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ABSTRACT 

CORROSION AND CORROSION SUPPRESSION ON N-TYPE 
GaAs SEMICONDUCTOR LIQUID-JUNCTION SOLAR CELLS 

by 

James Edward Cwynar 

N-type GaAs is a potentially useful semiconductor in 

liquid junction type solar cells. Corrosion and corrosion 

suppression on an n-type GaAs semiconductor in both light 

and dark has been studied. The application of 

non-electroactive layers for corrosion suppression on 

semiconductor electrodes is a relatively new field. GaAs 

corrodes to form Ga( III) and As(III) solution species during 

photocurrent generation. The corrosion rate is determined 

electroanalytically in acidic media by measuring As(III) 

using differential pulse polarography (DPP). In neutral 

electrolytes a rotating ring-disc experiment measured the 

efficiency of hole-transfer to a redox couple. Two 

protecting processes have been utilized. Silanization and 

electrochemical polymerization cf divinylbenzene and phenol 

were used to deposit non-electroactive layers en the 

electrode surface. The polyphenylene oxide coating 

partially suppressed corrosion in acid electrolytes. 

However, the coatings did not improve hole transfer 

efficiency in neutral electrolytes. 
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I. Introduction 

A. Introductory Remarks 

With the advent of the Arab oil embargo in 1973 

the interest in other energy forms, such as solar, 

nuclear, geothermal, and wind, has gained much 

attention. Of these, solar has gained much more 

attention, second to nuclear. Solar energy has been 

reportedly used by the public as early as 1934.(1) 

Presently, most people are familiar with passive solar 

energy. This includes solar housing design, earth 

walls, and collectors. Not as many people are 

knowledgeable about active solar energy, the conversion 

of light to electricity. This form is used to a 

smaller extent by remote communities in North Dakota 

where the cost of electricity from the nearest public 

utility plant would be enormous. Solar cells have 

found their way into satellite power generation, such 

as Lockheed's Milstar project bound for space in 1987, 

and NASA's Skylab. These projects use photovoltaic 

devices. 

The term photovoltaics refers to solid-state 

semiconductor devices which convert sunlight directly 

into electricity. These systems are pollution-free 

with an unlimited energy source and can augment power 

grid supplies for industrial or domestic applications. 



2 

There are two main disadvantages: (1) storage of 

electricity and (2) cost of operation. Liquid-junction 

solar cells, on the other hand, utilize the light 

energy absorbed to form chemical redox reaction 

products. These products can be used to store energy. 

The liquid-junction cells have no~ been given much 

attention outside of the scientific community. These 

devices have one major drawback associated with them, 

namely, corrosion. 

By inhibiting the corrosion of liquid-junction 

devices, longer lifetimes and possibly higher 

efficiencies may be obtained. Corrosion may be 

prevented or reduced by modifying the surface exposed . 
to the liquid. This can result in greater stability, 

depending on the type of coating used. 

My thesis is about corrosion and its suppression 

on n-type GaAs semiconductor liquid-junction solar 

cells. The use of modifying layers has also been 

studied and reported here. 



B. Semiconductor physics 

In order to better understand the workings of 

semiconductors in relation to their applicability in 

semiconductor li·quid-junction solar cells, energy bands 

and atomic bonds must be described. 

The concept upon which the molecular orbital 

theory is based declares that all orbitals of a 

molecule encompass the entire molecule and that 

delocalization of its electrons occurs over the 

molecule inclusively.(2) These molecular orbitals exist 

as bonding, anti-bonding, or nonbonding orbitals which 

may contain only two electrons per individual molecular 

orbital with their spins being of opposite sign.(2) As 

larger and larger molecules are formed with numerous 

electrons per atom, they may eventually condense into a 

crystal lattice. If such a structure contains atoms of 

a single element, then, on the average, the electron 

energy levels can be represented as closely spaced 

levels. (Figure 1)(3) In this diagram the left side 

represents the average energy of the atoms whereas the 

right half represents each individual energy level for 

each atom. 

The question now arises as to why so many energy 

sublevels exist at each energy level. This is required 

by molecular orbital theory. If there exists a number 

3 
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of atoms, Q, with T atomic orbitals each, then there 

are Q•T molecular orbitals. These are frequently 

spaced so closely as to form energy bands, a continuous 

band of allowed energy levels. This picture is known 

as band theory. The spaces between these allowed 

energy bands are known as forbidden gaps. It is also 

of interest that these molecular orbitals can be 

localized or delocalized. In the crystal structure we 

are only concerned with the delocalized orbitals at 

present. An example of this is represented by Figure 

2. (4) 

At zero degrees Kelvin the highest fully occupied 

orbital is called the valence band. The energy of the 

top of the valence band is Ev. The next empty level 

above this is named the conduction band. Its lower 

energy limit is marked by E . The energy difference c 
between these two energy levels is referred to as Eg' 

the difference between the bonding and anti-bonding 

levels. It is affected by structural properties of the 

crystal. This is not to be confused with the 

difference of energies between the top of the valence 

band and the bottom of the conduction band. This 

latter difference, ~Ecv' determines the electrical 

properties (See Figure 3) and is referred to as the 

forbidden gap (or sometimes called the bandgap) energy. 
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(5) (6) It is this energy gap ~hich gives the 

semiconductor its own distinctive characteristics. 

The final energy topic relating to the subject at 

hand is the Fermi level, Ef' which represents the 

average energy of the free elec~ror.s in the crystal at 

any temperature. (4) It is "the energy at which the 

probability of an energy level being occupied by an 

electron is exactly one-half."(6) At absolute zero all 

the energy states below it are filled and all the 

states above it are empty. From this argument it can 

be stated that the energy of the electrons within the 

crystal corresponds to the Fermi level, which lies 

between the conduction band and the valence band. (See 

Figure 4) ( 7) ( 8) 

The classification of metal, semiconductor, and 

insulator can now be discussed. 

At absolute zero all electrons are in their lowest 

allowed energy levels. For a metal some of its 

electrons lie in a partially filled conduction band. 

This is quite the opposite for insulators and 

semiconductors. These two do not have any electrons 

within their conduction bands. When an electrical 

field is applied, current flow is observed in a metal, 

due to electron motion. In semiconductors and 

insulators such motion is not observed. All of their 
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electrons remain situated in the valence band and, 

thus, do not achieve enough energy to be promoted to 

the conduction band. Therefore, at absolute zero, both 

semiconductors and insulators are insulators. 

When the temperature is raised above zero Kelvin, 

electrons in the valence band can move into the 

conduction band by thermal excitation, and electrical 

conduction will occur. Whether the electrical 

conductivity will be great enough depends on whether 

the bandgap energy is large (>3 eV), for insulators, or 

small (<3 eV), for semiconductors. These energy 

differences may be viewed in Figure 5. (3) (4) Table 1 

exhibits relative bandgap energies of various 

semiconductors at room temperature. As it can be seen, 

some semiconductors have small bandgap energies, such 

as PbTe and InAs, while others have larger bandgap 

energies, such as CdS and Ti0 2 • (9) 
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Table l 

Bandgap Energies and Wavelengths of Various 
Semiconductors at Room Temperature 

Semiconductor Bandgap Energies Onset Wavelength 
(eV) (nm) 

Pb Te 0.29 4280 
InAs 0.33 3760 
Ge 0.63 1970 
Si 1.1 1130 
InP 1. 3 950 
GaAs 1. 4 890 
Fe203 2.1 590 
CdS 2.4 520 
Ti02 3.0 410 
ZnO 3.2 390 
Sn02 3.5 350 

The rest of this discussion will be concerned 

mainly with the semiconductor. 

There exist two main categories of semiconductors, 

intrinsic and extrinsic. When an electron is promoted 

from the valence band into the conduction band, it 

leaves behind a positive vacant site or "hole". This 

hole is mobile like an electron and moves in the 

opposite direction in an electric field. This is true 

of both extrinsic and intrinsic semiconductors, with 

the main difference being that the intrinsic type is 

pure and the extrinsic type contains impurities called 

dopants. The dopant will be situated in the crystal 

lattice (See Figure 6) and will incorporate either 

filled or vacant energy levels in the bandgap region. 
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This is observed when the electrons move into the 

conduction band by thermal excitation. Those which 

generate an excess of mobile electrons in the 

conduction band by thermal excitation are called 

n-type. On the other hand, semiconductors that have an 

excess of mobile holes are called p-type. An example 

of each is given as follows. 

In a silicon lattice, in which each atom contains 

four valence electrons, a phosphorus atom, which 

contains five valence electrons, is substituted. The 

resultant lattice structure fixes the position of the 

phosphorus atom by silicon-phosphorus bonding. Thus, 

four of the electrons of phosphorus are located in the 

valence band. The fifth electron, being weakly bound 

to the phosphorus, can enter the conduction band, 

whereupon it moves freely throughout the lattice. 

Accordingly, the phosphorus is called a donor species 

(D) upon release of its extra electron, and the 

semiconductor is n-type. 

Alternatively, if the silicon array is impregnated 

with gallium, which contributes only three valence 

electrons, an electron deficiency exists. Such kind of 

impurity accepts an electron from the valence band, and 

is called an acceptor (A). The electrons, in this 

case, are accepted from the valence band of the 
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silicon, creating holes. The resulting doping is 

p-type. 

The type and amount of doping determines both the 

majority carrier, whether it be holes or electrons, and 

the concentration of ~he dopant carrier. Typical 

values for dopant concentration are between 10 16 to 

10 20 carriers/cm 3 • (10) 

Doping influences the Fermi level according to the 

type of dopant (See Figure 7). N-type doping raises 

the Fermi level closer to the conduction band. This is 

primarily due to the donor levels located near the 

conduction band. (11) Conversely, those semiconductors 

which contain holes as the majority carriers, p-type, 

cause the Fermi level to shift closer to the valence 

band. Thus, these two shifts reflect the increase in 

electron population in the conduction band and the 

decrease in electron population in the valence band, 

respectively. If the dopant concentration is very 

great, the Fermi level can be driven into the valence 

band or conduction band. When this occurs, the 

semiconductor then becomes a quasi-metal. (6) 

Consequently, these changes also influence the 

conductivity of the semiconductor. The normal 

conductivity range varies from 10 2 to io- 4 mho per 

meter for semiconductors, 10-s to 10- 14 mho per meter 
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for insulators, and 10 3 to 10~ mho per meter for 

metals. Thus, the consequence of heavily doping a 

semiconductor is reflected in the conductivity. (9) 

The next area of semiconductor physics takes us 

from isolated crystals into that of junction formation 

or, in other words, semiconductor/electrolyte 

interfaces. 

When interfacing, in this case, a semiconductor 

and a solution, a couple of important facts concerning 

the Fermi level still apply. (i) The probability of 

finding an electron state being filled is one-half at 

the Fermi level (as previously stated); (ii) since the 

thermodynamic free energy of the system per electron is 

a concern, the Fermi level must remain continuous 

across the point of contact. (12) 

Prior to contact with a solution (See Figure 

S(a)), then-type semiconductor's Fermi level lies 

close to the conduction band. As for the solution, its 

Fermi level is different, usually, and is the energy 

located between the oxidized species (higher energy) 

and the reduced species (lower energy). After contact 

has been accomplished (See Figure S(b)), the Fermi 

level of the semiconductor remains flat from the bulk 

to the surface while the two Fermi levels move together 

by charge transfer across the interface. Meanwhile, 
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where the conduction and valence bands approach the 

surface, upward bandbending occurs. (The opposite is 

usually true for p-type semiconductors.) This effect 

is due to the semiconductor becoming more positive in 

potential with respect to the solution. Electrons flow 

away from the surface and holes move towards it. When 

this occurs, a space charge region develops in which 

the electrons and holes are inhomogeneously distributed 

(unlike a metal which has all charge placed on its 

surface). The third diagram (Figure 8(c}) defines the 

flatband potential, Efb' when the solution and 

semiconductor come in contact. In this example, the 

observation of no bandbending is due to zero excess 

charge existing in the semiconductor. 

In the last example (Figure 8(d)), the 

semiconductor has developed a potential which is 

negative with respect to Efb. Contact has been made 

with a redox couple of high energy. In this case the 

energy bands are bent downward when they approach the 

surface of the semiconductor. (13) 

If an external voltage is applied to the 

semiconductor/electrolyte system (with respect to a 

reference electrode), then the bandbending within the 

space charge region is controllable. The Fermi level 

of the electrode can be changed with respect to the 
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Fermi level of the solution. This effect may be 

demonstrated in three cases. (See Figure 9.) 

In 9(a) a potential positive of Vfb (the flatband 

potential) is applied. A depletion layer of majority 

carriers is observed at the s~rface within the space 

charge region. This is due to a flow of majority 

carriers in the conduction band towards the bulk. The 

minority carriers in the valence band increase near the 

surface. A net positive charge has now formed within 

the space charge region. Meanwhile, the holes in the 

bulk of the semiconductor have been neutralized by 

electrons. Thus, as a result, the space charge region 

acts as an insulator. If the depletion layer becomes 

deep enough when a high enough external voltage is 

applied (+10 volts vs. Vfb for example), the valence 

band may be bent to the point where the Fermi level 

enters the valence band near the surface (Figure 9(b)). 

An inversion layer has formed, in which the surface of 

an n-type semiconductor has become p-type. It is 

essentially a severe case of depletion with the added 

result of the accumulation of minority carriers within 

the valence band near the surface. Finally, in Figure 

9(c), an accumulation layer can be observed. This may 

be accomplished by applying a negative enough voltage 

with respect to Vfb or by having the electron donor 
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species in the solution at a high enough concentration 

so as to force electrons into the semiconductor. If 

the accumulation of electrons is so great that the 

Fermi level is driven into the conduction band, a 

degenerate surface results and the resultant surface 

behaves both like a metal and a semiconductor, i.e., a 

quasi-metal. 

The discussion will now consider the electrolyte 

part of the interface. In laying this groundwork, the 

electrochemical triple layer (See Figure 10) is 

described. 

A triple layer in solution consists of an inner 

Helmholtz plane, an outer Helmholtz plane, and the 

diffusion layer. At the interface the metal, in this 
0 

example, only has a negative surface charge of 3 A 

thickness while the solution provides a large 

collection of positively charged ions within the triple 

layer. (If a semiconductor is used, the space charge 
0 

layer·would be approximately 100 to 10,000 A deepJ (12) 

(14) As one proceeds from the solid surface towards 

the bulk electrolyte, the first layer of molecules 

encountered consists of adsorbed ions and water. This 

region is called the "inner Helmholtz plane." 

Continuing outward, solvated cations and anions are 

encountered and this layer is entitled the "outer 



0' :o 0 0 I 0 010!0 ooo o Ooo i 0 o 10,0 0 0 0 0 0 i 
~o:Oo oo o o O· o o o 
U io Q o I 0 
019°0 oO o 00 i 0 o o 
010:00 oo i 0 0 
010 0 ° 0' 0 0 100 0 0 0 0 ! 0 0 ,o:o 0 l 0 

1 2 3 0 ... . anion 

4 5 

Q ... . cation o .... water 
Figure 10 

Electrochemical Triple Layer 
1. Metal 
2. Inner Helmholtz Plane 
3. Outer Helmholtz Plane 
4. Diffusion Layer 
5. Bulk 

N 
V1 



26 

Helmholtz plane." The thickness of each layer is in 

reality only the average diameter thickness of a water 

molecule. These two layers together act as a 

dielectric between the conducting electrolyte layer and 

the solid. (14) (15) (16) The diffuse layer has a 

concentration of excess charge with respect to the 

bulk, starting with higher excesses near the surface 

and progressing to lesser concentrations at further 

distances. Thus, the solid, the inner and outer 

Helmholtz planes, and the diffusion layer can be viewed 

as a capacitor which can be broken down into the 

capacitances in series, C h , CH lmh lt , and spacec arge e o z 

cdiffuse· 
When a voltage within the normal operating range 

is applied to the n-type semiconductor electrode, one 

of the following conditions prevail. (See Figure 11) 

If the applied potential is more positive than the 

flatband potential of the semiconductor (Figure ll(a)), 

upward bandbending occurs within the space charge layer 

of the semiconductor and the Fermi level of the 

semiconductor is lowered with respect to the reference 

electrode Fermi level. A depletion of electrons in the 

conduction band of the space charge region develops as 

they flow to the bulk of semiconductor. At the same 

time holes in the valence band move toward the surface. 
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However, their concentration is so low in an n-type 

semiconductor that the electrode is effectively 

blocking. If the applied poten~ial is more negative 

than the flatband potential of the semiconductor 

(Figure ll(b)), downward bandbending occurs within the 

space charge layer of the semiconductor. The electrons 

accumulating within the space charge layer can combine 

with oxidized species in the solution to generate the 

reduced form. Holes tend to move from the space charge 

layer into the bulk. Finally, if the voltage applied 

is equal to the flatband potential, then no bandbending 

occurs. Consequently, a redox reaction might or might 

not happen, depending on its redox potential and the 

doping. 

Light absorption will now be discussed. 

As ~entioned earlier, all semiconductors have a 

certain bandgap energy. These bandgap energies in turn 

can be related to their individual wavelengths at which 

light absorption begins (See Table 1) by the formula 

where ABG 

is the onset bandgap wavelength in nanometers, and EBG 

is the bandgap photon energy in electron-volts. 1240 

is the conversion factor to change electron-volts to 

nanometers, as derived from E = hv and Av = c. (4) (6) 
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For light of wavelengths longer than the onset bandgap 

wavelength of the semiconductor, photons are not 

absorbed. But for those wavelengths that are equal to 

or shorter than the bandgap wavelengths, the photons 

are absorbed and produce excited electron-hole pairs. 

Photoexcitation of electrons is possible even at 

absolute zero. 

Recombination of electron-hole pairs can occur, 

but within the space charge region, the two can become 

separated. For positive bandbending, the electron 

travels toward the bulk of the semiconductor and the 

hole moves toward the surface. At this point--the hole 

can react with reduced species to produce the oxidized 

species. In the meantime, the electron flows to the 

counter electrode, where it reacts with an oxidized 

species to generate the reduced form. (The counter 

electrode is a second electrode that serves to complete 

the current loop through the cell. The counter 

.electrode is usually placed in a separate compartment 

that is connected to the working electrode compartment 

by a glass frit.) Thus, Figure 12 summarizes the basic 

steps involved in photogeneration of electron-hole 

pairs while Figure 13 displays the physical reality of 

these processes. (10) (17) This is the basis of solar 

energy conversion in a semiconductor liquid-junction 
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solar cell. 
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C. Corrosion and Corrosion Suooresssion 

Corrosion is the process of crystalline lattice 

destruction governed by chemical or other means, such 

as weathering, acid or alkali attack, atmospheric or 

water corrosion, or galvanic corrosion, just to name a 

few. (18) Because corrosion is so costly, much 

interest has been generated in studying it. The lack 

of funding hampers the development of semiconductor 

liquid-junction solar cells (SLJSC), which have a 

severe corrosion problem. 

Recent work (19-22) has established a foundation 

for observing these corrosion processes in an 

electrochemical environment which mimics the working 

SLJSC. By observing electrochemical reactions 

occurring at the electrode/electrolyte interface, the 

involvement of electron transfer and/or ion transport 

under the influence of an electric field can help 

determine rates of corrosion. 

These rates may be suppressed by non-electroactive 

coatings, in order to obtain better stability and 

longer lifetime of the SLJSC. These coatings should 

also permit electrochemical redox reactions to occur at 

the interface with minimal or non-existent destruction 

of the electrode surface. Corrosion suppression is the 

goal of the thesis. 
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Factors most influential on the rate of corrosion 

include potential, temperature, lattice structure of 

the electrode (particularly the exposed face), solution 

composition, and current. Of these, current, 

potential, and solution composition are considered to 

be most important. Hence, the discussion of 

electrochemical corrosion involving redox reactions 

under current flow conditions will be emphasized for 

the most part. 

In my research, the rates of corrosion of n-type 

GaAs, and likewise the observance of corrosion 

suppression, have been measured by electrochemical 

methods, namely differential pulse polarography and 

rotating ring-disc voltammetry. The actual 

experimental techniques will be described in chapter 

two. 

Corrosion in the electrochemical environment may 

result in the following two cases: dissolution and 

passivation. 

Electrochemical dissolution of n-type GaAs 

involves the breaking of bonds at the surface by 

movement of electrons and holes. (23) On clean n-GaAs 

su=faces, this exchange of electrons and holes occurs 

at the interface via the triple layer. Figure 14 

exhibits the physical destruction of the n-GaAs 
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( a ) 

( b ) 

Figure 14 

Electrochemical dissolution of n-GaAs by H20 oxidative decomposition 
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( c ) 
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semiconductor electrode surface via oxidative 

decomposition. At the surface (See Figure 14(a)) is a 

layer of surface atoms in contact with water molecules. 

The surface atoms average two free electrons per atom. 

These surface electrons can react with water molecules 

and form an oxide layer or they can be drawn back into 

the bulk by hole movement to the surface. (22) (24) As 

the holes approach the surface atoms, the bonds toward 

the bulk of the crystal are weakened. (See Figure 

14(b).) The surface atom becomes a surface radical 

which is electron-deficient. It reacts with a water 

molecule, which attaches to the surface. (See Figure 

14(c).) As more holes travel to the surface, another 

water molecule can be attached to the surface atom. 

(See Figure 14(d).) Eventually the surface atoms break 

away from the bulk and then move into solution as a 

solvated species. In order to have a continuous supply 

of surf ace charge carriers from the bulk of the 

crystal, a current must flow through the electrode and 

electrolyte via a circuit. 

Passivation, a form of corrosion suppression, is 

the process which causes the rate of dissolution to 

decrease sharply. A blocking layer forms on the 

surface of the electrode. This condition can be 

achieved by altering the electrolyte composition in 



39 

order to form oxides which promote passivity. (25) 

Neutral pH results in formation of gallium and arsenic 

oxide on the surface. Evidence presented by Harvey et 

al. (26) (27} indicates the primary oxides are Ga 2 0 3 

and As 2 0 3 in approximately equal proportion, whereas in 

acidic and basic media, anodic dissolution of the GaAs 

forms Ga(III) and As(III) species. (26) (28-30) 

Next, attention is drawn to photoelectrochemical 

corrosion of n-GaAs, the basics of which are chemical 

corrosion processes. In photoelectrochemical corrosion 

of n-GaAs electronic excitation is induced via light 

absorption. (See Figure 15.) As discussed earlier, 

when a packet of light energy is absorbed by the n-GaAs 

semiconductor, electron-hole pairs are generated and 

the reduced species in solution is oxidized at the 

n-GaAs surface by holes. (22-24) (31) Secondary to 

this photocurrent generation is photo-induced chemical 

corrosion. At acidic or basic pH's, the photocurrent 

will remain constant (dissolution) (See· Figure 15 (a)). 

A competition for holes between the redox reaction and 

the dissolution of the n-GaAs will occur and depends 

upon the energy levels of the products formed. (32) If 

the photocorrosion products form an oxide layer on the 

n-GaAs semiconductor surface, then condition (b) 

(passivation) will prevail and the photocurrent will 
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decay with time. W'nen this happens, more energy will 

be required for holes to reach to surface as they 

travel through the growing oxide layer. Thus, it can 

be seen that the oxide layer from the corrosion 

products functions as a protective layer against 

photocorrosion. 

As explained earlier in this section, various 

items affect corrosion such as current, pH, electrode 

structure, potential, temperature, and solution 

composition. It has also been mentioned that the 

corrosion rate is controlled by the thermodynamics of 

the electrode and its corrosion products and by the 

corrosion layer formed on the electrode surface. 

Semiconductor corrosion may be prevented by using 

protective inorganic or organic coatings. (21) These 

protective coatings may be placed on the electrode 

surface either by vapor deposition techniques (such as 

silanization) or by evaporation of solutions (organic 

or aqueous). These techniques will be described more 

fully in the next sect-ion. 

Several approaches are possible for measuring the 

rate at which a GaAs electrode corrodes during 

photocurrent generation. One method for measuring the 

corrosion rate is by weight loss experiments. In these 

the amount of n-GaAs electrode lost during an etching 
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process is related to the charge passed through the 

electrode. As an example, a loss of 5.0 mg of n-GaAs 

should result in an equivalent current generation of 

20.02 Coulombs, based on 6e- per GaAs oxidized. This 

should become obvious from the equation 

GaAs ~ Ga+ 3 + As+ 3 • 6e-. 

Using Faraday's constant, 

(96484.6 C/eq) ( .OOSOg) (6 eq/mole) = 20 _02 Coulombs 

144.64 g/mole 

This is an effective yet simple technique. 

In differential pulse polarography (which will be 

discussed in detail in Chapter 2), the concentration of 

As(III) in solution is observed as a function of charge 

passed. The corrected peak current for As( III) 

reduction is obtained before and after passing 

photocurrent through the electrode, and then converted 

to the amount of As( III) released via a calibration 

plot. 

In summary, chemical corrosion of n-GaAs is caused 

by very basic and very acidic solutions. 

Electrochemical corrosion requires holes arriving at 

the surface for n-GaAs and photoexcitation to produce 

the holes. Also, for the corrosion to occur, the 

potential applied needs to be more positive than the 

flatband potential; corrosion is not observed at 
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potentials negative of v~ . 
J.0 

In comparing the dissolution method with that of 

passivation, dissolution generates soluble products 

(Ga(III) and As( III)) in acidic and basic media. 

Passivation produces insoluble products which are 

mainly situated on the surface of the photoelectrode. 

These products form at intermediate pH's and there is 

no potential dependence of the oxide layer. Finally, 

the dissolution process allows a steady photocurrent in 

comparison to the passivation process, in which the 

current peaks and continues at low levels. 
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D. Work ~ Others 

With the advent of the electronics industry, in 

particular transistors, much interest has been 

generated in semiconductor research. (22) (23) (29) 

(33-35) This surge of interest is not just limited to 

products such as high-speed electronic devices but it 

also extends to other areas such as 

photoelectrochemical cells, photovoltaic devices, and 

optical communications. (31) (36) (37) Semiconductor 

use offers advantages over conventional methods for 

power generation in certain fields, such as space and 

isolated communities, where power plants would be too 

costly to build or where batteries, in the long run, 

would need numerous replacements. 

Although semiconductors have advantages, they also 

have problems, especially those used in 

photoelectrochemical cells. As pointed out in the 

previous section, corrosion is the major problem, but 

there are other troubles. Interface properties, 

composition, and uniformity depend on oxide preparation 

methodologies, such as thermally-, plasma-, or 

electrochemi~ally-grown crystals. (34) These will 

affect the optical properties. In conjunction with 

these difficulties, crystal surface defects introduce 

new surface states making irregular surface poin~s 
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where electron exchange is hampered or enhanced, 

depending on the type of doping. This eventually will 

result in altered etched lattice faces. (38) 

Kelly and Notten, in their recent publication 

(26), studied the effects of surface charging in 

relation to n-GaAs photoanodic dissolution. They 

argued that the dissolution of semiconductor electrodes 

may be due to surface or interfacial charge 

localization states, in which the charge distribution 

between the electrode and the electrolyte influences 

the dissolution rate. Futherrnore, they claim that 

interface states can act as intermediates in the 

dissolution reaction. Finally, they conclude that the 

n-GaAs/electrolyte interface localizes a high charge 

density during the photoancdic dissolution process. 

These results concur with those of Elliott and 

Regnault. (39) Along with the charge density 

localization case, they add that pH is an important 

factor to consider. Elliott and Regnault assert that 

with EDTA in a pH 4.5 electrolyte there exists 

negligible oxide solubility, at pH 10 and above, uneven 

electrode dissolution results, and at pH 2.5 the EDTA 

complexes with gallium at the surface. But one 

advantage they have uncovered is that the oxide film 

formed can act as a protective barrier to reduce 
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further film growth. Also, this film can be readily 

removed by dilute NH4 0H. 

In a recent publication by Frese et al. (22) they 

show that only a small amount of the exposed electrode 

surface is defective. These are the sites at which 

corrosion is most likely to occur. At the defect-free 

regions of the GaAs semiconductor stabilization against 

corrosion is supported by redox couples in solution. 

They further stress that these defects alter the 

surface state hole energy levels, which can lead to 

weakening of the bonds towards the bulk of the crystal. 

This, in effect, results in a surface which is more 

susceptible to corrosion. 

Finally, Wrighton et al. (30) state that although 

the production of photocurrent from GaAs may be stable, 

it does not mean that the semiconductor is. By 

utilizing a redox couple such as Te- 2 /Te 2 - 2 (which has 

its redox energy above Ev), the rate of Te- 2 oxidation 

is then competitive with the rate of photoanodic 

dissolution. This effect was confirmed by Heller and 

Miller (40), who used the se- 2 /se 2 - 2 redox couple on 

n-GaAs. Their results indicate that although the 
+ anodic reaction of 2se- 2 + 2h ~ se 2 - 2 dominates, 

photocorrosion still occurs. 

Polymer coatings may be deposited by 
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electrochemical polymerization. We will consider only 

work done with non-electroactive coatings; work using 

electroactive polymers has been reported. (41-49) 

Work in this area has been accomplished by 

Parkinson and Canfield (50) in which they blocked 

recombination centers by layering the electrode with 

bulky molecular species. Also, Bard and others (35) 

attempted similar electrochemical polymerization with 

OPD (o-phenylenediamine) on n-WSe 2 electrodes. The 

success of two polymerization cases was pH dependent 

with passivation increasing when pH was decreased. 

Thus, the OPD coating proved to be stable after further 

testing by redox reactions. 



II. EXPERIMENTAL 

A. Preparation of solutions 

1. As(III) standard solutions were prepared by 

dissolving reagent grade NaAs0 2 in deionized, distilled 

water. 

2. The acid solutions (HCl, HN0 3 , and H2 S0 4 ) were 

prepared using distilled, deionized water and reagent 

grade acids, respectively, and then calibrated via a 

Fisher Accumet model 610A pH meter. Some HN0 3 

solutions contained 0.1 M KN0 3 to increase 

conductivity. 

3. The tetraethylammmonium perchlorate (TEAP) 

solutions were prepared by drying spectroscopic grade 

acetonitrile with activated molecular sieves and then 

by passing them through a chilled (-20°C) activated 

alumina column. The TEAP was heated to 150°C overnight 

to dry and immediately dissolved in the dried CH 3 CN. 

4. The Fe(II)/Fe(III) solutions were prepared by 

dissolving ferrous sulfate or ferric sulfate, 

respectively, in HN0 3 /0.l M KN0 3 • 

5. The Fe(II)/EDTA solutions were prepared by 

dissolving ferrous sulfate in 0.100 M EDTA. The pH was 

adjusted to 7.00 by additions of electrolytic grade 

NaOH pellets and reagent grade H2 S0 4 and NH 4 0H. 

48 



49 

B. GaAs Crystal Preparation 

A 1:1 95% H2 S0 4 /30% H2 0 2 mixture was used to etch 

the surf ace of the GaAs crystal to remove any oxidation 

products from the surface. Etching time was thirty 

seconds. It was discovered that 70% H2 S0 4 deposited a 

carbon film on the crystal. Next, HF was used to 

remove any oxide layer present. The GaAs crystal was 

then rinsed with deionized, distilled water and 

methanol after each etch. 

C. Mounting of GaAs Crystal 

The back of the GaAs crystal was polished with 

alumina slurries to obtain an area for electrical 

contact. Sometimes scratching the surface with glass 

aided the electrical contact. Gallium-indium eutectic 

formed the ohmic contact to the crystal. The crystal 

(obtained from IT&T) was then mounted on either a glass 

tube of slightly larger diameter or onto a brass ESCA 

mount, depending on usage. Shell Epon 828 and PACM-20 

were combined to produce the epoxy (which is resistant 

to HF) to be spread on the electrode end of the mount. 

In the glass mount a copper wire was used to maintain 

contact for experimental measurements, whereas the 

brass ESCA mount itself provided contact. 

16.) 

(See Figure 
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D. Cleaning and Preparation of Equipment 

1. All glassware was cleaned first by soap and 

water, then by soaking in hot concentrated H2 S0 4 and 

hot concentrated HN0 3 , and finally by rinsing with 

distilled, deionized water. The glassware was dried by 

placing it in an oven at 1S0°c. 

2. Plastic surgical tubing, used in the dropping 

mercury electrode set-up (Figure 17), was boiled in 2 N 

NaOH for 75 to 120 minutes to remove any plasticizers 

in the tubing. It was then rinsed with distilled, 

deionized water to remove any NaOH and residual 

plasticizers and then air-dried. 

3. The capillary tube was cleaned by soaking in 

hot concentrated HN0 3 to dissolve any 0 Hg, waste, or 

films. Next, a methanol-water rinse was aspirated 

through the capillary. 

4. Figure 17 is representative of the basic 

experimental set-up used. 

E. Silanization 

The silanization with SiC1 4 was carried out 

according to procedures established by Rathnapala S. 

Vithanage. (11) (51) 

F. Voltammetric Techniques 

1. Photocurrent Etchinq 

The equipment was set up as shown in Fi~Jre 17. 
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Thirty milliliters of pH 1.00 HN0 3/0.1 M KN0 3 , H2 S0 4 , 

HCl, or NaOH was added as the electrolyte to the 

electrolytic cell. A volume of the same electrolyte 

was added to the counter electrode cell compartment so 

that the levels were equivalent in height. Argon was 

bubbled through the solution for 10 to 20 minutes to 

remove any 0 2 , which ordinarily interfered with the 

oxidation/reduction etching. 

The electrode used was checked as to whether it 

was coated or cleaned before etching. The inlet arm on 

the cell was positioned to form an argon blanket over-

the solution. A PAR Polarographic Analyzer and an x-y 

recorder were used to acquire the data. 

The xenon lamp was utilized as the light source. 

A black box was placed over the electrolytic cell in 

order to exclude room lights. 

2. Sampled DC Polarograohv 

Sampled DC polarography has been established as an 

electroanalytical tool for some time now. (52) (53) 

The basic principle of sampled DC employs the current 

flow at a dropping mercury electrode (DME) as a 

function of potential. The current is measured only 

once at a point where the faradaic current exists as 

the major component. Figure 18 illustrates the 

current-time curves for sampled DC polarography. The 
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dashed line indicates that the current is sampled near 

the end of the droplife; i.e., the last 16.7 ms. 

Figure 19 depicts a simple sampled DC polarogram. As 

it can be seen, the plateau region for the reduced 

species B consists of the residual current at B, i (B), r 

plus the diffusion limited current of B, id(B). Simple 

extrapolation of the residual current allows 

measurement of id(B) and hence an estimation of B's 

concentration. 

3. Differential Pulse Polarography 

In differential pulse polarography, a pulse of a 

few millivolts is applied at regular intervals on a 

slowly changing polarized voltage. (54) A differential 

output is the result of measuring the difference 

between two currents before and after the pulse. (53) 

In this technique a peak-shaped curve of Ai versus E is 

generated in the voltamrnogram. This result can be 

observed in Figure 20. Theoretically, the maximum in 

Ai, the difference of measured current sampled during 

the lifetime of a drop, occurs at E112 , the half-wave 

potential. The pre- and post-portions of the 

diffusion-controlled wave are symmetrical. (55) 

The current is a function of the redox concentrations, 

the electrode area, and the redox diffusion 

coefficients. (56) 
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A Theoretical Differential Pulse 
Polarographic Wave 
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Figure 21 (57) shows the potential-time plot used 

in DPP: a potential ramp with the repeated pulse 

added. While the potential is steadily increased in a 

linear fashion with time, several events occur. At 

point A the previous mercury drop has been knocked off 

and a new one begins to grow until point F, the point 

of maximum drop growth. The entire lifetime of the 

mercury drop, A to F, is dependent on the programming 

of the dropknocker, which can vary the lifetime from 

0.5 sec to 5 seconds. The PAR 174A circuitry for DPP 

samples the current 16.7 ms prior to pulse application, 

B to C. (57) The current obtained is converted into a 

voltage analog and is stored in a sample-and-hold 

circuit. When the current is finished being sampled, a 

pulse of predetermined magnitude (5, 10, 25, or 50 mV) 

is applied at point C and thus is observed in the 

transition to D. The second current measurement of 

16.7 ms duration is taken at E, 40 ms into the pulse, 

and is also converted into its voltage analog. The 

first measurement is then subtracted from the second 

and is plotted via a recorder to yield di/aE. The 

curve approximates the first derivative of a sampled DC 

voltammograrn. 

When a sampled DC pulse polarogram is overlaid 

with a differential pulse polarogram, as in Figure 22, 
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a comparison of sensitivities between the two can be 

made. The figure shows a sampled DC and differential 

pulse polarogram for As(III) in HCl. The sampled DC 

pulse polarogram is not as sensitive as the 

differential pulse polarogram with all conditions 

(except current sensitivity) being equal. In the 

differential pulse polarogram the first peak 

corresponds to a 3e- reduction of As(III) to As 0 , and 

the third peak is yet a further reduction to AsH 3 . (58) 

The second peak is a polarographic maxima and 

disappears at arsenic concentrations less than 8 µM. 

(58) 

4. AC Voltammetry 

In alternating current (AC) methodologies a small 

AC signal is superimposed upon a simple DC potential 

ramp and applied to an electrochemical cell. (13) (59) 

(60) The AC peak-to-peak voltage applied usually lies 

between 1 and 30 mV. (61) Although most AC techniques 

are used in the sweep mode, various stationary DC 

potentials were applied in order to determine the 

f latband potential of the GaAs semiconductor in an 

acidic media. 

Figure 23 presents the basic electronic circuitry 

utilized in this analytical method. The PAR 176 and 

the PAR 173 acted in conjunction as the 
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potentiostatic circuit, and the PAR 5204 displayed the 

in-phase, i 0 , and out-of-phase, i 90 , components with 

respect to the applied potential from the PAR 174A. 

These values are then utilized in determining the 

resistance and the double layer capacitance in the 

electrochemical cell. From this information a plot of 

l/C 2 versus Eapplied (a Mott-Schottky plot) will yield 

the flatband potential. 

5. Rotating Ring-Disc Voltammetry 

a. Mounting of GaAs crystal 

The GaAs crystal was cleaned and polished as 

described in Section C of this chapter. Again, 

gallium-indium eutectic formed the ohmic contact 

to the crystal. The crystal was then mounted on 

an interchangeable stainless steel disc electrode 

mount. Bathtub silicone was then placed around 

the circumference of the upper portion of the 

mount, which was then placed in the ring-disc 

assembly and adjusted until flush with the 

surface. The silicone was allowed to cure 

overnight. The assembly's radial face was then 

soaked in distilled, deionized water to remove any 

excess acetic acid, which was released during 

curing. ·Figure 24 (62) represents an illustration 

of the rotating ring-disc electrode assembly as 

obtained from the Pine Instrument Company. 
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b. General Theory 

The rotating ring-disc electrode is a powerful 

method for analyzing the kinetics of homogeneous 

electrochemical reactions in solution. (63) It can be 

used to determine some kinetic parameters associated 

with the electrochemistry involved. The electrode is 

rotated, thereby setting up convective flow by 

rotational forces. As this occurs, solution flows 

towards the disc and then across the ring, which is 

downstream from the disc. During rotation the surface 

concentration of the reactant being analyzed is assumed 

to be uniform. 

The potentiostat used to analyze data was modified 

to accommodate two working electrodes. How this was 

accomplished and calculation of the collection 

efficiency are covered in the next chapter. 

6. Voltammetric Photooxidation of Phenol and DVB 

The basic experimental set-up is given in Figure 17. 

The reference electrode can be either in the same 

compartment as the working electrode or in a separate one 

connected by a fine glass frit. 

Cyclic voltammetry, in conjunction wi.th a light source, 

is utilized to covalently attach or adsorb phenol (35) 

(64-68) (or DVB) to the gallium arsenide semiconductor 

surface. Thus, a non-electroactive polymer coating can be 
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synthesized by this technique. (69) The light source is 

utilized to aid in the generation of holes needed to oxidize 

DVB or phenol; the GaAs is blocking otherwise. The 

deposition solution must consist of a basic organic 

electrolyte, preferably CH 3 CN or CH 3 CH. (The high dielectric 

constant of these two solvents will favor a separation of 

charges, thereby generating phenolate or DVB radicals.) The 

cyclic voltammograrn of phenol oxidation is represented by 

Figure 25. 
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III. Results and Discussion 

A. General Properties of n-GaAs 

The main goal of my research was to suppress 

corrosion on the semiconductor electrode surface. 

This goal was attempted by placing a non-electroactive 

coating on the n-GaAs semiconductor electrode surface. 

Haller and others (36} (51) (70-74) have found that 

the corrosion rate on semiconductor electrodes may be 

suppressed by covalent attachment of non-electroactive 

layers on the surface. The objective was (a} 

preventing or reducing rates of surf ace corrosion of 

the n-GaAs semiconductor electrode surface, (b} 

promoting redox reactions of iron, iodide, or ferroin 

redox couples through the adsorbed polymer layer, and 

(c} allowing current levels of coated electrodes to be 

near those of uncoated electrodes. 

An IR spectrum was attempted on (Aldrich Chemical 

brand) GaAs powder which was pressed into a pellet. 

Due to inhomogeneous surface conditions and excessive 

light scattering, an IR spectrum of reasonable quality 

could not be obtained. 

X-ray photoelectron spectroscopy was employed to 

analyze the gallium arsenide crystal surface. After 

etching the surface for one minute in a warm (-3sac} 

H2 S0 4 :3H2 0 2 :H2 0 mixture and then rinsing with 

68 
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deionized, distilled water, the surface was examined 

by XPS. (See Figures 26 and 28.) It was then 

re-examined after a one minute etch in concentrated HF 

at room temperature and thorough rinsing. The data 

(Figures 27 and 29) revealed the loss of an oxide 

layer after the HF etch. This loss was indicated by 

the attenuation of the peaks at binding energies 44.9 

eV and 167.5 eV. The change at 44.9 eV was a result 

of the loss of the As(3d) state from As 2 0 3 on the 

surface. The As(3d) peak at 42.1 eV corresponds to 

the binding energy of the As(3d) state in the GaAs 

crystal. As for Figures 26 and 27, the peak observed 

at 161.5 eV corresponds to a Ga(Auger) peak, whereas 

the peak at 167.5 eV corresponds to a Ga(Auger) peak 

in Ga 2 0 3 • These results concur with those observed by 

Mizokawa et al. (75) Other scans, not shown here, 

disclosed a four-fold decrease in the O(ls) peak 

height at 532 eV after the HF etch. Finally, the 

oxide peak height at 46.5 eV was reduced to a 

negligible value while the peak height for the As(3d) 

state at 42.5 eV remained basically at the same level 

of intensity. 

The next property investigated was the flatband 

potential, Vfb" Two methods were utilized to 

determine the flatband potential: AC voltammetry, 
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Figure 27 
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which yielded Mott-Schottky plots, and the 

photocurrent onset potential method. The basic AC 

voltammetric set-up to obtain Mott-Schottky plots is 

represented by Figure 23. When a small AC voltage was 

applied to the cell, the resulting AC current was 

analyzed. Utilizing its amplitude and phase angle, 

the impedance of the n-GaAs semiconductor/electrolyte 

interface was determined. (74) Table 2 contains some 

typical data obtained as a result of AC voltammetry. 

The data were analyzed by assuming a linear RC 

circuit, where R is the cell resistance and C is the 

space charge capacitance. By plotting the inverse of 

the capacitance squared versus applied potential, a 

Mott-Schottky plot was obtained. (See Figure 30.) 

Mott-Schottky plots should yield a straight line whose 

potential axis intercept is Vfb + .0257 volts. In 

this fashion, the flatband potential may be 

determined. Unfortunately, the Mott-Schottky plots 

obtained resulted in a curve, thus making the Vfb 

determination impossible. This may be due to the 

frequency dispersion which is often observed for 

semiconductor/electrolyte interfaces. (74) 

Laflere, van Meirhaeghe, and Cardon (76) observed 

a llknee" region (See Figure 31) at potentials more 

negative than -0.35 volts. They reported ~hat 
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Table 2. AC voltammetry data for a clean n-GaAS electrode in 
0.01 M HN03/0.l M KN03 

Applied i90 io 
potential io i90 i 2+i 2 Eac i 2+i 2 Eac R c 

(volts) (µA) (i.rA) 0 90 0 90 (kn) (µf) 

1.0 .36 .33 4.80 5.24 5.24 .033 
0.8 .38 .34 4.54 5.07 5.07 .034 
0.6 .40 .33 4.26 5.16 5.16 .037 
0.4 .41 .32 4.11 5.26 5.26 .039 
0.2 .41 .28 3.94 5.77 5.77 .040 
o.o .32 .17 4.49 8.46 8.46 .035 

f = 1.0 kHz 
Eac = 3.47 mV 
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stabilization times of greater than 15 minutes were 

required before each impedance measurement. Without 

this knee region, their Vfb determination was reported 

as -1.0 volts vs. SHE or -1.24 volts vs. SCE. The 

knee region, as they reported it does not appear when 

the n-GaAs is in contact with a metal Schottky 

barrier. They stated that this phenomenon may be due 

to the presence of the electrolyte in liquid-junction 

interfaces. 

The second method of flatband determination was 

photocurrent onset potential. Two approaches were 

employed. The first technique used a chopped light 

beam to generate anodic and cathodic currents. Figure 

32 presents the recorded data. In this method the 

anodic current decayed with time when the electrode 

was illuminated at potentials near Vfb" Once the 

light beam was blocked, a momentary cathodic current 

was observed. This current is believed to be due to 

reduction of hole oxidation products. Vfb was located 

at the point where the net anodic and cathodic 

currents (after the pulse decay) were zero. In 0.5 M 

H2 S0 4 , Vfb= -0.7 volts± 50 mV. In the second 

photocurrent onset potential technique the plateau 

photocurrent was first measured. Next, the dark 

current was subtracted from the photocurrent. The 
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photocurrent squared (Table 3) was plotted versus 

the potential and the flatband potential determined 

by the potential axis intercept (-0.70 volts vs. SCE 

in 1.0 M.H 2S0 4 ) (See Figure 33.) 

Table 3 

Flatband potential as Determined By 
Photocurrent Onset Potential in 

pH 1. 0 H2S04 

v (volts) ip (µA) . 2 
l.p (µA2) 

-.70 2 4 
-.65 8 64 
-.60 10 100 
-.55 13 169 
-.50 16 256 
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B. Analysis of uncoated n-GaAs photoelectrode 

Before the corrosion rate of the n-GaAs 

photoelectrode could be measured, differential pulse 

polarography (DPP) was used to analyze the possible 

soluble corrosion products, As(!II) and Ga(III). These 

corrosion products are soluble in acid, insoluble at 

neutral pH, and soluble at high pH. Initial experiments 

included sampled DC polarography in both acidic and 

basic media. First analyzed was Ga(III). Although 

predicted to be observable ( 20), Ga (I I I) could not be 

seen even after increasing its concentration to 

approximately 12 µM with current sensitivity at 0.5 µA 

full scale. These experiments were carried out in pH 

12. 0 NaOH, pH 1. 0 HN0 3 , and pH 3. 0 HCl. 

The electrochernistry of As(III) was observed in 

acidic media. Referring to Figure 22, the first peak at 

-0.6 volts corresponds to a 3e- reduction of As(III) to 

As(O). (58) (77) Calibration curves of current versus 

concentration were obtained ·at -0. 6 vol ts. As can be 

seen in Figure 34, a nice linear calibration curve was 

obtained in acidic media over a wide concentration 

range. (See Table 4. ) Figure 35 illustrates that at the 

same pH for strong acids the As (I I I) peak potential does 

not change, thus allowing 
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Table 4. Solutions used to check linearity of current vs. As(III) 
concentrations 

Electrolyte 
HCl - 0.1 M 

pH 3.0 
pH 3.0/0.1 M NaCl 
pH 5.0 

HN03 - 0.1 M 
pH 3.0 
pH 3.0/0.1 H KN03 
pH 5.0 

H2S04 - 0 .1 M 
pH 3.0 
pH 3.0/0.1.M Na2S04 
pH 5.0 

-3 P04 buffers - pH 3.0 

NaCl - 0.3 M 

pH 4.7 
pH 7.0 

HAc - pH 5.0/0.01. M NaAc/ 
0.1 M NaC.l 

pH 5 .0/0 .01 M NaAc/ 
0.1 M KN03 

pH 5 .0/0 .01 M NaAc/ 
0.1 M Na2S04 

(volts) 
Potential 

-.60 
-.75 
-.75 
-.97 5 

-.60 
-.72 
-.72 
-.84 

-.60 
-.78 
-. 78 
-.975 

-.98 
-1.15 
-1.30 

-.60 

-1.15 

-1.15 

-1.15 

(µM) 
Concentration Range 

1.3 - 201 -
3.3 - 76 
3.3 - 76 
3.3 - 50.7 

1.3 - 185 
3.3 - 60 
3.3 - 71 
3.3 - 493 

1.3 - 201 
2 .o - 168 
2.0 - 168 

12.7 - 243 

6.5 - 507 
5.2 - 507 
5.2 - 507 

6.5 - 50.7 

6.5 - 279 

6.5 - 279 

6.5 - 279 
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consistent data to be obtained at the same pH. If the pH 

is increased, the peak potential should shift negatively 

according to the Nernst equa-cion for the simplified 

reduction reaction 
+ HAs0 2 + 3H + 3e- ~ As + 2H 2 0 

This behavior was observed for HN0 3 for pH 1, 2, and 3. 

But as the pH increased further it became apparent that 

the polarographic maxima peak (Figure 22) shifted toward 

the peak used for analysis. By pH 3, the As ( II I ) 

reduction peak could still be used to generate 

calibration plots but with some reservations as to their 

accuracy. At pH 4 the As (I I I) reduction peak was 

completely obscured, but at pH 5 the As( III) reduction 

peak (believed to be the same peak) reappeared on the 

other side of the polarographic maxima peak. 

Prior to photoelectrochemical etching, both 

open-circuit etching rates and electrochemical etching 

rates in the dark were measured in several acidic media: 

H2 S0 4 , HCl, and HN0 3 , all at pH 1.0. For both the 

electrochemical and photoelectrochemical etching 

experiments the potential of the n-GaAs electrode was 

held at + 0.500 volts versus SCE, a potential which is 

sufficiently positive of the flatband potential for 

maximum photocurrent generation. By etching at constant 

potential, one can obtain a corrosion ratio of moles e-
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passed per mole As (I I I) generated. One can integrate the 

current to measure total charge passed, measure the 

concentration of As(III) generated, and use spiking to 

obtain a calibration plot for As (I I I). Table 5 contains 

some typical data. Results from the open-circuit and 

dark etching experiments proved that etching rates under 

these conditions were negligible. (See Table 6.) Note 

that after 30 minutes that only 1 µmole of As (I I I) 

appears, whereas during a single 5 minute 

photoelectrochernical etch, approximately 

100 µmoles of As ( I I I) appear. .Thus, attention was qi ven 

to photoelectrochemical etching. 

Figure 36 illustrates a photocurrent-time plot. 

The stable photocurrents indicate that no passive layer 

is forming. Table 7 contains the results of 

photoelectrochemical etching for the uncoated n-GaAs 

photoelectrode in various electrolytes. In theory the 

number of electrons passed per As( III) generated should 

be six according to the reaction ( 30) ( 39) ( 78): 

GaAs -+ Ga ( II I ) + As ( I I I ) + 6e - . 

Other workers have obtained this corrosion ratio. 

Results obtained by Kohl, Wolowodiuk, and Ostermayer 



Table 5. Calculation of results from photoelectrochemical etch and DPP from pH 1.0 HN03/ 
O.lMKN03 at -0.60 volts clean GaAs 

i moles e-
t(min) i(nA) corr(nA) c(µM) f!.c' (µM) µmoles As(III) Q(Coul) µmoles e- mole As(III) 

0 16.4 0 0 0 0 0 0 0 
5 300 283.6 194.6 194 .6 5.838 2.1158 21.93 3.76 

10 555 538.6 350.2 155.6 4.668 1.4936 15.48 3.32 
15 753 736.6 452.9 102. 7 3.081 1.4342 14.86 4.82 
20 887 870.6 522.4 69.5 2.085 0.9459 9.80 4.70 
25 1027 1010 .6 595.0 72.6 2.178 1.4273 14. 79 6.79 
30 1238 1221.6 704.5 109 .5 3.285 1.4182 14.70 4.47 

4.64±.79 
After s:eiklng wlth 2 .00 µM As (III) 

lic(µM) i(nA) i (nA) · i' (nA) i = i - ~kg corr corr 
133 .33 1360 1343 .6 122 f I = f - i 231.58 1545 1528.6 307 corr corr(30) 
320.00 1720 1703.6 482 

106 !:!moles/mole µmoles e- = g x 
Intercept and slope determined by F 

linear regression 

CX> 
00 



Table 6. Electrochemical etching of n-GaAs electrode in the dark 
moles e-

Electrolyte Ave µmoles As(III)/etch Ave µmoles e-/etch Ave Q(Coul)/etch Ave moles As(III) 

1 HCl pH 1.0 
2 H2so4 pH 1.0 
3 HN03 pH 1.0 

/0.1 M KN03 

4 pH 2 .0/0 .1 M KN03 

5 pH 3.0/0.l M KN03 

.0299 
1.011 
1.482 

.992 

.891 
(etching time = 30 minutes) 
1 - open circuit 
2 - 5 potentiostatted at +o.5 volts vs. SCE 

.0282 

.0461 

.0277 

.0221 

.00272 

.00445 

.00267 

.00213 

.0279±.0043 

.0311± .0059 

.0279±.0071 

.0248±.0065 



c 
u 
R 
R 
E 
N 
T 

(mA) 

T I M E ( MIN UT ES) 

0 .25 .50 .75 1 1. 25 1.5 2 1.75 
o-L-~~.__~~~~-L~~--'-~~-'-~~----~------~-. 

.2 

.4 

.6 

.8 

1.0 pH 3.00 H,504 10.1 M Na,504 

Photocurrent-time plot 

Figure 36 



91 

(31) were actually higher than the theoretical value. 

They photo-oxidized the n-GaAs photoelectrode in several 

acidic solutions: H2 S0 4 , HCl, HF and HBr, all of which 

were 2 M. Their data show 7 .2 photons per GaAs in H2 S0 4 

and HCl. The photon-based results may be in error due to 

recombination losses. 

As can be seen in Table 7, the average number of 

moles of electrons per mole of As( III) is mostly between 

2 to 3. These values are in disagreement with the 

theoretical value of 6. 

Weight loss experiments, as described in chapter 

one, were attempted. As can be seen in Table 8, the 

results from weight loss yielded 2.6 electrons per GaAs 

whereas DPP results yielded 3.7 electrons per molecule. 

Similar results were obtained in H2 S04 and HCl. In these 

cases the DPP results were higher than those of the 

weight loss. 

From the HN0 3 /0.1 M KN0 3 results (Table 7), it 

appeared that by increasing the conductivity (or the 

ionic strength) the average mole ratio of electrons to 

As(III) increased also. But as the pH increased, this 

ratio declined slightly. This phenomenon was noted by 

Gerischer (21) in his work involving CdS SLJSC. He 

explained that this effect was due primarily to the shift 

of the Fermi level towards a more posi "t:i ve 
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Table 7. Photoelectrochemical etching results for uncoated n-GaAs 
photoelectrode 

Electrolyte 

HCl pH 1.0 

HN03 pH 1.0 

HN03 pH 1.0/0.1. M KN0 3 

pH 2.0/0.1 M KN03 

pH 3.0/0.1 M KN03 

HCl pH 3.0/0.1. M NaCl 
(etching time = 30 minutes) 

moles e-
Ave mole As(III) 

2.25±.16 
2.07± .06 
2.36±.09 

2.38±.15 

2.57±.06 

4.64±.79 

4.39±.31 

4.03±.53 
2.95±.31 

3 .86± .42 
3.17±.39 

3.01±.85 

Ave Q(Coul)/etch 
1.110 
1.201 
0.900 

0.751 

0.476 

1.470 

0 .179 

0 .103 
0.128 

0.106 
0 .120 

0 .119 
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Table 8. Results of typical weight loss experiments in HN03 pH 
1.0/0.l M KN03 

t h(min) m (g) moles e-
etc ave *mo].e As(III) 

0 9 .5392 
10 9.5380 
20 9.5366 
30 9.5358 
40 9.5350 
50 9.5342 

Q = 8.7216 c total 

µmoles e-total = 90.39 

t.m = 5.0 mg 

µmoles GaAs = 34.5 

Q Total 
H2so4 pH 1.0 7.2171 

/0 .1 M NazS04 

HCl pH 1.0 7 .6126 
/0.1 M NaCl 

*as determined by DPP 

0 
3.433 
3. 311 
3.803 
3.303 
4.595 
3.69±.41 

90 .39 = 2 62 
34 .5 . 

D.m(mg) 
5.1 

4.7 

moles e-
mole As (III) 

2.12 

2.43 

moles e-
*mole As(III) 

2.97 

3.13 



94 

potential at higher pH. Thus, both effects, 

conductivity and pH, were reflected in the pH 3.0 H2 S0 4 

and HCl with supporting electrolyte added. It is 

apparent that the level of conductivity has a greater 

effect on the electron-to-As( III) ratio than the pH. No 

studies were conducted by altering the amount of 

supporting electrolyte. 



C. Analysis of Coated n-GaAs Photoelectrode 

Three different coatings were applied to clean 

n-GaAs electrode surfaces in an attempt to suppress 

corrosion of the photoelect:-ode. These coatings were 

polymers of tetrachlorosi lane, di vinylbenzene (DVB), 

and phenol. The coatings were applied via vapor 

deposition or by vol tammetric oxidation. 

In the silanization procedure the clean gallium 

arsenide surface was exposed to the tetrachlorosilane 

under a constant vapor pressure. (See Figure 37.) The 

heated ( 150 ° C) sample was allowed to react and form 

covalent bonds to the silane via the ubiquitous surface 

oxide, after which cross-linking was accomplished by 

introduction of water and heat. Results of 

photoelectrochemical etching revealed that the 

corrosion rate of n-GaAs was not significantly improved 

in acidic media. 

The next approach taken was photoelectrochemical 

oxidation of divinylbenzene or phenol in either 

acetonitrile or methanol electrolytes. 

based on the relatively recent 

This approach is 

idea of coating 

electrodes by electrochemical polymerization. Shaw et 

al. ( 79) coated electrodes by benzophenone reduction (to 

its radical anion) in a styrene mixture to produce a 

polystyrene film. Thus, research in this area 
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prompted the idea that divinylbenzene (DVB) should be 

electrochemically active and capable of 

self-initiation. 

Figure 38 illustrates DVB oxidation on a platinum 

electrode in 0.1 M KPF 6 in CH 3 CN. The oxidation peak is 

observed at +1.40 volts vs. SCE. A very weak reduction 

peak is observed at +.33 volts vs. SCE. It was suggested 

by R. S. Vithanage (11) that this small reduction wave 

was due to dimeric or oligomeric species generated 

during the vol tammetric polymerization process. On 

subsequent scans there was drastic and rapid attenuation 

of the oxidation peak. Similar behavior was observed for 

the GaAs electrode (See Figure 39) as the DVB 

photooxidation product passivated the electrode 

surface. Photocorrosion results wi 11 be analyzed at the 

end of this section. 

Use of phenols as another corrosion inhibitor was 

first explored by Bruno, Pham, and Dubois. ( 64) In their 

study the anodic oxidation of disubstituted phenols in 

an alcohol and hydroxide media was investigated. The 

base ensured maximum phenolate ion concentration which 

is more easily oxidized than phenol. They concluded that 

the formation of the polyphenylene oxide film is 

continuous on and adheres to noble metals, such as Pt and 

Au, and suppresses 
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corrosion on metals such as Fe, Ni, and Cu, by blocking 

the electrode surface for water oxidation. 

With this in mind phenol was used to produce a 

polymer coating on Pt, Au, and n-GaAs electrodes. With 

phenol present in the acetoni trile-sodiurn hydroxide 

solvent system, the platinum working electrode attained 

a saturation current, as shown in Figure 40, for the 

oxidation of phenol. Upon reversing the scan, the 

current dropped to near zero (-lµA). Upon obtaining a 

second scan, the current gradually rose. After + 1. 2 

volts vs. SCE, the current increased more rapidly. This 

effect may be attributed to the polyphenylene oxide 

which may be blocking the available sites for further . 
polymerization at lower potentials. Similar behavior 

was observed on Au electrodes. Figure 25 illustrates the 

passivation of a gold electrode by formation of 

polyphenylene oxide in 0.1 M NaOH/MeOH. With each sweep 

the current decayed at both the oxidation peak ( +. 33 

volts vs. SCE) and the reduction peak (-.06 volts vs. 

SCE). This is indicative of the formation of the 

polyphenylene oxide layer. 

Finally, the n-GaAs photoelectrode was utilized for 

phenol oxidation. Figure 41 illustrates the cyclic 

voltarnmetric response for the electrochemical 
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formation of a polyphenylene oxide film on the gallium 

arsenide electrode, which was illuminated with white 

light. With each scan behavior similar to Pt and Au was 

observed. The only difference was the lack of a 

well-defined plateau of current. Sol vents were then 

changed to a NaOH/CH 3 0H combination to try to observe 

well-defined cyclic vol tammetry of phenol on n-GaAs. 

The n-GaAs electrode was illuminated in various 

concentrations of the phenol mixtures. Figure 42 is a 

typical cyclic vol tarnmogram obtained by using the n-GaAs 

photoelectrode. Towards negative potentials no 

reduction wave was observed, thus indicating that the 

photooxidation of phenol to polyphenylene oxide is an 

irreversible electrochemical process. It was also noted 

that after several cycles, a blue coating was present on 

the n-GaAs electrode surface. This confirmed the 

formation of the polymer layer and was in agreement with 

the observations of Bruno, Pham, and Dubois. ( 64) 

As to how the polymer layer forms, several authors 

(11) (64) (80-82) have proposed the oxidation mechanism 

of phenol. (See Figure 43.) First, the phenol, in the 

alcoholic base, deprotonates to yield the phenol ate ion. 

Electrochemical oxidation yields the neutral radical. 

Step I I I shows how -che phenolate 



Cyclic Voltammogram 

c 0 f phenol 
u 3 

R 2 

R Ga As - working electrode 
E 0.3 M NoOH/MeOH 
N 5 mM phenol 
T 2 scan rote:50 mV!lec 

(mA) 

0 

POTENTIAL .(volts) 

Figure 42 



I 

I I 

I I I 

Phenol Meehan sm 

o-.OH fast Q-0° + H+ 

st ow....._ 
( ) O· + e 

O=o 
Q=o 

• 
Figure 43 

I. Generation of Phenolate in alcohol:i.c h.<i.se 
II. Initiation of Phenolate radical 

III. Rearrangement 
IV. Propagation 1 
V. Propagation 2 

VI. Termination 1 
VII. Termination 2 

·O=o ...... 
0 
Vl 



OH 

Q-o 

Figure 43 (continued) 



v Q-o· + ·(} o ~t> Q-o-Q=o 

t>Q-o-Q-o· + e 

VI ~O· + Q-o--Q=o --~t> 

0 

Q 
a o po 

Figure 43 (continued) 



VI I ·Q=o + ·Q=o --1> 0 0 

H 
0 

H/ 
0 I> HO OH 

I-' 
0 
00 

I> 0 0 + 2 H+ -+ e 

Figure 43 (continued) 



109 

radical can rearrange once ge~erated. These resonance 

forms can then be utilized to describe the propagation or 

termination steps, if necessary. In the first 

propagation scheme (IV) a phenolate radical reacts with 

a phenol molecule to yield a biphenyl-like radical. This 

radical then undergoes loss of hydrogen and can continue 

propagation with another phenol ate radical. Propogation 

scheme 2 (V) exhibits head-to-tail coupling of two 

phenolate radicals. This product can then deprotonate 

and finally be subjected to anodic oxidation to expand a 

chain. Two mechanisms have been proposed for 

termination. The first (VI) involves a polymer chain 

attaching a phenyl-quinone 

diphenyl-quinone polymer. 

type compound to form a 

The other termination 

mechanism (VII) involves tail-to-tail coupling of two 

phenolate radicals to generate a para diphenol. If the 

diphenoquinone product is desired, electrochemical 

oxidation is required at higher potentials. The net 

result is a highly cross-linked polymer of po·lyphenylene 

oxide. 

Figure 44 exhibits the proposed formation of the 

nonconducting polymer film on the n-GaAs surface. 

Natural film formation may occur with flaws and weak 

spots also being present. The polymer may grow through 

oxidation or reduction, by creation of radical 
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anions, or by propagation of free radicals after 

ini ti a ti on. If an open site on the electrode exists 

after a sweep, that pinhole then becomes a preferred site 

in the next subsequent sweep. Thus, a self-healing, 

self-limiting polymer layer is formed. 

After coating of the electrode had been completed, 

the GaAs electrode was again subjected to photocurrent 

generation in acidic media. Tables 9, 10 and 11 display 

these results for the DVB-, and phenol-based coatings. 

By comparing the uncoated electrode PEC etching results 

to that of the coated electrode results, it is apparent 

that the coated electrodes exhibit a somewhat higher 

corrosion ratio (moles e- /mole As (I I I)). The DVB-coated 

photoelectrode data exhibit only a slightly higher ratio 

although the coated electrode was etched for a lesser 

time. The DVB-coated electrode shows a remarkably small 

number of Coulombs per photo-etch, due to the rather low 

photocurrent observed. The reason for this is unknown. 

Table 10 contains data obtained from the phenol 

coated n-GaAs photoelectrode, which was coated in 0.3 M 

NaOH/CH 3 CN. The mole ratio is up approximately one 

electron per GaAs for HCl electrolyte data with 

comparable Q's. The same is true for both HN0 3 etch 



Table 9. Photoelectrochemical results for DVB-coated n-GaAs photoelectrode 
Coated 

moles e-
Electrolyte Ave mole As(III) 
H2so4 pH 1.0 2.80±.54 
HCl pH 1.0 2.97±.32 
HN03 pH 1.0 3.12±.46 
(etch time = 20 minutes) 

Ave Q(Coul)/etch 
0.00510 
0 .0216 
0 .0173 

Uncoated 
moles e-

Ave mole As(III) 
2.25±.16 
2.38±.15 
2.57±.06 

Ave Q(Coul)/etch 
1.110 
0.751 
0.476 



Table 10. Photoelectrochemical results for phenol-coated n-GaAs photoelectrode from acetonitrile 
Coated Uncoated 

moles e-
Electrolyte Ave mole As(Ill) 

HCl pH 1.0 3.37±.51* 
HN03 pH 1.0 3. 78± .6 7* . 

4 .11±1.22 
pH 3.0/0J M KN03 4.46±1.78 

*Indicates 60 minutes etch time 
All other etch times = 30 minutes 

moles e-
Ave Q(Coul)/etch Ave mole As(III) 

0.681 2.38±.15 
1.55 
o. 776 

0.0281 

4 .64±. 79 

4.03±.53 
2.95±.31 

Ave Q(Coul)/etch 

0.751 
1.470 

0.103 
0 .128 
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solutions. The etch time for two of the results, pH 1.0 

HN0 3 and pH 3.0 HN0 3 /0.1 M KN0 3 , was extended to check 

the stability of the coating at longer lifetimes. 

Finally, Table 11 displays the results from the 

phenol coating as deposited from 0 .. 1 M NaOH/CH 3 0H. These 

results attained the theoretical six electrons per 

As (I I I). Al though some were obtained from a shorter 

photoelectrochemical etch time (10 minutes), these 

results were only slightly higher than the 30 minute 

etches. 

As for the stability of these layers, it can be 

concluded that for DVB, the polymer coating was not 

sufficiently stable enough to completely suppress 

corrosion of the n-GaAs semiconductor electrode yet it 

did offer some corrosion protection in weakly acidic 

media. As for the polyphenylene oxide coating, results 

from film deposition from the methanol media offered far 

better protection than those from the acetonitrile media 

(al though weak bases are stronger in CH 3 CN than in 

CH 3 0H). This may be partially due to the . greater 

ionization of phenol in methanol as opposed to 

acetonitrile, thus leading to a more tightly 

cross-linked polymer coating. These results reflect 

short term corrosion protection; very long 



Table 11. Photoelectrochemical results for ehenol-coated n-GaAs ehotoelectrode from methanol 
Coated Uncoated 

moles e- moles e-
Electrolyte Ave mole As(III) Ave Q(Coul)/etch Ave mole As(III) Ave Q(Coul)/ etch 

H2so4 pH 1.0 6 .34± • 79 1.032 2.25±.16 1.110 
6.75±1.41* 0.922 2.07±.06 1.201 

2.36±.09 0.900 
pH 3.0 
/0. 1 M NazS04 6 .56±1.91 0.137 3.86±.42 0.106 

3.17±.39 0.120 

HCl pH 1.0 7 .95± .62 0.823 2.38±.15 0.751 

8.23± .46* o. 779 
pH 3.0 ....... 
/0.1 M NaCl 8.41± • 30 0 .141 3.01±.85 0.119 ....... 

V1 

8.59±1.00* 0 .138 
*Indicates 10 minutes etch time 
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term stability is not known. 



117 

D. Rotating Ring-Disc Vol tammetry 

Rotating ring-disc voltammetry is useful for 

determining the kinetics of homogeneous reactions in 

solution. (59} (83) (84) Reactants can be oxidized or 

reduced at the disc and further oxidized or reduced, if 

desired, at the ring. In this manner, the product 

generation rate can be easily controlled by the disc. 

The transport of the electroactive species to the disc 

occurs via convective flow. The same convective flow 

carries disc reaction products across the electrode. 

With the aid of the circuit in Figure 45 the potential of 

one of the electrodes was fixed while the other was 

scanned. The currents of both electrodes were plotted on 

two x-y recorders as a function of the sweep potential. 

By utilizing a reversible redox couple such as 
+ + Fe 2 /Fe 3 , one can observe the rate of electron 

transfer at clean and coated electrodes. The use of 

redox couples in the RRDE system allows analysis of 

surface reactions on the photoelectrode. With redox 

couples present, one can consume holes at the surface, 

slow down the rate of corrosion (depending on the 

operating conditions), or slow the growth of an oxide 

film on the electrode surface. (72) (85-87) By 

controlling the pH of the electrolyte, the rate of 
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photocorrosion can also be affected, higher rates 

occurring at extreme pH's and lower rates occurring at 

medium pH's. (85) 

From this the collection efficiency, defined as 

the ratio of ring and disc currents, can be 

determined. Theoretically, the collection efficiency 

is dependent only on the dimensions of the ring, disc, 

and separator--not the rotational speed. (84) The 

collection efficiency can be represented by eq. 1. 

(43} 

N = 1 - F(a/B) + 6213 {1 - F(a)] 

-(l+a+B) 2/ 3 {l-F[(a/6)(l+a+B)]} (eq. 1) 

where a= (r 2 /r 1 ) 3 - 1 (eq. 2) 
. ?/3 

B = ((r 3 /r 1 )3 - (r 2 /r 1 ) 3 )- (eq. 3) 

where r 1 is the radius of the disc, r 2 is the radius 

of the separator, and r 3 is the radius of the ring. 

All three radii have been determined and N calculated. 

With r 1 = 0.300 cm, r 2 = 0.375 cm, and r 3 = 0.425 cm, 

the theoretical collection efficiency was N = 0.2398. 

A Pt ring electrode was used to illustrate the 

stationary and rotating ring electrodes under similar 

conditions. (See Figure 46 and 47.) It should be 

noted that H2 oxidation (anodic) and H2 formation 

(cathodic) waves (88) occurring near zero volts are 
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not as noticeable on the rotating ring electrode. The 

surface oxide reduction, near +.46 volts vs. SCE, had 

not been affected by the rotation, even at speeds of 

2500 rpm. These scans indicate a clean platinum ring 

electrode. 

Figure 48 illustrates the ring current produced 

from an FeI!(EDTA)/FeIII(EDTA) redox couple in 100 mM 

EDTA, 40 mM Fe(Cl0 4 ) 2 at pH 7.0. Curve (a) shows the 

mass transfer of the FeII(EDTA) at a rotating Pt ring 

electrode. As it can be seen, by rotating the ring 

the plateaus obtained are convection limited. Also, 

the sweep rate is kept at slow speeds (-10 mV/sec) to 

reduce charging currents. Similar curves (Figure 49) 

were obtained at different rotational speeds to 
1/2 determine if Ilim was proportional to w . The 

dependence of Ilim on w is given by the Levich 

equation: 

Ilim = 0.620 n FA C* D213 w112;v116 

where r 1 . is the convection limited current, n is the im 
number of electrons transferred per molecule, F is 

Faraday's constant, A is the electrode area, Dis the 

diffusion coefficient of the observed species C*, and 

. h B 1 t . I l/2 (-· v is t e scan rate. y p o ting lim vs. w ~igure 

50 and Table 12), one can check to see if Levich 

behavior is obtained. 
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Table 12 

1, ~ w·2(rpm ) Ilim(µA) at -0.5 V Ilim·(µA) at -0.6 V 

20 1128 1144 
30 1572 1550 
40 1910 1965 
50 2300 2380 
60 2420 2510 
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By comparing the measured collection efficiency 

to the theoretical collection efficiency, one can 

determine hole corrosion rates. Frese et al. (22) 

(24) (89) (90) used this method by employing a redox 

couple as a stabilizing agent against corrosion to 

compete for holes at the n-GaAs disc electrode. By 

measuring the fraction of holes oxidizing Fe!I(EDTA) 

versus the fraction of holes corroding the n-GaAs 

photoelectrode, they determined the stabilization 

ratio. They concluded that at intermediate pH's, the 

highest stabilization ratios are obtained. 

The n-GaAs disc was used to check if electron 

transfer occurred in the dark. No significant current 

was observed beyond the normal dark current of the 

disc when Fe!II(EDTA) generated at the disc reached 

the ring and was reduced back to Fe! 1 (EDTA). The 

ratio of the anodic and cathodic currents, the 

collection efficiency, was approximately 7.3%. As it 

can be seen in Figure 51, as the disc photocurrent 

increased, the ring current reciprocated by increasing 

cathodically. This suggests passivation by an oxide 

layer. 

Prior to coating the n-GaAs electrodes, coatings 

were formed on metal electrodes to test their effect 

on mass transfer to the electrode. Figure 52 
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represents the effect of a phenol coating on Au and Pt 

electrodes. Both curves are cyclic voltammograms of 

clean disc electrodes in 0.5 M H2 S0 4 . After a 

successful coating of polyphenylene oxide (generated 

in 0.1 M NaOH/CH 3 0H), the electrodes were placed into 

their respective Fe+ 2 solutions and reanalyzed. The 

polyphenylene oxide layer inhibited the diffusion of 

Fe+ 2 to the disc electrode surfaces. Thus, the 

polyphenylene oxide layer acted as a blocking layer 

between the electrodes and their electrolytes. By 

reducing Fe+ 2 mass transport to the electrode surface, 

less electrochemistry of the species under 

investigation could be observed. 

Electrochemistry of phenol at both stationary and 

rotating n-GaAs disc electrodes was performed. Figure 

42 represents the behavior of phenol oxidation at a 

stationary n-GaAs electrode while Figure 53 exhibits 

the phenol oxidation at a rotating n-GaAs disc 

photoelectrode when illuminated. The characteristic 

blue color on the disc surfaces was observed for both 

stationary and rotating n-GaAs disc photoelectrodes. 

Several redox couples were used in the analyses. 
. + + II They include I-, Fe 2 / 3 , Fe (EDTA), and ferroin. 

Initial RRDE experiments concentrated on using iodide 

to produce I 3 -, triiodide. Figure 54 illustrates the 
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anodic photocurrent in iodide electrolyte. The ring 

current, which was set to detect I 3 -, (not shown here) 

showed no change as the disc potential changed. No 

r 3 - was being released into the electrolyte. 

Possibly, an insoluble coating was being formed on the 

disc. Notice the strange shape of the disc 

photocurrent. 

Ferroin, also known as o-phenanthroline ferrous 

sulfate, was used as a hole scavenger in 0.5 M H2 S0 4 . 

Ring-disc voltammetry revealed (See Figure 55) that as 

disc photocurrent was generated a broad and slowly 

rising current developed at the ring. No peak was 

observed for f erroin oxidation at the disc nor any 

reduction peak of any kind at the ring. This might be 

due to degradation of the ferroin by air oxidation or 

by a contaminant mixed in the ferroin which might 

suppress the oxidation or reduction waves. Thus, 

research on ferroin was discontinued. 
+ + The Fe 2 /Fe 3 redox couple was attempted in 0.5 M 

H2 S0 4 • When photoelectrochemistry was tried, no Fe+ 3 

was detected at the ring electrode. Even though the 

Pt ring potential was held at +1.0, 0.0, and -1.0 

volts vs. SCE, the ring current did not vary as a 

function of the disc photocurrent. Therefore, the 

holes not oxidizing the Fe+ 2 must have been oxidizing 
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the GaAs. 

The FeII(EDTA}/FeIII{EDTA) redox couple was 

attempted in 100 mM EDTA at pH 7.0. By placing 5 mM 

FeIII(EDTA) in solution to initially establish a 

one-to-one concentration ratio in the first 

experiment, the formal potential was established for 

the couple. The ring electrode was set at that 

potential to keep the "dark" current low. Reports by 

Menezes et al. (85), Decker et al. (86), and Frese et 

al. (22) (24) (89) (90) indicated that the oxidation 

of FeII(EDTA) was observed on a GaAs electrode in a 

neutral pH range. 

Figure 56 displays RRDE data obtained in a 100 mM 

EDTA pH 7.0 media with 5 mM FeIII(EDTA) and 20 mM 

Fe 11 (EDTA) present. The disc potential was initially 

scanned in the dark (dashed lines) to see if either 

Fe 11 (EDTA) was oxidized at the disc or if the product 

Fe 111 (EDTA) was reduced at the ring. No excess Fe+ 3 

was detected in the dark. When the disc was 

illuminated (solid lines), the anodic disc current 

began to increase substantially near -0.70 volts vs. 

SCE. At the same time the ring current increased 

cathodically. Near -0.40 volts the currents peaked 

and receded immediately afterwards. Subsequently, 

the disc maintained a low saturation current level. 
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On the return scan, again a small current rise·was 

observed at both ring and disc. These correspond to 

the same reactions as the larger peaks. 

This "passivation" effect was observed by Decker 

et al. (86) for Ce+ 4 /Ce+ 3 on an RRDE (GaAs disc) 

system. Results by Menezes and Miller (40) at pH 5.0 

in 0.5 M HOAc/0.5 M NaOAc demonstrated similar 

results. They proposed that three reactions were 

occurring at the RRDE/electrolyte interface: (l) 

reduction of FeIII(EDTA) at ·the ring, (2) oxidation of 

Fe11 (EDTA) at the disc, and (3) passivation of the 

disc surface. Finally, Frese et al. (22) (24) (89) 

(90) commented that the holes arriving at the n-GaAs 

disc surface from the bulk of the crystal oxidized the 

Fe 11 (EDTA} at the disc. It was also stated that the 

holes are competed for by FeII(EDTA) and H2 0. When 

the H2 0 is oxidized in neutral pH, insoluble Gaxoy 

products are formed on the disc surface thereby 

creating a passivation laye~. 

To summarize, the redox chemistry observed 

involved both RRDE work and photoelectrochemistry. In 

the case of ferroin, oxidation of the Fe(II) species 

was not observed. As for iodine, the oxidation of r-

appeared to be occurring at the GaAs disc with 

quenching of the signal immediately afterwards. No 



138 

reduction current was observed at the ring indicating 

that soluble oxidation products of r- were formed. 
+ + Also, for the Fe 2 /Fe 3 couple in 0.5 M H2 S0 4 , no hole 

+ capture by Fe 2 was observed. This may be due to a 

higher corrosion rate of the GaAs disc at lower pH. 

Finally, in pH 7.0 solution the Fe(EDTA) 2 -I- redox 

couple was observed to capture holes from the GaAs 

disc photoelectrode. Hole injection was confirmed by 

the way in which the ring current tracked the disc 

photocurrent. In strong acid the dissolution reaction 

of the GaAs to yield soluble products may have been 

faster than the ability of the redox couples to reach 

'the GaAs disc surface. 

The final topic of discussion is the collection 

efficiency, N. Results were obtained by comparing the 

ring current to the disc current at various Fe(II) 

concentrations. In order to maximize the current 

signal of the ring electrode, the formal potential was 

adjusted to give increased sensitivity. Tables 13 and 

14 contain data for the collection efficiencies of 

clean and polyphenylene oxide coated n-GaAs disc 
. II III photoelectrodes using the Fe (EDTA)/Fe (EDTA) 

couple. For both electrodes, as the Fe(II) 

concentration increased, the collection efficiency 

increased. (See Figure 57.) This confirmed results as 
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Table 13. Collection efficiencies of clean n-GaAs disc photoelectrode 
using Fe(II)/Fe(III) redox cou2le 

E i iring(uA) N=ir/id N N Scan [Fe (III) JµM (volts) disc(uA) obs/ theor 

lf 5 -.133 550 11.3 .0205 .0855 
lb 375 7.6 .0203 .0847 
2f 550 10 .8 .0196 .0817 
2b 375 7.4 .0197 .0822 

lf 10 -.152 560 16. 8 .0300 .1251 
lb 283 9.0 .0318 .1326 
2f 520 15.9 .0306 .1276 
2b 218 8.0 .0367 .1530 

lf 20 - .169 420 17 .4 .0414 .1726 
lb 140 5.8 .0414 .1726 
2f 440 17.5 .0398 .1660 
2b 107 4.2 .0393 .1639 

1£ 40 -.183 1900 63.0 .0332 .1384 
lb 1675 65 .o .0388 .1618 
2£ 1900 56.0 .0295 .1230 
2b 1650 61.0 .0370 .1543 

-[Fe (III) ] = 5 mM 

w = 1600 rpm 
v = 10 mV/sec 
f •.• forward 
b .•• back 



140 

Table 14. Collection efficiencies of polyphenylene oxide coated 
n-GaAs disc Ehotoelectrode using Fe(II)/Fe(III) redox couEle 

Eol i. 
Scan [Fe(II))µM volts 1disc(µA) i . (µA) N= r/id ring 

lf 5 -.137 790 11.6 .014 7 
lb 562 7.7 .o 137 
2f 745 10 .o .0134 
2b 522 6.4 .0123 

lf 10 -.153 612 9.8 .0160 
lb 380 5.9 .0155 
2f 560 8.5 .0152 
2b 378 5.4 .0143 

lf 20 -.172 437 10 .9 .0249 
lb 140 4.1 .0293 
2f 420 10. 7 .0255 
2b 136 3.7 .0272 

lf 40 -.185 505 11.9 .0236 
2f 465 11. 7 .0252 
3f 310 8.3 .0268 

No back observed 

n-GaAs disc coated in 100 mM phenol in 0.1 H NaOH/CH30H 
[Fe(III)] = 5 rnM 

w = 1600 rpm 
v = 10 mV/sec 
f ••• forward 
b ••• back 

N obs 
N theor 

.0613 

.0571 

.0559 

.0513 

.0667 

.0646 

.0634 

.0596 

.1038 

.1222 

.1063 

.1134 

.0984 

.1051 

.1118 
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obtained by Frese et al. (50) that the collection 

efficiencies he obtained increased up to 100 mM 

Fe11 (EDTA) whereupon iring equaled idisc (N = 100%). 

As the formal potential shifted negatively with 

increasing Fe(II) concentration, the collection 

efficiency increased. (See Figure 58.) By comparing 

the data of the clean n-GaAs disc photoelectrode to 

the polyphenylene oxide coated n-GaAs disc 

photoelectrode, it is clear that the polyphenylene 

oxide coating is not improving the collection 

efficiency. Secondly, as the Fe 11 (EDTA) concentration 

increased, currents at the coated disc electrode 

decreased. This is also supported by the data 
+ obtained by Fe 2 in 0.5 M H2 S0 4 • 

Finally, as a general observation, the collection 

efficiencies increased with Fe(II) concentrations on 

both clean and coated electrodes. 
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IV. CONCLUSIONS 

Electrochemical techniques are very useful in 

determining the corrosion rate of n-GaAs semiconductor 

liquid-junction solar cells. Differential pulse 

polarography allows one to analyze corrosion products 

individually as long as their redox potentials do not 

overlap. The generation of photocurrent on the n-GaAs 

photoelectrode in acidic media indicates that 

dissolution of the electrode surface occurs by holes, 

giving primary corrosion products as Ga(III) and 

As(III). When the pH is neutral, a passivation layer, 

consisting primarily of Ga 2 0 3 and As 2 0 3 grows on the 

surface. Using the Fe(EDTA) 2 -I- redox couple, one can 

observe the capture of holes from the GaAs disc 

photoelectrode via RRDE experiments. The observation 

of corrosion in acidic media for clean n-GaAs 

electrodes is confirmed by DPP data. Non-electroactive 

coatings of silane and divinylbenzene provided some 

protection but not enough to significantly improve the 

electron to As(III) ratio to six. The polyphenylene 

oxide layers on n-GaAs photoelectrodes offered better 

corrosion protection in weakly acidic media. The 

polyphenylene oxide coatings deposited from the 

methanol media offered better protection than the same 

deposited from the acetonitrile media. This may be due 

144 
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to better cross-linking of the polymer coating in the 

methanol media. 

Finally, by using redox couples to observe hole 

capture at the electrode/electrolyte interface, it was 

noted that the clean electrodes yielded better results 

in neutral pH than polymer coated electrodes. Clearly, 

the polyphenylene oxide coated n-GaAs photoelectrodes 

did not improve the collection efficiency. Also, as 

the FeII(EDTA) concentration increased, currents at the 

coated disc electrode decreased. But generally, the 

collection efficiencies increased with Fe(II) 

concentrations on both clean and coated electrodes. 
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