (graphite), I.C. Carbon No. 2 (acetylrnc [,lack) 

Price: MnO, $18per bottle (1 Kg, except No. 6,500gi. Carbon $18 per bottle, graphite (No. 1) 400g per bottle, acetylenr black (No. 2). 450g. 
Shipping charge: about $4 for surface and about $18 for air. 

131 Manganese Dioxide Symposium, Vol. 2 (Tokyo) 1980, 700 pages I 
Compiled and Edited by B. Schumm, Jr., H. M. Joseph and A. Kozawa (The I.C. Sample Office). $48 (Shipp~ng: $4.00 surf:.~ce ;ui~l$18 for 
air). This book is a collection of full papers presented at the 2nd MnOZ Symposium in Tokyo with thc~discnrsi~~ns in the ~nreting and other 
related papers which have not been presented in the symposium. 

Contents: Basic structure of MnO,, Electrochemical properties of EMD, CMD, and natural MnO,. Use of Mn02 forbatterirs, cek~lysts. etc. 
Some examples ofpapers are: A New Activated MnOl Evaluated by the Practical ZnCll Cell by Y. Uetani, et al, 0 1 1  the Synthesis ofC41D 
from Mn-Ammonium Carbamate and Its Properties by I. Tanabe, et al, Mixed Oxide of Manganese as Catalysts for F3ydn)gen Pcrnxide 
Decomposition in Oxygen Cathodes in Alkaline Solution by K. Matsuki, H. Takahashi and E. Yeager, Review of Strnctnral Studies of MnO, 
in Relation to Battery Activity by R. G. Burns and V. M. Burns, The Relation Between the Electrochemical Potential ofElectn)deposited 
Manganese Dioxide and its Content of Combined Water by E. Preisler (Hoechst AG. W. Germany), An Interpretation of thr Specific 
Reactivity of MnOz Having a Gamma or a Gamma-Rho Crystal Structure by M. J .  Brenet, P. C. Picquet and J. Y. W'lsh (Sede~na S.A.. 
Belgium), Pykometric Density of Manganese Dioxides by D. M. Holton and F. L. Tye(Berec Group Ltd., England), Electrical end Physical 
Properties of Mn02 Layer for the High Performance Tantalum Solid Electrolytic Capacitor by A. Nishino, A. Yoshid;~ and H. Hayakawa 
(Matsushita Electric Ind. Co., Ltd., Japan). 

Vol. 1 (Cleveland) 1975 is also available 

NEW SERIES: New Materials and New Processes, Vol. 1 & Vol. 2 
Vol. 2 will be a Swcial Issue on Batteries & Surface Finishina 

Edited by M. Nagayama, E. B. Yea er Y Okinaka, A. Kozawa, etc. $55, about 350 pages. This hook will be availahlr in Nov. 1982. Order 
now so you can receive the book %ir;ctiy from the printer as soon as it is completed in Oct. 1982. No need to srnd money now. 

Contents: About 25 articles on metal finishine: about 25 articles on batteries: other Daoers in electn)ch<.miwl. twcrev and ~nedic;~l fields. 

I More than 50% of the articles are on Japanese Electrochemical Technology I 
151 Other Books on Carbon, Battery and ~lectrochemis6 in English 
1. Surface Electrochemistry by T. Takamura and A. Kozawa, $50, 250 pages (Hard cover hook) 
2. Rechargeable Batteries in Japan by Y. Miake and A. Kozawa, $45, 528 pages (Hard eovrr hook) 
3. Manganese Dioxide Symposium Vol. 1 by A. Kozawa and R. J. Brodd, $48, 535 pages 
4. Progress in Batteries & Solar Cells, Vol. 2, 3, $48, 300-400 pages 
5. Electrochemistry of MnOl and MnO, Batteries, $35,400 pages 
6. An Electric Car and Lead-Acid Batteries, $25, 154 pages 
7. Lithium Batteries by Hirai, $55 (will be completed Nov. 1982. Order now) 
8. Recent Carbon Technology by Ishikawa and Nagaoki, $55, about 400 pages (will he completed Nov. 1982. Order now) 
9. Applications of Solid Electrolyte by T. Takahashi and A. Kozawa, 210 pages, $48. 

Please send yourorderfor(1). (4) and (5) above toJEC Press, P.O. Box 35241, Cleveland, Ohio 441 35 USA. Please 
How To Order send orders for (2) and (3) above to the I.C. Sample Office, Box 61 16, Cleveland, Ohio 44101 USA (Tel: 

216-676-2268) 
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PHOENIX SERIES 1100 CHEMICAL VAPOR DEPOSITION SYSTEMS 

. . . , - --- 

The Phoenix 1100 Series CVD Systems are designed 
for laboratory deposition of epitaxial silicon, nitride, 
oxide, and polysilicon. The resistance heater1 
susceptor is capable of operating at temperature up 
to 1400°C (fourteen hundred degrees). Our unique 
design assures that there is no thermal stress in the 
heater providing a long lifetime for this part. 

Thefour inch by six inch worksurface hasacapacity 
of six two-inch, two three-inch or one four-inch wa- 
fer. The 1100 systems are ideal for research with 
their fast cycle time and small capacity. The suscep- 
tor can be heated to and stabilized at 1000°C in five 
minutes. 

(Control Console required with unit not shown) 

The heaterlsusceptor is contained within a horizontally mounted, quartz bell jar. The quartz bell jar, 
in turn, is captured in a movable carriage so the seal at the open end of the bell jar is stationary. The 
carriage assembly moves with a captured o-ring. All wetted metal parts are fabricated from lnconel 
and water cooled to assure long life and corrosion resistance. Deposition can be carried out at or 
below atmospheric pressure. The entire reactor assembly is contained within a lighted laminar flow 
hood. HEPAfilters above the work area provide a dust-free environment for loading and unloading 
specimens. 

Ten flow circuits are supplied with the PMC 1100 systems. Three of these circuits, Nitrogen,* Oxy- 
gen and Spareare directed into thedeposition chamberthrough an inlet in the baseplate to provide 
a background ambient. The second group of circuits, consisting of Nitrogen,* Hydrogen,* Silane, 
Carbon Dioxide, Ammonia, Etchant and Dopant flow into the'reactor through a spray nozzle. The 
nozzle sprays any combination of these gasses from above the susceptor. The Nitrogen,* and Hy- 
drogen,* circuits are dual flow level circuits which can be used both for purging the reactor at high 
flow, and as carriers at low flow. Aflow circuit which regulates the flow of a carrier gas to an external 
vaporizer can be supplied. 

Two versions of the PMC 1100 are available. The PMC 11 11 is a microprocessor controlled system 
with a programmable sequencer for all gas circuits and heater power. Multiple temperature set- 
points are optional and can be selected by the sequencer. The PMC 1101 system is manually con- 
trolled with the exception that the deposition cycle is timed with an electro-mechanical timer. 

Call or write for additional details on the 1100 CVD Systems. We are interested in yourapplications. 

PHOENIX MATERIALS CORPORATION 
833 BUTLER RD. KITTANNING. PA. 16201 

(412) 548-1531 



The Electrochemical Society, Inc. 
10 South Main Street,  Pennington,  N e w  Jersey 085 134-2896 Telephone:  609-737-1 902 

Instructions 
The JOURNAL OF THE ELECTROCHEMICAL SOCIETY is 
the official monthly journal of the Society. It contains three 
sections: Electrochemicol Science and Technology, Solid-state 
Science and Technology, and Reviews and News. Technical 
Papers, Technical Notes, and Accelerated Brief Communica- 
tions are published i n  the first two sections ond Review 
Papers in the third. Al l  monuscripts submitted ore considered 
for publication, with the understanding that they have not 
been submitted, occepted for publication, or published else- 
where. A wide range of subject matter is acceptable. Manu- 
scripts can be handled promptly and efficiently i f  these 
instructions are followed. 
Technical Papers describe fundomental or applied studies in 

depth. They contain new data and/or 
TYPES OF new interpretations of existing data. 

PAPERS Abstracts summarizing the results ore 
required. 

Technical Notes report briefly on limited reseorch 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 Papen furnish critical analyses of topical subjects. 
Abstracts are required. 
Submit three complete, cleor copies of eoch monuscript 

SUBMISSION and the originals of all figures and 
illustrations to: 

Editorial Office 
The Electrochemical Society, Inc. 

10 South Main Street 
Pennington, New Jersey 08534-2896 

A letter accompanying the monuscript should give (a) the 
name and mailing address of the outhor to whom corre- 
spondence should be sent, (b) reference to any presentation of 
the work at o meeting of The Electrochemical Society, (c) the 
Division or Group of the Society or the Divisionol or Group 
Editor (both are listed in the front of eoch issue of the 
Journal) whose interests ore most closely related to the work 
being discussed, (d) the section of the Journol in which the 
work should appear, and (el the names and addresses of 
people able to act as reviewers. 
Following receipt by the Editorial Office, eoch manuscript is 

sent to a Divisionol or Group Editor with 
EDITORIAL knowledge of the subject matter. This 
PRACTICES editor arranges for review of the monu- 

script ond communicates with the 
author(s) regarding revisions. Final acceptonce or rejection 
of a monuxript is determined by the Editor. 

Accelerated Brief Communications ore handled 0s rapidly 
as possible, ordinarily with a response to the outhor(s) from 
the Divisionol Editor, the Group Editor, or the Editor within 
three weeks of their orrivol at  Pennington. Response to the 
outhors of other manuscripts usually takes place within six 
weeks. Following acceptance, outhors 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 outhor may deloy 
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- 
PUBLICATION cation of technical material. I f  at  least 

CHARGE one outhor is a Society member or on 
employee of a Patron or Sustaining mem- 

ber, a 10% reduction is allowed. Acceptonce of manuscripts 
for publication is, however, based on merit and is in no way 
dependent on such payment, which moy be waived in indi- 
viduol cases upon request. 
Organization and clarity ore essential elements of successful 

written communication. Identify the 
PRESENTATION subject matter in the title, using words 

useful in indexing. State the purpose of 
Revised December 1.1980 

to  Authors 
the work early i n  the text. Avoid introductory and explanatory 
materiol that is overly familiar to those in the field. Present 
the work and the arguments in on order thot leods naturally 
to clearly specified conclusions. Provide enough information 
for the work to be reproduced and the logic behind i t  to be 
understood. Identify and justify any ossumptions that are 
mode; avoid tocit assumptions. Omit details thot are generally 
known or that con be covered by reference to other publica- 
tions. Give the magnitude and define the significonce of 
experimental errors. Use headings and subheadings as appro- 
priate. Avoid proprietary and trode names, but capitolize 
them where their use is necessory. Define unusual technicol 
terms and abbreviations. Where symbols ore used extensively, 
list them with their definitions at the end of the paper. Avoid 
repetition in the text and duplication of materiol in figures 
and tables. Be brief but clear. 

Edit and proofread the manuscript carefully; these ore not 
the responsibilities of the editors or reviewers. 

To aid in indexing, outhors must supply stondard key- 
descriptors, preferably four of them, 

KEY- from a list with instructions published 
DESCRIPTORS annually in the December issue of the 

Journol and available from the Editorial 
Office. These key-descriptors must oppeor a t  the bottom of 
the first page of the manuscript. 

Accelerated Brief Communications must be typewritten or 
printed on standard forms obtained, 

MANUSCRIPT with detoiled instructions for their use, 
PREPARATION from the Pennington Editoriol Office. 

Al l  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 onywhere, in title, abstract, text, 
references, tables, or figure coptions. 

For general matters of style and format, see papers in 
recent issues of the Journal and consult a style manual such 
as thot of the American Chemicol 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: 

(0) systime Internotionale (51) units ore to be used; a 
description moy 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 ore to be listed seporotely at the end of the 
paper in the order they ore cited i n  the text, being sure thot 
eoch listed reference is cited. Authors' init~ols must be given, 
ond Chemical Abstracts abbreviotions must be used. Citations 
of other than the generally available literature should be 
avoided i f  possible. 

(e) Tables are to be presented on individual sheets, with 
both captions and body double-spaced. 

(f) Figure captions ond numbers are to be included on a 
separate sheet and must not oppeor i n  the body of any figure 
or illustration. 

(g) Drawings and graphs will ordinorily be reduced to 
column width (8.3 cm) and after such reduction should have 
lettering ot least 0.15 cm high. Lettering must be of 
letter-guide quolity. Originals in lndio ink on tracing 
cloth or paper are preferred, but India ink on coordinate 
paper with blue ruling is occeptoble. When several curves ore 
shown, eoch may be lettered and identified in the caption. 
The Editoriol 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 agoinst 
bending. Micrographs must hove o labeled unit length within 
the body of the picture; reduction for printing makes mogni- 
ficotions meaningless. 

Printed in the United States of America 



Call for Papers 
163rd Meeting, Sun Francisco, 

California, May 8-13, 1983 
Divisions which have scheduled sessions are listed on the overleaf, along with the symposium topics. 

I .  Symposium Papers. 
Authors desiring to contribute papers to a symposium listed on the overleaf should check first with the symposium 
chairman to ascertain appropriateness of the topic. 

2. General Session Papers. 
Each of the Society Divisions or Group which will meet in Son Francisco, California, can plan a general session, I f  
your paper does not f i t  readily into a planned symposium, you should specify "General Session!' 

3. T o  Submit a Meeting Paper. 
Each author who submits a paper for presentation a t  a Society Meeting must do three things: 

A-Submit one original 75-word abstract of the paper on the attached form or a facsimile thereof. Deadline for  re- 
ceipt of 75-word abstract is December 1,1982. 

B-Submit original and one copy of an Extended Abstract of the paper. Deadline for receipt o f  Extended Ab- 
stract is January 1, 1983. See (6) below for details. 

C--Determine whether the meeting paper is to be submitted to the Society Journal for publication. See (7) be- 
low for details. 

Send a l l  material t o  The Electrochemical Society, Inc., 1 0  South Ma in  Street, Pennington, N J  08534-2896. 

Unless the 75-word and required Extended Abstracts are received at Society Headquarters by stated deadlines, the 
DaDers will not be considered for inclusion in the oroaram. 

4. To  Submit a Recent News Paper. 
Recent News Papers and Extended Recent News Papers are invited for this meeting. Each author must submit one of 
the following items to the Session Chairman: 

A-Triplicate copies of a 75-word abstract of a Recent News Paper, for a 10-minute presentation. Deadline for re- 
ceipt is March 24, 1983. 

B-Triplicate copies of a 75-word abstract and, also, a 200-300 word abstract of an Extended Recent News Paper, 
for a 20-minute presentation. Deodline for receipt is March 14, 1983. 

Send al l  material to the appropriate Session Chairman listed, for Recent News Papers only. 

5. Meeting Paper Acceptance. 
Notification of acceptance for meeting presentation, along with scheduled time, will be mailed to authors with 
general instructions no earlier than two months before the meeting. Those authors who require more prompt noti- 
fication are requested to submit with their abstracts a self-addressed postal cord with ful l  author-title listing on 
the reverse. 

6. Extended Abstract Volume Publication. 
Al l  scheduled papers will be published in the EXTENDED ABSTRACTS volume of the meeting. The volume is pub- 
lished by photo-offset directly from typewritten copy submitted by the author. Please note that the EXTENDED AB- 
STRACTS will be in a new double column format. Please follow the NEW instructions listed below. 

A-Abstracts are to be from 500 to 1000 words in C T i t l e  of paper is to be in capital letters centered. 
length. The abstract should contain to whatever extent Author(s) name, affiliation, and address is typed im- 
practical al l  significant data to be presented during mediately below in capital and lower case letters 

oral delivery. centered. 

B-Abstracts are to be typed single spaced on the D - A l l  fables and figures must be securely mounted 
on the special typing guides within the margins; rubber 

special double column typing forms which are sent to cement is for this purpose. What is sub- 
each author after the submission of a short abstract. mitted will be reproduced photographically exactly as i t  
The Extended Abstract, including title, author's name is sent. However, i t  w i l l  be reduced so that graphs and 

affiliation, references, exceed one tables will be half their original size. Keep the lettering 
large enough to be legible when later reduced to half 

(two columns). An additional two columns is permitted, size. place references figures after the text. 
i f  necessary, for figures only. Abstracts not meeting ~ - ~ ~ ~ l  original and one copy of the abstract to: 
these criteria will be rejected and returned to the The Electrochemical Society, Inc., 10 South Main St., 
authors. Pennington, NJ 08534-2896. 

7. Manuscript Publication in Society Journal. 
Al l  meeting papers upon presentation become the property of The Electrochemical Society, Inc. However, presen- 
tation incurs no obligation to publish. I f  publication in Journal is desired, papers should be submitted as promptly 
as possible in ful l  manuscript form in order to be considered. I f  publication elsewhere after presentation is de- 
sired, written permission from Society Headquarters is required. 
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a.) For receipt no later than December 1, 1982, submit a 75-word abstract of the paper to be delivered on the attached overleaf. 
b.) For receipt no later than January 1, 1983, submit two copies of an extended abstract, 500-1000 words. 
c.) Send all abstracts to The Electrochemical Society, Inc., 10 South Main Street, Pennington, NJ 08534-2896 with the exception 
of Recent News Papers. For Recent News Papers see preceding page. 

BATTERY 

Cell Design and Optimization 
This symposium covering cell design and 

optimization will focus particularly on bat- 
teries having already reached the stage of 
hardware where design is already established 
and improvements are st111 belng made in  
view of optimization. .Design is understood 
to cover either the whole cell or a specific 
component. Systems considered can be aque- 
ous or nonaqueous. 

The oublication of a oroceedinas volume is  
p1anne5 and, conseqtknt~y, f u l l  papers are 
expected to be submitted to the Symposium 
Charman within 30 davs after acceotance of .... ... - .-.~ - 
the 75-word abstract and the extended ab- 
stract. 

Suggestions and inquiries should be sent 
to the Symposium Cha~rman: A. Hlmy, Navy 
Department, Naval Sea Systems Command, 
Code 5433, Washington, DC 20362. 

Cell Testing and Reliability 
The objective of this symposium is to pro- 

vide a forum for the discussion of methods 
for testing batteries and t h e  correlation of 
test results with rel iab~l~ty. Reliablilty re- 
quirements vary with the types of applica- 
tions. Discussion of the relative needs for 
dirtereit i e z l s o f  $ l i a b ~ l i t v - ~ ~  battery i ~ o i i -  
callons areas such as alriraft, communlca- 
tlons. ordinance, automot~ve, consumer prod- 
ucts, and med.cal devlces 1s appropr ate. 

Prev~ous symposia have consodered the 
topdc of battery oesign and performance op- 
t lm~zat~on. In the present symposldm the 
Intent 6s to focus on methods for the evalua- 
tlon and test,ng of batteries and the tech- 
nlques by wh~ch  sucn results are used to 
establlsh rellablllty. The sympos8um encom- 
passes both pr mary and secondary batter es 
and batteries for al l  types of commerc al aD- 
plications as well a 5  space, defense, and 
medical batteries. 

Suezestions and inouiries should be sent 

CORROSION 

General Session 
Papers on all aspects of low and high tem- 

peratye corrosion and associated phenom- 
ena will be considered. Expermental tech- 
niques for. the study of corrosion processes 
and corrosion products are also of interest. 

Suggestions and inquiries should be sent 
to, the Session Chairman: F. Mansfeld, Rock- 
well International Science Center 1049 
Camino nos Rios, Thousand Oaks, ~~ '91360 .  

DIELECTRICS AND INSULATION/ 
ELECTRONICS 

Dielectric Isolation 
Papers are solicited from all areas relative 

to the preparation, properties, and applica- 
tion of dielectric materials for the isolation 
of devlce structures. A forum wil l  be pro- 
vided for the Presentation and discussion of 
various isolation techniaues and oaDers con- 
cerning all aspects of' partial: Leitical, or 
total dielectric isolation are invited. Papers 
dealing with the isolation of various device 

~ - - . . . -. 
and ciicuit elements will also be considered. 

Topics of interest include: 1. performance 
and density improvements obtained by vari- 
OUS isolation techniques: 2. process sensitiv- 
i ty to yield detractors; 3. critical processing 
parameters, problems, and solutions 4. new 
Processes related to dielectric iznlktinn. 5 
new materials fo i  isi1Gi6'i&iih&i;ibniL o; 
lnorgan~c): and 6. planarization techniques 
for VLSl technology. Emphasis wil l  be placed 

on both experimental and theoretical analysis 
of the isolation processes and the resultant 
structures. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: 8. Kemlage, 
IBM Corp.. Dept. 453, Zip 48A, Hopewell Junc- 
tion, NY 12533; or J. Berthold, Bell Labora- 
tories, Rm. 7E-317, Murray Hill. NJ 07974. 

Silicon Nitride Thin Insulating Films 
The purpose of this symposium is to Pro- 

vide a torum for the presenratlon and Olscus- 
slon of topics concerning the fundamental 
characterisc~cs of sillcon nitride films. The 
objective is to link material studies and tech- 
no~oglcal applications to allow tor a clearer 
aesdgn an0 processing considerallons tor the 
taDrtcatlon of dev~ces and Integrated circuits 
(LSIIVLS~) which incorporate sllicon n i t r~de 
tjlms. The symposium will include both in- 
voted and contributed papers to cover a wide 
range of topics related to s~licon nitride,. on- 
cluding film preparation,, characterlzatlon. 
modeling, processlng, devlce physlcs, pres- 
ent applications, and future requirements of 
the insulator in VLSl and VHSIC. 

Both exoerimental and theoretical contrlb- 

Publicat~on of a proceedings volume is  
being considered. Papers for this volume 
must be provided, i n  camera-ready form, at 
the time of oresentation. 

suggestions and inquiries should be sent 
to the-Symposium Co-Chairmen: V. J. Kapoor. 
Case Western Reserve University, Dept. of 
Electrical Engineering and Applied Physics, 
Solid State Integrated Circuit Laboratory. 
Cleveland. OH 44106; or H. J. Stein, Sandia 
National Labs, Div. 5112, Albuquerque, NM 
87185. 

Fourth Symposium on Plasma 
Processing 

Papers are solicited on all  aspects of the 
science and technology of plasma processes. 
Of aarticular interest. though not excluslvelv. 
IS [he aDDlication of ~ l a i k a  techniaues i o  
semiconductors materials including semicon- 
ductors, metals, organic and inorganic di- 
electrics. as well as ohotosensitive materials. 
some suggested topics are: 1. plasma sci- 
ence--identification and concentration of 
chemically active species in the plasma, 
energy distribution of ions, electrons, and 
neutrals in and near the plasma. mass and 
optical spectroscopy of plasma, other plasma 
diagnostics techniques: 2. plasma technology 
-0lasma etch Drocesses. Dlasma initiated 
deposition or reaction processes, plasma en- 
hanced CVD deposition processes, topology 
and it- control in olasma etchine and deoo- 
i1t1on:-3lb1asma reactordes~gnzdes~gn con- 
siderations, process endpont detection. 
novel reactor designs; and 4. device results- 
dimensional control of plasma processed 
components, influence of plasma operattng 

parameters on device performance including 
radiation damage, and, novel, use of plasma 
etching and deposition In devlce structures. 

A oroceedines volume of the svmooslum 
will 'be Dubliihed and distributeb 'shortly 
after themeeting. I n  order to have a paper 
considered for inclusion in the sympos~um, 
a written commitment is reouired statine 
that a tvoedl camera-readv coo'v of the talk: 
including a list of key woids idr the sub~ect 
findex, will be submitted to G. Smolinsky by 
June 10. 1983. The inclusion of a paper In 
the proceed~ngs volume does not preclude 
its publication in the JOURNAL. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: (America) 
G. Smolinsky, Bell Laboratories, Rm. ID-205. 
Murray Hill. NJ 07974 or G. C. Schwartz. IBM 
Corp., Zip 48A, Route 52, Hopewell Junct~on. 
NY 12533, (Europe) J. Dieleman, Philips Re- 
search Laboratories, 5600 MD. Eindhoven. 
The Netherlands, (Japan) J. Nishizawa. In- 
stitute of Electrical Communications, Tohoku 
University, 2-1-1 Katahira, Sendai 980. Japan. 

DIELECTRICS AND INSULATION1 
ELECTRONICSICORROSIONI 

ELECTROTHERMICS AND METALLURGY1 
ENERGY TECHNOLOGY 

Materials and New Processing 
Technologies for Photovoltaics 

This symoosium will deal with novel as- 
pects of- materials, processing, and charac- 
terization , of photovoltaic devices. Papers 
are esoeclallv sollclted on low cost slllcon 
L€ihniiofcies.. novel thin film cell materials 
and processes including amorphous silicon 
and other emerglng materials, and new pack- 
aeineienca~sulation materials and processes. -". 
pap;;; on' concentrator and on flat panel 
systems, and on low cost automated assem- 
bly techniques will be welcome, as will pres- 
entations on ~ntezrated ~hotovoltaic systems. 

~ubi icat ion of i proceedings volume is be- 
ing considered. Papers for this volume must 
he nrovided. in camera-readv form, at the ~ - .  - . . 
time of presentation. 

Suggestions and Inquiries should be sent 
to the Symposium Co-Chairmen: J. A. Amick, 
Exxon Research and Engineering Co., P.O. 
Box 8 Linden NJ 07036. V. K. Kapur ARC0 
Solar 'lnc., 2d554 ~lumr;ler St., chatsworth. 
CA 91311 or J. Dletl. Heliotron~c GmbH, Post- 
fach 1128. D-8263 Burghausen. West Germany. 

DIELECTRICS AND INSULATION1 
ELECTROTHERMICS AND METALLURGY 

High Temperature Adhesives 
High temperature adhesives have been de- 

veloped for a wide variety of applications. 
These materials, although developed, for one 
purpose, quite often exhtblt utility In many 
other areas. The objective of this symposium 
is to transcend these spec~alty areas, cross- 
fertilize, and focus on high temperature ad- 
hesives in  general. Participants should be- 
come familiar with novel high temperature 
adhesives and techniaues that will prove use 
ful in their particular fields. 

Papers are solicited on the preparation, 
.=varm~~tion. andiar characterization Of adhe- 
; ive;%pSli i i t iystems which may function 
as adhesives. Materials in the following Gate- 
gorles are examples: 1. thermoplastics; 2. 
thermosets: 3. solvent-based: and 4. hot- 
melt;:-~dhesi;eappiications may include, 
but are not necessar~ly l~mi ted to, areas 
such as laminattne. structural fabricat~on. 
and coatines. For 

to-125'C ar 
The pub 

is hein- cO 

- - -.- tKe ;";pose of this meet- 
ing the t e k  "high temperature" will refer 

~d above. 
lication of a proceedings volume 
nsidered. . - - - . . . . 

Suggestions and inquiries should be sent 
to the Symposium Chairman: 1. L. St. Clair, 
NASA Langley Research Center, MS 226, 
Hampton. VA 23665. 
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ELECTRONICS Suggestions and inquiries should be sent 
to the Symposium Co-Cha~rmen: V. G. Kera- 
midas or S. Mahajan, Bell Laboratories, Mur- 
ray Hill, NJ 07974. 

toelectrolytic, photocatalytic, and related 
processes. Single crystal, polycrystalline and 
particulate semiconductor systems w i i ~  be 
emphasized. I t  is planned to issue a proceed- 
ings volume; final manuscripts will be re- 
qukred at  the time of the symposium. 

Suggestions and knquirles should be sent 
to the Symposium Co-Chairmen: H. L. Chum 
or A. J. Nozlk, Solar Energy Research Insti- 
tute, 1617 Cole Blvd., Golden, CO 80401. 

General Session 

Computer Controlled IC Processing and 
Monitoring 

Joint General Session 
Papers that deal with all aspects of mate- 

rials of interest for electronic devices includ- 

Recent advances in  computer-aided IC 
manufacturing technology are basic to profit- 
able product~on of VLal circukts. For this 
Symposium, papers are invited on: 1. process 
control of unlt processes, closed loop end- 
ooint control. technloues to establish verifi- 

ing their preparation, character~zation, inter- 
aci~ons, and devlce applications. and whose 
subject matter is not covered by the special 
svmoosia are invited to be submitted to this E;iiin-of-nidceis co;ltrG~ iarameters; 2. in- 

Papers are solicited in areas of the energy 
technology not covered by current symposia. 
0 t  oarliCu,ar ~nlerest are ohotoelectrocnemi- 

sisiion. Also invited are papers on the basic process monktorlng and parametric test data 
measurement techniques, methods of analy- 
PIC of enelneertnc data. data base formats 

chemistry and physics of materials process- 
ing, and computer mode!ing of the formation 
and of the characterization of materlals and cal -enera conversion -dEv~ces and novel 

.. . .- .. . -~ . ~ ,  -~ 
and reduction techniaues; 3, fabrication 

devices. Of particular interest are new ma- methods tor energy storage and transmission. 
Suggestions and Inquiries should be sent to 
the Sesston Co-Chalrlrlen: J. McBreen. Brook- 

management systems .for optimization of 
work-~n-process, cycle time, fabrication yield; 
and 4. system approaches to computer-con- 
trolled IC facility design. 

Papers on both methodology and experi- 
men~al results are sol~cited. Invited papers 
will keynote the sessions. A proceedings vol- 
ume, whsch will be available at  the t lme of 
the symposlum, IS planned. Manuscripts 
must be submitted, i n  triplicate, by Novem- 
ber 1, 1982, ,for review. ,Detailed instructions 
on manuscript preparatkon for the proceed- 
ings volume are available from the Sym- 
posium Co-Chairmen. 

Suggest~ons and ~nquiries should be sent 
to the Symposium Co-Chairmen: E. H. Nicol- 
lian, Bell Laboratories, Murray Hill, NJ 07974; 
or P. L. Castro, Hewlett Packard Labora- 
tories. 3500 Deer Creek Rd., Palo Alto, CA 
94304. 

terials and proces3es. 
Suggestions and inquiries should be sent 

to the Session Co-Chairmen: E. H. Nicollian. haven Natkonal Laboratory. Dept. of En- 
ergy and Envtronment, Bldg. 801, Upton, NY 
11973 or A. J. Nozlk, Solar Energy Research 
Institute, 1617 Cole tllvd, Boulder, CO 80401. 

Bell Laboratories. Murray Hill. NJ 07974: F. N. 
Schwettmann, Hewlett Packard Laboratories, 
3500 Deer Creek Rd., Palo Alto, CA 94304; or 
G. C. Schwartz. IBM Coro.. DeDt. 206. Blda. 

ENERGY TECHNOLOGY1 BATTERY/ 
DIELECTRICS AND INSULATION 

300-48A, Hopewell Junction,'NY i2533. - 
Joint Recent News Papers Session 

Recent News Papers and Extended Recent 
News Papers consisting of topics covered by 
the symposia and sessions being sponsored 
or co-sponsored by the Electronics and Di- 
electrics and Insulation Divisions are invited 
for presentation. 

Suggestions and inquiries should be sent 
to the Session Chairman: W. A. Pliskin, IBM 
Corp., Dept. 025, Internal Zip 48A, Hopewell 
Junction, NY 12533. A special Call for Recent 
News Papers will appear in the January, 
February, and March 1983 issues of the JOUR- 
NAL. 

Conducting Organic Polymers in 
Energy Conversion and Storage 

The purpose of this symposium is to: 1. 
Present, for the nonsoec~al~st, by means of 
invlted papers of a lutorlal lypey the quall- 
lative theorettcal basls of me~all lc and semi- 
conauctine oreanic and inoreanic covalent 
uolymers~and- related nove l  materlals: 2. 
disseminate by means of invited and con- 
lrlbuted papers the results of chemical and 
ohvsical investieations and oertinent theo- 

Defects in Semiconductors 
This svmoosium will focus on both the 'reilcal studles concernlng ihe above ma- 

terlals; and 3. present by means of ~nvited 
revlew papers the synthes~s, structure, bond- 
Ing, chemlcal and phys~cal properties, and 
theory of the Prbnc~pal examples of the above 

science i n d  the technological implications 
of chemicai and crystallographic defects in 
Silicon. Among the defects of concern are 
oxygen, carbon, nitrogen, and other electri- 
cally "inactive" specles; heavy melads, va- 
cancies: self-interstkt~als; dislocations; and 
stacking faults. Topics appropriate for inclu- 
sion in the symposlum include the origins 
of these defects; mechanical, chemkcal, and 
electr~cal effects of defects with particular 
emphasis on the influence of defects in seml- 
conductor device fabrication and operation: 

ELECTROTHERMICS AND METALLURGY 
High Temperature Materials Chemistry 
This symposium addresses the chemicai 

behavior of materials at high temperatures. 

types of materials and thd r  application to 
the fabrication of photovoltaic and photo- 
electrochemical devices and batteries of oo- 

Pertinent top.cs include theimo0ynam.c~ and 
kinet~cs of high temperatLre react.ons and 
chem cai oroolems of materials in hieh tem- 

tential technological importance. lnforina- 
tion describ~ng technological appl~cations 
W i l l  be encouraeed. I t  is #"tended that this 

perature a ~ ~ ~ ~ c a t i o n s .  sessions-on the-follow- 
ing topicsare planned: 1. high temperature 
ceramic and metal synthesis; 2. electronic 
materials: 3. nucleation and condensation 

bie i n  order to promote intekactions beiween 
appropriate areas of physics, chemistry, 
electronics, engineering, and related fields. 

The subject matter for the symposium in- 
cludes polymers such as (SNI? (CH).. (ChHd,, 
covalently linked metal cha~n  compounds, 
conducting charge transfer complexes, and 
other novel related metallic and semiconduct- 
ing materials. 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: A. ,G. 
MacDiarmid, Dept. of Chemistry, Universlty 
of Pennsylvania, Philadelphia, PA 19104; or 
W. M. Ayers, Energy Conversion Devices. 
P.O. Box 5357, North Branch, NJ 08876. 

~nteractions between two or more defect 
species; and techniques for characterizing 
and controlling defects. Both theoretical and 
experimental papers are solicited. I t  is ex- 
pected that the papers wil l  be grouped into 
cohesive Sessions, each introduced by an in- 
vited state-of-the-art overview. 

from hlgh temperature vapors; 4. h!gh tem- 
perature mass spectrometry, 5. hlgh tem- 
perature problems In coal combust~on and 
utlllzatlon; 6. evaporatkon and decompos~t~on 
phenomena: and 7. chemlcal aspects of hish 

Publication of a proceedings volume is temperature metal-gas reactions: 
Publication of a proceedings volume is 

beine considered. Manuscriots. in camera- 
being considered. I f  a volume-IS published 
full camera-ready manuscripts of the paper; 
presented at  the svmoosium would be re- read; form, will be required at the time of 

the meetin0 quired at the time of the meeting. 
Suggestions and inquiries should be sent 

to the Symposium Co.Chairmen: W. M. Builis 
Fairchild Advanced Research and  evel lop: 
merit Laboratory MS 30-402 4001 Miranda 
Ave., Palo Alto, d~ 94304; or i. C. Kimerling. 
Bell Laboratories, Rm. 1E-310, Murray Hill, 
NJ 07974. 

- . . - . . - - . . . . -. 
Suggestions and inauiries should be sent 

to the Svmoosium Co-Chairmen: 2. A. Munir. 

INDUSTRIAL ELECTROLYTIC 

Science and Engineering of Membranes 
and Separators 

Recent advances in the design of porous 
separators and high performance membranes 
are of important significance to several elec- 
trolytic technologies. Papers that deal with 
fundamental properties of these materials, 
as well as engineer~ng aspects of thew appll- 
cations are solicited for this symposium. 
The transport equilibrium, and morphologi- 
cal propertie; of membraneslseparators are 
of interest here, as are such diverse topics 
as surface treatments, concentrated solu- 
tion properties, novel characterization meth- 
ods, and engineering aspects of electrolytic 
membrane cells. Relevant technological areas 
include chlor-alkali production, water elec- 
trolysis (acid and alkaline systems), electro- 
dialysis, fuel cells, and batteries. 

Suggestions and inquiries should be Sent 
to the Symposium Chairman! H. L. Yeager, 
Dept. of Chemistry, Universlty of Calgary, 
2500 University Dr. NW Calgary Alta.. 
Canada T2N 1N4 or R .  ~okson, 0lin1Chemi- 
cals Group, P.O. Box 248, Charleston, TN 
17310. 

ELECTROTHERMICS AND METALLURGY/ 
PHYSICAL ELECTROCHEMISTRY/ 
BATTERYJENERGY TECHNOLOGY 

Ill-V Opto-Electronics Epitaxy 
and Device Related Processes 

Ill-V compound semiconductors are becom- 
ing increasingly more important i n  electron- New Solid Electrolytes for Energy 

Conversion ics and photGiics. I t  is the aim of this sym- 
posium to provide a forum for the discussion 
of the erowth and orooerties of bulk and 

Papers are solicited discussing new solid 
electrolytes for possible application in  en- 
ergy conversion technolow. Three catesories epitax~ar materlals &d' dev16e-related i ro-  

cesses. Papers are solicited that enhance 
the science, technology. and understanding 
of Ill-V materials, metal-semiconductor in- 

wil l  be covered: 1. ceramic electrolytes; 2. 
glassy electrolytes; and 3. polymeric electro- 
Ivtes. Of oarticular interest are the identifica- 

teractkons, and processing. Sess~ons are tton, structural and electrochem~iai charac- 
Planned for the fol lowing topics: 1. bulk 
growth of Ill-V crystals by LEC and Brkdg- 
man: 2. liauid Dhase eoitaxv ILPEI. theorein- 

terization, transport mechanisms, and chemi- 
cal and electrochemical stability. 

The publication of a processing volume is 
olanned. cal and experimentai cdns'ideraiions; 3 .  

molecular beam epitaxy (MBE) recent ad- 
vances and unique capabilities.'4. chemical 
vapor deposition (CVD); 5. drganometallic 
chemical vapor deposition (OMCVD); 6. 
metal-semiconductor interactions; Schottky 
barriers ohmic contacts basic studies and 

Suggestions and inquiries should be sent 
to the Symposium Co-Chairmen: L. C. 
De Jonehe. Lawrence Berkelev Laboratorv. 

~ -~ - - -- 
their effects on device performance and 7. 
semiconductor processing; basic stu&ies and 
the effects of device-related processing on 
binary, ternary, and quaternary heterolunc- 
ti"" ctrll"tll..c 

INDUSTRIAL ELECTROLYTIC1 
CORROSION1 ELECTRODEPOSITION 

34305: O ~ G .  C. ~arrington, unf"ersity of Penn- 
sylvania, LRSM Bldg.. Philadelphia. PA 
19104. . --.", --. 

Each of the above sessions wil l  open with 
an invited presentation which wil l  put the 
topic i n  DersDective and then wil l  he fnl- 

Anode and Cathode Materials 
This symposium wil l  be concerned with 

anode and cathode materials used in eleC.tr0- 
chemical processes Theoretical and experi- 
mental aspects of ' the subject wil l  be in- 
cluded dealing with mechanisms, laboratory 
studies, engineering work, and applicati,ons 
in  industrial production. Papers are sol~c~ted 

ENERGY TECHNOLOGY 
Novel Photoelectrochemical Synthetic 

Routes 
This symposium will focus on new syn- 

thetic (organic and inorganic) approaches 
involving semiconductor electrodes in  pho- 

lowed by contr~buted papers. 
-- - 

A proceedrngs volume is planned. In order 
for the volume to be available at  the time of 
the symposlum, manuscripts should be sub- 
mitted to the Symposium Co-Chairmen by 
December 1, 1982. 
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Suggestions and inquiries should be sent 
to the Symposium Chairman: G. R. Gillooly, 
General Electric Co., 1099 lvanhoe Rd., Cleve- 
land, OH 44110. 

General Session 
Suggestions and inquiries should be sent 

to the Session Chairman: J. H. Wagenknecht, 
Monsan.0 Co.. bOO North Lindberah Blvd.. St. 

ORGANIC AND BIOLOGICAL 
ELECTROCHEMISI RY PHYSICAL ELECTROCHEMISTRY 

Mechanisms and Modeling of 
Electrochem~cal Membrane Processes 
This symposium will be concerned with re- 

cent prugreas on the mecnanhsms of mo,ecu- 
lar and cnarge transport In oerlvatlzed, bio- 
logical, anu po~ymerlc rrleinorarle e,ec~rooes. 
Psipers are sdltclted on m e  fo~lowing topics, 
altnounn relatea suomisslons are welcome: 

The Chemistry and Physics of 
Electrocatalysis 

This symoosium will focus on the funda- 
mental cnenracai and pnyaicai factors re- 
sponsho~e Fur tile ca.a.ysas ur e,eccrocnemical 
ieaG.,uns a, line rleurrrua-enewunrre inter- 
lace, ul patricuoar Inbares, ale me ~ n ~ e r a c ~ i v e  
roles or rtle ao,,onlng In uerrrutlriing aaaorp- 
tlon an0 rate2 o( eaacklon transler ac me in- 
terrace: 1. me cne.#~icai cvmousilion ot the 

LUMINESCENCE AND DISPLAY 
MATERIALS 

1. cnaige and modecu.ar transport nlooeas In 
meanorme e+eclruoej; 2. pleparauun and 
charac.erlza.~on or membrane e.ecrrooes; 
and d. soecrroscoDic and other in situ meth- e,ec,ruoe an0 the e,ecrionlc an0 cry.&ailogra- 

pnlc or rno.ecu,ar structure or ~ r s  sur~ace; 
and n. the cnemtcal co.npdsitron and struc- 
ture of me hebmnod~z layer of Ine e.eciro,yte. 

Boln expe,ijo,en~ai ana theoredcal aspects 
will be considered. Inv i~ed papers wlli en- 
pnasue recenr tundamen~al aavances in in- 
terrac~ai e.ectrocnemistrY, surface ChemiStN, 

Display Technology 
The object of the symposium is to stimu- 

late the interchange of information among 
workers in various aspects of display tech- 
nology. Papers are solicited in the areas of 
liquid crystals, plasmas, vacuum fluores- 
cence, calhodolum~nescence, e ectrolumin- 
escence, electrochromics, eiectrophoretics, 
other electrochemical display approaches, 
and the addressing schemes required for the 
practical utilization of any of these display 

ods tor 'dtrecr uoserrance or transport Phe- 
nomena in membranes. 

Suggestions and inquiries should be sent 
to tne Svmooslum CsCnairmen: S. Pons. 

and surface physics (rni.uding characreriza- 
tion techniques) and their mutual signifi- 
cance for e,ecrrLcaiadvsls and heteroeeneous 
chemical caraiysls. ~; lec&edcontr~bced pa- 
pers wtll also be included. Publication of a 
proceed~ngs volume IS berng cons~dered. 
iManuscriD~s wrli be reoulred bv Mav 1. 1983. 

processes. 
Papers containing new and unpublished 

information dealing with the above topics or 
any other novel display techniques will be 
considered. 

Sugpettions and inauiries should be sent 
to the Symposium Chairman: P. N. YoCom, 
RCA Lahoratories. David Sarnoff Research 
Center, Princeton. NJ 08540. 

Structure and Reactivity in Organic 
Chemistry and Electrochemistry 

suggesiions and inquiries should be sent 
to the Symposium Co-Chairmen: J. D. E. 
Mcintyre and E. B. Yeager, Dept. of Chem- 
istrv. Case Western Reserve Universitv. Cleve- This symposium will present papers deal- 

ing with the similarities and differences be- 
tween homoeeneous chemical reactions and land, OH 44106; or M. J. Weaver. ~ e p t ,  of 

Chemistry, Michigan State University, East 
Lansing, MI 48824. 

Phosphor Synthesis and 
Characterization 

Papers are solicjted for a symposium, on 
phosphor synthests and characterization. 
The svmDosium is defined vew broadly. New 

Fourth International Symposium on 
Molten Salts 

This sym~osium wil l  cover al l  aspects of 
molten salt s~udtes. Speclai emphasis will 
be m e n  IU tniee sub~ects: 1. rttoiken salts 
con~dlf l ing alurrtir~um tons: 2. ornanic reac- methids'and processes for synthesis, com- 

parison of luminescence behavior with prep- 
aration method or with bulk or surface struc- tlons a n i  ca~alysis i n  nloiren say~s; and 3. 

funaanrental aspects of molren salt Chem- <ure, and methods for the characteryztion of istry. 
Some tooics suitable for this svmDosium phosphors are suitable subjects for papers. 

Some suggested tooics are: alternate prep- 
aration routes to phosphor powders, prooer- 
ties of sinn'e crvstal ohosohors in comoari- 
son with ptwderi, thin fnlm I ~ ~ i n e s c e n c e  in 
relation to crystal oerfect'on and micrcstruc- 
ture. and lun'nescence efftciencv in re atian electrochemical, thermodynamic, structural, 

spec~roscopic, and transport properties of 
melts: 4. advances in  the scientific and tech- 

Ions and the Electrochemical Control 
of Cell Functions 

. . 
to structural order. 

SuPeettions and inquiries should be sent 
to the Symnosium Chairman: W. B. White, 
Materin's Resesrch Lahorasorv. The Prnnsvi- 

noiog~cal app.icatlons of molten salt media; 
and 5. the chemistry and physics of corrosion 
in molten salts. 

A oroceed~nes volume is beinR planned. 

The role of ions in cell renuiation has been 
the sub ect of increasing Gudy by the bio- 
logical And bioe:ectrochemical communities. 
This svmoosium brines both d isc i~ i ines to- 

vanin State University, university-Park, PA 
16802. ~uggestions-and inquiries s6ould be sent 

to the Symposium Co-Chairmen; M. Blander 
or M. L. Saboungi, Argonne Nat~onal Labora- 
tory, Argonne, IL 60113!1; G. P. Smith, Oak 
Ridge Naticnal Laboratory, P.O. Bdx X. Oak 
Ridge, TN 37830; G. Mamantov, Dept. of 
Chemistrv. Universitv of Tennessee. Knox- 

gether-to' discuss the-mechanisms' of these 
General Session 

Papers concerning any aspect of lumines- 
cence are invited. Groups of papers wil l  be 
organized, wherever possible, into such topics 
as: luminescent properties of lamp cathode- 
ray tube and x-ray phosphor% organic and 
organometallic phosphors; lasers; electrolu- 
rninescence, thermo:uminescence, or chemi- 
luminescence; ultraviolet phosphors and 
lamps; special properties or uses of lumin- 
escent materials; and luminescence theory. 

Synthesis papers and dispiay materials 
papers should be submitted to the appropri- 
ate special subject symposium. 

Twenty-five minutes will be allotted for each 
paper, including discussion. Review or sur- 
vey papers requiring a longer time wil l  also 
be considered. 

interactilns. In vitro and In vivo srudies will 
be reviewed with emphasis upon the biologi- 
cal transduction of ion and relevant hormone 

ville, TN-37916. or K. E. Johnson, Dept. of 
Chemistry, un'iverslty of Regina, Regina, 
Sask., Canada S4S OA2. ktnet'cs and mechantsms of icnlc interac- 

tions at cel menbranes and their extens on 
to tneraoeLtic aaotncations wi I oe d ;cussed. 

General Session -~ugg&tion.i i;l'd ;nquiries should be sent 
to the Symposium Co-Chairmen: A. L. Boyn- 
ton. Na:ionai Research Council of Canada. 
Animal and Cell Phvsiolow Section. Div. of 

Papers concerning any aspect of physlcal 
eiectrochemistrv not included in  the topic 

Biological Sciences; o t tGa ,  ~n t . . '  ~ a n a d a  
KIA OR6; or A. A. Pilla. Bioelectrochemistry 
Laboratory, Dept. of Orthopedic Surgery, 
Mount Sinai School of Medicine, 100th St. 

areas of the symposia are welcome. 
Suggestions and inquiries should be sent 

to the Session Chairman: R. A. Ostervoune 
~ept . -of  Chemistry, State University i f  Neii 
York, Buffalo, NY 14214. and Madison Ave., New York, NY 10028. 

a.) For receipt no later than December 1, 1982, submit a 75-word abstract of the paper to be delivered on the attached overleaf. 
b.) For receipt no later than January 1, 1983, submit two copies of an extended abstract, 500.1000 words. 
c.) Send all abstracts to The Electrochemical Society, Inc., 10 South Main Street, Pennington, NJ 08534-2896 with the exception 
of Recent News Papers. For Recent News Papers see preceding pages. 
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(Title of paper) 

(Authors) (Underline name of author presenting papen 
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(ZIP Code) (Tel. No.) 

(Type abstract in  this area-double spaced.? 
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Vu-Graph 
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