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CdTe, GaAs, InP, GaAs, SiC and Si in alkaline solution and acid 

solution, as a function of time. 

4. The transient behaviour of photocurrents. 

5. The prevention of the 'anodic dissolution of CdS by the use of 

thin film coating transparent to light. 

6. The finding of Fe2TiOs as a stable photoanode and of CdTe as a 

stable photocathode. 

The theory of photoelectrochemical system has been developed 

originally in the following way. 

Gurney's quantum mechanical theory of charge transfer reaction 

was modified to account for the photoelectrochemical charge transfer 

reaction. The number of electrons arriving at the electrode surface 

per unit time per unit area at certain energy level was calculated 

by considering the properties of the semiconductor. The energy levels 

of an acceptor and a donor states in the OHP were estimated. The 

potential drop was at first considered to occur totally within the 

semiconductor. 

Following this model, photocurrents were calculated and compared 

with the experimental results. Considerable discrepancies existed 

between calculated and experimental results. 

Energy losses of excited electrons within the semiconductor and 

the potential drop in the electric double layer were then taken into 

account. Also, the potential barrier for emitted electrons was 

modified by considering the image interaction of the emitting electron 

with the semiconductor electrode. 

The photocurrents calculated by this modified theory agreed 

fairly well with the experimental results. 



(iii) 

By applying this theory, the critical potential, at which the 

quantum efficiency becomes significant, has been related to the flat 

band potential and the energy gap. 
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INTRODUCTION 
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Barker et al. introduced solvated electron mechanisms and 

showed that such mechanisms could "explain the experimental fact 
k 

that (Photocurrent) 2 was proportional to the electrode potential [8] . 

Later Brodsky et al. proposed that this was not a square law 

but a 5/2 law for the electrode potential which is proportional to 

the photocurrent theoretically [ 9] • 

This theory of the 5/2 law was supported by Matthews et al. 

from a different approach [ 10] • 

Delahay et al. [lll, de Levie et al. [12] and Pleskov et al. 

[13] were among those who carried out intensive studies on photo-

effects on metal electrodes. 

Because of the existence of the energy gap between the conduc-

tion and valence bands, and of two kinds of carrier, i.e., electron 

and hole, electrochemical reactions at semiconductors are different 

from those at metal electrodes, especially under illumination. 

Germanium was the first semiconductor used as an electrode by 

Brattain and Garrett in 1955 [ 14] . 

Since then, many researches on semiconductor electrodes were 

carried out and progress of early stage was reviewed by M. Green in 

1959 [ 15] . 

Gerischer et al. [16], and also Pleskov et al. [17] and Memming 

et al. [18] , were the leading groups in the field of photoeffects on 

electrochemical reactions on semiconductor electrodes, during the 1960's. 

Many reviews and books on the semiconductor electrochemistry 

are available [ 19,20] . 

Some of the semiconductors on which photoeffects were studied 

are listed in Tahle 1.1 with the values of energy gap. 





4. 

Although studies of photoeffects on metal and semiconductor 

electrodes were carried out very actively, little attention was 

given to the relation between such researches and solar-energy con­

version until Fujishima and Honda drew attention to the possibility 

of direct hydrogen production by a photodriven electrochemical cell 

without any applied potential. They proposed the cell, TiOz/ 

electrolyte solution/Pt. The Ti02 electrode was irradiated and 

hydrogen evolved on Pt [48]. 

Many groups have started on research on the direct production 

of hydrogen by photodriven electrochemical cell, triggered by the 

Fujishima and Honda publication, although later it became clear that 

the cathodic reaction originally observed on the Pt electrode in the 

cell, Ti02/electrolyte solution/Pt was not the hydrogen evolution 

reaction but oxygen reduction reaction, unless a pH gradient existed 

between the anodic and the cathodic compartments [62]. Fujishima 

and Honda showed later that the more basic the Ti02(anodic)compartment 

and the more acidic the Pt (cathodic) compartment, the higher the 

photocurrent [63] • 

One of the big advantages of this method compared with photo­

voltaic method is that there is no need for a single crystal which 

is a very critical factor in photovoltaic case. Fujishima et ale 

and other workers examined the possibilities of the use of Ti02 

polycrystal made by several methods, i. e., anodic oxide film [ 64,65] , 

thermal oxidation [62,65] and chemical vapor deposition [64], and 

Fujishima et ale showed that the efficiencies of Ti02 films made by 

suitable high temperature oxidation were the same as those of single 

crystal [65] . 

However, there are two great difficulties in respect to the use 

of this method as a cheap hydrogen production device. 
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One is that, although the quantum efficiency of the photoelectro­

chemical oxygen evolution on Ti02 is quite high [66], the relatively 

higll energy gap of Ti02, i.e., 3eV, makes it impossible to utilize 

a large portion of solar energy. The maximum may be 3% efficiency 

and Fujishima et al. reported 0.4% efficiency for the average in 

field tests [65] . In this respect, one must find a semiconductor of 

lower energy gap with high stability. 

[35], which have lower energy gaps, 2.7eV and 2.2eV, respectively, 

were examined and reported. 

The other difficulty is that as mentioned above a pH gradient 

is required to get the cell to work as a photo-driven cell. Mavroides 

et al. reported that by using SrTi03 as a photoanode instead of Ti02 

the cell, SrTi03/electrolyte solution/Pt, would work as a photo-driven 

cell without a pH gradient [54] . However the energy gap of SrTi03, 

3.2eV, is higher than that of Ti02 and,therefore, it absorbs almost 

no solar energy. 

Yoneyama et al. demonstrated this difficulty could be resolved 

by using a p-type semiconductor as a cathode and illuminating both 

electrodes [67], although GaP, which was used by Yoneyama et al., 

had a poor stability. 

Nozik [68] and Wrighton et al. [69] studied the efficiencies 

of photo-assisted electrolysis of water in Ti02/electrolyte solution! 

Pt cell, in which Ti02 was illuminated and water was decomposed at 

relatively low applied potential, as low as O.25V. 

Partly because of the absence of a fundamental treatment and 

systematic quantitative experimental work, it is difficult to judge 

what kind of electrode characteristics are required to optimise the 
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effects concerned, particularly as these must work in a cell, e.g. 

the effects of the properties of two electrodes must be taken into 

account. 



7. 

1.2 THE OUTLINE OF THIS PROJECT 

The major purpose of this project was to find the relations 

between properties of semiconductor and efficiencies as photoelec­

trodes, so that one can predict which semiconductor will be useful 

as a photoe1ectrode. 

This project can be divided into two big parts, theoretical ar;u 

experimental. 

Chapters Two and Three are the theoretical parts and Chapters 

Four, Five and Six are experimental parts. 

Chapter Two treats some aspects of the photoeffect on the 

hydrogen evolution reaction at metal electrodes theoretically and the 

absolute values of photocurrents have been calculated in terms of the 

properties of metals for the first time. 

Such treatments are modified and applied to the photoeffect 

on electrochemical reactions at semiconductor electrodes in 

Chapter Three. Optimum conditions for semiconductor properties are 

given, purely on a theoretical basis. 

In Chapter Four, the experimental apparatus and techniques 

employed in this work are described. Those are the photoelectro-

chemical system, the impedance measurement and the preparation and 

pretreatments of the semiconductors. 

Chapter Five describes the experimental results. The photo-

effects on anodic reaction at Ti02 single crystal, Ti02 films and 
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metal titanates are reported. Also, the photoeffects on cathodic 

reaction at seven p-type semiconductors (ZnTe, CdTe, GaAs, InP, 

GaP, SiC and Si) are reported. 

In Chapter Six, the experimental results, especially those 

of p-type semiconductors, are generalised and discussed. The theory 

given in Chapter three is applied to analyse the experimental results 

and modified. 











CHAPTER TWO 

THEORETICAL TREATMENT OF PHOTOELECTROCHEMICAL KINETICS 

AT METAL ELECTRODES 
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2.2 PHOTOCURRENT EXPRESSION 

The photoemission of an electron from the metal to acceptor 

states in the electrolyte across the potential barrier at the metal 

solution interface is taken to be the rate determining step (Eq. 

2.1)) . 

(2.1) 

Let it be supposed that the metal is illuminated normal to 

the surface. 

2.2.1 Photon Absorption Step 

The number of photons absorbed by the metal between x and 

x + dx from the surface, N h(hv,x)dx, is given by: . p 

-a x 
N I (hv,x)dx = I (l-R)a he ph dx 

p lOp (2.2) 

-2 -1 
where 10 (cm .sec ) is the total number of photons of incident 

light; R is the reflectivity and aph (cm -1) is the absorption co­

efficient of the metal for the photon of energy hv. 

2.2.2 Excitation Process 

Each absorbed photon excites an electron and the probability 

PexCE,hV)dE of excitation of an electron from the energy level 

between (E-·hv) anc. (E-hv) + dE to the energy level between E and 

E + dE is given by [ 10] ; 

P (E,hv)dE = kp(Ej {l-f(E)}p(E-hv) f(E-hv) dE ex (2.3) 

where pCE) is the density of states at energy E and feE) is the Fermi 

distribution function at energy E (Energy levels are taken as zero 

C!t the bottom of the conduction band); k is a proportional constant.. 
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to the distributed acceptor states corresponding to the vibratioraI 

+ 
rotational energy of an acceptor, H30 . 

The second integral of the Eq. (2.26) gives the contribution 0;-

photo current from the photoelectrons which tunnel through the barrier 

and g'J to the solvent states. After emission into the solution 

these high energy electrons lose their kinetic energy by inelastic 

collision with the bulk water molecules and ultimately get accepted 

by the solvent molecules. 

The third integral of Eq. (2.26) gives contribution to the 

photocurrent from the photoelectrorswhich can go over the barrier. 
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with the experimental one (3.15eV). The linear behaviour of the 

2/5 
plot of (Ip) against potential V, and agreement of the extrapolated 

threshold light energy hv with the experimental one [5], confirms the 
o 

consistence of the model with experiment and with the 5/2 law for 

the photocurrent. 

2.3.2 Effect of the Barrier Height 

Photo currents were calculated using Eq. (2.26) for radiation 

energy hv = 3.5 eV for arbitrary values of barrier heights from 3.5 eV 

to 18 eV, and it was observed that, in such a range of the values of 

U , the theory gives rise to the 5/2 law, and the variation of the m . 

threshold energy in this wide range of the Urn is negligible (Fig. 2.5). 

2.3.3 Quantum Efficiencies at Several Metal Electrodes 

The quantum efficiencies at several metal electrodes at - 1.0 V 

with respect to p.z.c. were calculated by using Eq.(2.26) and the 

parameters given in Table 2.1. 

The results in Fig. 2.6 show relatively low quantum efficiencies 

for all metals calculated. A principal reason for this low quantum 

efficiency is that the photoexcited electrons in a metal seldom reach 

the !lurface because of the short mean free path. 
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Pig. 2.6 The dependence of the quantum efficiency on wavelength 
of incident photon for several metals. 
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2.4 CONCLUSION 

1. Photo current expressions which took into account the properties 

of the metal were derived for hydrogen evolution reaction at 

metal electrodes. 

2. The equation was evaluated quantitatively and gave an absolute 

value of the quantum efficiency. It showed a linear relation 

between (quantum efficiency)O.4 and electrode potential which 

was also found experimentally. The threshold energy evaluated 

for Hg is in fair agreement with experiment. The ability of the 

equation to repre'sent the 5/2 law is insensitive to the change of 

barrier height. 

3. The quantum efficiencies of all metals calculated in this work 

were relatively low and the reason for the low efficiencies is 

due to short mean free path. 
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CHAPTER. TIlREE * 

TIlE THEORY OF HYDROGEN PRODUCTION IN A 

PHOTOE'LECTROCHEMICAL CELL 

3.1 INTRODUCTION 

As mentioned in chapter one, it is very important to know the 

relations between properties of semiconductors and photoelectrochemical 

efficiency. Theoretical analysis is essential for that understanding. 

Existing theories usually consider only the processes in semi­

conductors and neglect electrochemical processes [ 1] . 

In this chapter, photoeffects on electrochemical reactions at 

semiconductor electrodes are considered theoretically in terms of 

the processes in semiconductors and electrochemical processes. The 

theoretical photo current expressions are derived. 

* Submitted for publication to Int. J. Hydrogen Energy (1976). 
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3.2 THE PHOTOEFFECT ON ELECTRODE REACTIONS AT A SEMI-

CONDUCTOR SOLUTION INTERFACE 

3.2.1 The Photoeffect on a Cathodic Current at a p-Type 
Semiconductor-Solution Interface 

There are many holes in the valence band and few electrons in 

the conduction band of p-type semiconductors without illumination. 

Illumination with light, the energy of which is larger than the 

energy gap of the semiconductor, creates electrons in the conduction 

band and holes in the valence band. (See Fig. 3.1). 

However, since there are many holes in the valence band without 

illumination and, usually, the number of holes created by light is 

small compared with the number of holes without light, the values of 

the anodic current via the valence band with and without illumination 

are nearly the same. On the other hand, there are almost zero elec-

trons in the conduction band and therefore zero cathodic current via 

the conduction band without illumination. Consequently, a photoeffect 

would only be expected via the conduction band and would be cathodic. 

We shall consider the hydrogen evolution reaction in acidic 

solutions. The following step is assumed to be rate determining 

step [2,3] on the semiconductor concerned: 

(3.1) 

* The final state describes the state immediately after the electron 

transfer, i.e., before the various atoms and molecules relax into 

their ground vibration-rotation state. Confusion in comparison 

of this treatment with the treatments of redox systems should be 

avoided. Thus, in redox systems, there is an optical Born energy 

because the final state (e.g., Fe++CH20)6) is the ferrous ion with 

the unrelaxed solvational environment of the ferric ion. Here, the 

final state is uncharged. Nevertheless, the present treatment 
+ 

implicitly involves a Born energy (that of H30 ) but the equilibrium 

static Born energy, not the optical one, is the relevant quantity. 
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excited electrons in conduction band but also on the field. This in 

turn depends on the potential gradient inside the semiconductor. 

it is important to know the potential gradient as a function of the 

distance from the electrode surface. 

The potential-distance profile inside a semiconductor may be 

obtained by solving Poisson's equation (3.7). 

(3.7) 

where e is the electronic charge; E is the dielectric constant of 
o 

Thus, 

the semiconductor; Po' no and VB are, respectively, the concentration 

of holes and electrons and the potential in the bulk of the semiconductor 

in the region beyond the space charge (when x + 00). V is the potential 
x 

at x; ND and NA are the concentrations of donor levels and acceptor 

levels, respectively (all values are expressed by Gaussian system of 

units). The donors and the acceptors are assumed to be completely 

ionized and immobile. 

Evaluation gives the following equation from Eq. (3.7) [8] 

where y represents y = 
e (V -VB) o x 

kT 

(3.8) 

(3.9) 

The plus sign appears in front of the root when y < 0 and the 

minus when y > o. Kingston and Neustater calculated the electric 

field at the surface by using this equation [9]. Numerical solutions 

have been found for V as a function of x. Typical results are show:} 

in Fig. 3.2. =: 1.0
15 

The parameters used in the calculation are NA = Po 
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where AI, RI, E.A., E , LI and E represent the heat of adsorption 
a 0 g 

of an OH group on the semiconductor, OH-H20 repulsive force, the 

electron affinity of the OH group, the electron affinity of the 

semiconductor, the hydration energy of hydroxyl ion, and the energy 

gap of the semiconductor, respectively. 

Therefore, 

= L' + E.A - E 
o a 

E + AI + R' 
g 

(3.29) 

The values of R', L' and E.A are - 3 kcal/mol*, - 87 kcal/mol [15} and 
o 

42 kcal/mol [ 16}, respectively. The value of E is from 78 kcal/mol a 

to 115 kcal/mol depending on the semiconductor [6} . Although the 

value of E can vary over a wide range, a value from 23 kcal/mol to 
g 

69 kcal/mol is a reasonable range of choice for this purpose because 

too low an E makes a short life time of created minority carriers 
g 

and too large an E makes no photon absorption in the solar spectrum 
g 

range. The value of AI is taken as from - 3 kcal/mol to - 4 kcal/mol. 

(See Appendix 3.2). Therefore, the estimated value of 6Hi(e) is 

from - 62 kcal/mol to 22 kcal/mol. 

Similarly, the standard enthalpy change 6Hz(e) for an electron 

transfer reaction corresponding to Eq. (3.28) from the electron level 

of the water molecule to the top of the valence band of the semiconductor, 

when the H-OH bond system is in its ground state will be obtained using 

the following thermodynamic cycle: 

* See Section 3.2.1.1. 
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TABLE 3.1 COMPUTED RESULTS FOR no-TYPE SEMICONDUCTOR 

(a) Effect of Potential 

Potential (V with respect to the 
flat band potential) 

o 

0.2 

0.4 

0.6 

0.8 

1.0 

(b) Effect of Electron Affinity 

Electron Affinity (eV) 

3.1 

3.3 

3.5 

(c) Effect of Energy Gap 

Energy Gap (eV) 

1.0 

1.2 

1.4 

Quantum Efficiency (%) 

1.0 x 10-2 

1.8 x 10-2 

2.2 x 10-2 

2.7 x 10-2 

3.0 x 10-2 

3.2 x 10-2 

Quantum Efficiency (%) 

4.5 x 10-2 

4.1 x 10-2 

3.2 x 10-2 

Quantum Efficiency (%) 

4.0 x 10-2 

3.5 x 10-2 

3.0 x 10-2 
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3.4 WHOLE CELL SYSTEM 

In the last section, expressions for the quantum efficiency of 

individual electrodes (n- and p-type semiconductors) have been compu-

ted. Knowing the number of photons of the incident light, one can 

get the photocurrents by multiplying the quantum efficiency by the 

number of photons. However, as far as applications of the present 

work to energy-conversion is concerned, the photocurrent of the 

entire electrochemical cell, which consists of a cathode and an anode 

without other external potential source, has a more important practical 

meaning than that of a certain electrode. Thus, in the evaluation 

of the cell carried out below, the photocurrent-energy relation at 

chosen electrode potential, have been integrated over the whole solar 

spectrum. 

3.4.1 The Relation between the Potential of an Electrode and 
a Cell 

The potential of a self-driving cell at a current I, Vcell ' is 

given by [ 27] : 

v = E cell so 
E . 

Sl 
IR 

c 
(3.40) 

where E is the potential of the cathode with respect to a reference so 

electrode, E . is the potential of the anode with respect to the same 
Sl 

reference electrode and R is the inner cell resistance. 
c 

Also, the 

potential of a driven cell at a current I, Vext ' (the external poten­

tial to the flow of a current) is given by [ 27] 

v = E . ext Sl 
E + IR 

so c 
(3.41) 

Let us define V as 

V = E - E . - IR so Sl c 
(3.42) 
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the more positive the flat band potential, the better. If this is 

more positive than 1.23V(NHE) at pH = 0, even when counter electrode 

(anode) is metal and there is no pH gradient, the cell works as a 

self-driven one. If this is more positive than 0.42V(NHE) at pH = 0, 

the cell works as self-driven one when the counter electrode is metal 

and in the solution of pH = 14. 

On the other hand, n-type semiconductor works as a photo-anode 

and the more negative the flat band potential the better. If the 

value is more negative than - 0.83V(NHE) at pH = 14, even when counter 

electrode (cathode) is metal and there is no pH gradient, the cell 

works as self-driven one. If this is more negative than O.OV(NHE) 

at pH = 14, the cell works as self-driven one when the counter 

electrode is metal and in the solution of pH = O. 

Also if the flat band potential of p-type semiconductor is more 

positive than that of n-type semiconductor in same solution, the cell 

works as a self-driven cell. 

3.5.5 Surface States 

For n-type semiconductor, the existence of surface states is 

very important. 
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using Eq. (3.46) [3] . 

(3.46) 

where a: Morse constant, d: inter nuclear distance, d : equilibrium e 

value of d. 

TABLE 3.3 THE ESTIMATED VALUE OF THE HEAT OF ADSORPTION 

OF HYDROGEN ATOM FROM SOLUTION 

-6H ads (kcal/mol) 

gas phase* in solution 

Pt 66 53 

Pd 65 53 

Rh 64 52 

Ni 67 53 

Cu 68 53 

Fe 69 53 

W 75 55 

* B.E. Conway and J.O'M. Bockris, J. Chern. PhYS'3 26,532 (1957). 
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is 0.94 kcal [35]. Therefore, the heat of dissociation of the 

[(Ti01. 98)50] - bonded to 0, is 47 kcal. By using this value and 

Eq. (3.48), one can get the value of - 33 kcal for the heat of adsorption 

of OH onto Ti01•98 • In this case, the coverage effect is already taken 

into account and, therefore, this value can be taken as the value in 

solution. In Table 3.4, the values of the heat of adsorption of OH 

onto TiO (making (TiO) - OH) are listed ex = 1.90 - 1.996). x y 

From these values in the table, - 30 kcal/mol - - 35 kcal/mol 

is the range of values for 6H d of the OH group on a semiconductor a s 

in solution. 

Consequently, A' is calculated as - 3 kcal/mol - - 4 kcal/mol 

by using Eq. (3.46). 

TABLE 3.4 THE ESTIMATED VALUES OF HEAT OF ADSORPTION OF 

OH GROUPS FROM SOLUTION ONTO TiOZ 

x in TiO y in (TiO) - OH -i1H kcal/mol 
x x y ads, 

1.90 10 35 

1.95 20 34 

1. 975 40 33 

1.98 50 33 

1.996 250 31 
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CHAPTER FOUR 

EXPERIMENTAL 

4.1 PHOTOELECTROCHEMICAL SYSTEM AND MEASUREMENTS 

4.1.1 Electrochemical Cell 

A picture of the electrochemical cell employed in this research 

is shown in Fig. 4.1 and detailed explanations of parts of the cell 

are given in Fig. 4.2. 
2 A platinum electrode (area: 10 cm ) and a 

saturated calomel electrode (Philips R11) were used as a counter 

electrode and a reference electrode respectively. 

All stopcocks and taps were made of teflon to avoid the use 

of grease. 

4.1.2 Electrode Holder 

To avoid contact of the metal used to form an ohmic contact 

with the solution, the back face and side of the semiconductor elec-

trode were covered with an epoxy resin and to minimize the contact of 

the epoxy resin with the solution, a teflon electrode holder was 

used (Fig. 4.3). The absence of a leak, and therefore a solution 

contact with the metal used to obtain an ohmic contact was verified 

by the absence of a significant dark current, which was found to be 

present when the ohmic contact metal was in contact with the solution. 

2 2 
Electrode areas used were either 0.50 cm or 0.125 cm . 

4.1.3 Electrochemical Apparatus 

PAR model 173 potentiostat/galvanostat with model 176 current-

potential converter was used to control the electrode potential. 

In some cases, the electrode potential was swept by a Wenking 

SMP69 potential stepping motor control and the current-potential 



83 . 

Fig. 4.1 The photoelectrochemical cell. 





O
h

m
ic

 
C

o
n

ta
c

t 

I 
E

p
ox

y 
R

e
s

in
 

\ S
e

m
ic

o
n

d
u

c
to

r 

F
ig

. 
4

.3
 

Th
e 

el
ec

tr
o

d
e 

h
o

ld
er

. 

co
 

C
I1

 













C
.R

.O
. 

(X
) 

C
a

p
a

c
it

o
r 

(1
0

p
F

) 

A
.C

. 
G

e
n

e
ra

to
r 

R
e

s
is

to
r 

(1
M

O
) 

C
.R

.O
.(

Y
) 

C
ho

ke
 C

o
il 

(3
5

 H
) 

V
a

ri
a

b
le

 
R

e
s 

is
to

r 

O
ry

 
C

e
ll 

(6
V

) 

F
ig

. 
4

.6
 

Im
pe

da
nc

e 
m

ea
su

re
m

en
t 

c
ir

c
u

it
. 

S
.C

.E
. 



92. 

connected in series to the cell so that the alternating current, I, 

became constant, and independent of the cell voltage. Measurements 

were carried out only when the impedance of choke coil was at least 

one hundred times larger than that of the cell. 

Signals were taken from two points in the circuit shown in 

Fig. 4.6 onto X and Y inputs of a cathode ray oscilloscope (Tektronix 

5103N with 5A20N and 5A2lN differential amplifiers) and a Lissajou's 

figure appeared on the screen. Since the X and Y inputs showed 

I (Zcell + R) and IZcell ' respectively, and R » Zcell' the absolute 

value of the cell impedance and the phase difference due to the cell 

could be ascertained. 

Assuming a series equivalent circuit (all measurements were 

carried out under nearly ideally polarized conditions), one can 

calculate the cell capacitance which is the space charge capacitance 

of the semiconductor electrode, because the area of counter electrode 

for AC was so large (> 500 times of that of working electrode) that 

the impedance of this electrode was negligible and the double layer 

capacitance is also large compared with space charge capacitance so 

that the impedance due to double layer capacitance is negligible. 

The accuracy of this method is relatively low compared with the 

bridge method [1,2] and it is rarely employed in the measurement of 

double layer capacitance on metal electrodes, in which the impedance 

due to double layer capacitance is so small that to measure phase 

difference accurately is very difficult, because the phase difference, 

8, is given by 

tan8 l/wC 
= -R- (4.1) 

where w is an angular frequency, C is capacitance and R is resistance. 
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However, in the semiconductor electrode's case, a capacitance due to 

space charge layer is relatively low (1/10 - 1/100 of double layer 

capacitance) so that the phase difference can be measured with reasonable 

accuracy. Actually, most of the semiconductors examined here had 

low resistances and low capacitances and therefore the impedance of 

the cell were mainly due to capacitive part. 
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contact for SiC [17 J • However, Acme conductive adhesive (E-solder 

3021 made of epoxy resin, silver and gold) was found to give a 

good ohmic contact if heated in hydrogen atmosphere at 3000 C for 

2 hours. A good linear I-V curve was obtained (See Fig. 4.8) and 

the specific resistance was calculated as 0.31 ohm.cm. When the 

heating was not sufficient, non-ohmic I-V curve with high resistance 

was obtained (see Fig. 4.8). 

The crystal was mounted in a teflon electrode holder with 

2 epoxy resin and the electrode area was 0.125 cm . 

To make sure there was no Si02 film on the surface, the electrode 

was dipped in HF for 1 min. before each experiment. 

4.3.2.7 Silicon (Si) 

Silicon single crystal wafer ((100) face; B doped; 0.2 mm 

thick) was donated by Toyo Silicon Co. Ltd. 

In-Zn alloy was used to obtain an ohmic contact. Only when 

Zn content was relatively high, a good ohmic contact was obtained. 

Therefore, Zn was added until I-V relation showed a good linear 

relation (see Fig. 4.9). The specific resistance was 1.2 ohm.cm. 

The crystal was mounted in a teflon electrode holder with epoxy 

resin and etched in HF solution before each experiment. 

4.3.2.8 Summary of p-type semiconductors 

Suppliers, etchants, ohmic contacts and some properties of 

p-type semiconductors studied in this research are listed in Table 4.1. 
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CHAPTER FIVE 

EXPERIMENTAL RESULTS 

5.1 PHOTOEFFECTS ON ANODIC REACTION AT n-TYPE SEMICONDUCTORS 

The current-potential relations with and without illumination 

by the l50W Xe lamp in solutions of several pH's and the photocurrent-

wavelength relations at several potential in 0.1 N NaOH were measured 

at Ti02 single crystal. 

The current-potential with and without illumination by the 

l50W or the 900W Xe lamp and the photocurrent-wavelength relations 

were measured at Ti02 films made by several ways (see section 4.3). 

The prevention of anodic dissolution of CdS single crystal was 

tried. 

The current-potential with and without illumination by the 900W 

Xe lamp and the photocurrent-wavelength relations of metal titanates 

were measured. These results are reported in the following sections. 

5.1.1 Titanium Dioxide (Ti02) 

5.1.1.1 Ti02 single crystals 

5.1.1.1.1 Current-potential relations in solutions 
of various pH's 

Current-potential relations were measured in solutions of 

various pH's with and without illumination by the 150W Xe lamp, 

potentiostatically at room temperature. The results are shown in 

Fig. 5.1. The shape of the curves are almost the same for all 

solutions, although the curves are shifted along the potential axis 

corresponding to the change of the pH of the solution. Similar 

resul ts were reported [ 1] . 
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Pig, 5.1 The current-potential relations of Ti0 2 single crystal 
in solutions of various pH's with illumination b2 a 
150 W Xe lamp. Intensity of light: 0.013 W/cm • 
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Pig. S.13 The current-potential relations of Pe2TiOS in 0.1 N 

NaOH with and without illumination by a 900W Xe lamp. 
Intensity of light: 0.12 w/cm2• 
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1. 1st sweep in dark. 2. 2nd sweep in dark. 
5, 6, 7, 8, 9. 5th, 6th, 7th, 8th and 9th sweep in dark. 



C
u

rr
e
n

t,
 

J1
A

/c
m

2 

-1
.0

 

-3
0

 t
-

-2
0

 t
-

-1
0 

t-

o 
o 

In
 

1 
N

 
N

a
O

H
 

o 
0

/
 
L.

SO
O

A 

/ 

o 
e 

_
_

 L
.S

O
D

A 

/
' 

o 
S

O
D

D
A

 

o 
A

 -
·5

S
0

0
A

 

o 

--• 
-

L.
O

O
O

A 

-0
.5

 
-1

.0
 

-1
.5

 

E
le

c
tr

o
d

e
 

P
o

te
n

ti
a
l,

 
V

 V
S

. 
N

H
E

 

P
ig

. 
5

.1
7

 
T

he
 

p
h

o
to

cu
rr

en
t-

p
o

te
n

ti
a1

 
re

la
ti

o
n

s 
o

f 
Zn

Te
 

in
 N

aO
}{

 
an

d 
in

 H
2S0

4 
fo

r 
th

e 
li

g
h

t 
o

f 
se

v
er

al
 

w
av

el
en

gt
hs

. 







-2
 

(}
J.F

 je
m

')
 

80
 

70
 

60
 

50
 

40
 

30
 

20
 

. 
1

0
 

0 
0.

1,
 

0.
2 

in
 

H
JS

O
" 

Ie
 

1
0

 K
H

z 

• 
5 

K
H

z 

+
 

2 
K

H
z 

• 
1 

K
H

z 

o 
-0

.2
 

-0
.1

, 
-0

.6
 

-0
.8

 
-1

.0
 

-1
.2

 
-1

.4
 

-1
.6

 
-1

.8
 

E
le

c
tr

o
d

e
 

P
o

te
n

ti
a
l,

 
V

 
'is

. 
N

H
E

 

F
ig

. 
5

.1
9

 
T

he
 

M
ot

t-
S

ch
ot

tk
y 

p
lo

ts
 o

f 
Zn

Te
 

in
 N

aO
H 

an
d 

H 2S0
4 

fo
r 

se
v

er
al

 
fr

eq
u

en
ci

es
. 

No
OH

 









Current. 
mA/cml 

-3.0 

-2.0 

-1.0 

o 

-0.2 

Current . 
. mA/cml 

- 3.0 

- 2.0 

-1.0 

o 

-0.2 

136. 

Photo 

-0.6 -1.0 -1.4 -1.8 
E le c t rod e Po ten t i a l. V v s. N H E 

Photo 

-0.6 -1.0 -1.4 -1.8 
Electrode Potential. V vs. NHE 

Fig. 5.23 The current-potential relations of CdTe in IN NaOH 
with and without illumination 2Y a 900 W Xe lamp. 
Intensity of light: 0.08 W/cm. Sweep rate: 1.5 V/min. 
Ca) With sufficient deoxidation of sOlution. 1. 1st sweep 

in dark. 2. 2nd sweep in dark. 3. 3rd sweep in dark. 
Cb) Without deoxidation. 
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5.2.7.4 Transient measurement 

Transient measurements were carried out in 1N NaOH and the 

results are ShOMl in Fig. 5.62 (a - e). The behaviour is more or 

less the same as those of the other semiconductors. 

5.2.7.5 Stability 

The photocurrents at fixed potential were measured as a function 

of time for over one hour in IN NaOH and in 1N H2S04, The results 

are shown in Fig. S,63(a) and in Fig. S.63(b) for NaOH and for H2S04 , 

respectively. 

The photocurrents in IN NaOH was relatively stable but in both 

cases the photocurrents decreased very much after the electrode was 

kept in dark at open circuit condition for about 10 hours. The 

photo current again increased on repeating the potential sweep under 

illumination (see Fig. S.S9(a) and (b)). Etching in HF solution 

made the photocurrent very large (see Fig. 5.63(b)). 
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CHAPTER SIX 

DISCUSSION 

6.1 INTRODUCTION 

First, the experimental results of this work are compared with 

those of previous works. 

Experimental results, especially those of p-type semiconductors, 

are generalized and analysed by the theory given in chapter three. 

The experimental results are compared with the theoretical results 

and the discrepancies between the experimental and calculated results 

are discussed. The theory is modified. 
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with time and claimed that this was the reason of deterioration of 

photocurrent. In this work, since the reduction was carried out 

more thoroughly than their work, the density of donor was quite high 

and little change with time is expected. 

(c) Intensity of light 

Intensity of light was O.08W/cm
2 

in this work and was 1.4W/cm2 

in their case. Accordingly, the current density of this work was 

1.7mA/cm
2 

and theirs was 16mA/cm
2 

at maximum. 

Too strong illumination may damage the crystal. 

6.2.2 Titanium Oxide Film 

The results of anodic oxide film without further treatment 

basically agreed with those reported before without details [7,8] 

The quantum efficiency-wavelength relation and cathodic polariza-

tion effect were examined here for the first time. 

The results of partly reduced Ti02 film made by high temperature 

oxidation in electric furnace were essentially the same as those of 

Ti02 films made by high temperature oxidation in a gas burner [8] and 

of Ti02 single crystals. 

The dependence of quantum efficiency-wavelength relation on 

oxidation time has not been reported before. 

The results of CVD film on Ti are essentially the same as 

those of Hardee et a1. [7] . 

6.2.3 Prevention of Anodic Dissolution by Coating 

The prevention of anodic dissolution of a semiconductor, which 

has a relatively low energy gap, by Ti02 film has not been reported 

before, although Nakato et al. carried out independently a similar 

attempt to prevent anodic dissolution by a coating with metal film [ 9] . 
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6.2.4 Metal Titanate 

Iron titanate and cobalt titanate were examined in this work 

for the first time. 

6.2.5 Zinc Telluride 

The current-potential relations of ZnTe have been measured only 

in ZnS04 solution by Sapritskii et al. [10] . The relatively negative 

value of critical potential at which the photo current was first 

observed in this work agreed with the results of theirs. 

The EMF of ZnTe/0.1 M KC.R, / SCE with and without illumination 

were measured by Williams [11] and no photoeffect on the EMF was 

observed. Correspondingly, Erest with and without light in this 

work were more or less the same. 

No flat band potential measurement has been carried out before. 

6.2.6 Cadmium Telluride 

CdTe has not been examined photoelectrochemically before. 

No value of the flat band potential has been reported. 

6.2.7 Gallium Arsenide 

Gerischer et al. reported the current-potential relation in 

2N H2S0
4 

with and without illumination [12]. The current-potential 

relations of this work are essentially the same as those of their 

work except for the fact that they observed the saturation of photo-

current at -1.0 V. No such a saturation current was observed in this 

work within the potential range concerned. The difference of light 

intensity may cause this discrepancy. However, it is not possible 

to compare these results, because intensity of light was not reported 

in their work. The GaAs used by them was not characterized. 

The values of the flat band potential of GaAs were reported 

as -0.2 V (NHE) in 0.01 M KOH [13] and 0.6 V (NtIE) in 1 M H2S04 [14] , 
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(NHE) in the solution of pH = 14 [18,19] . The results of this work were 

1.13 V in IN H2S04 and 0.18 V in IN NaOH and agreed with those results 

mentioned above. 

Yoneyama et al. reported that the photocurrent of GaP at 0.19 V 

(NHE) (solution used is not mentioned, but may be H2S04) decreased 

with time very quickly but the result in this work showed that the 

decreasing rate was much slower than that of their result. 

This discrepancy may be due to the difference of illumination 

condition. Although they did not report the actual illumination 

intensity, their illumination intensity seemed stronger than this 

work, since they concentrated the light of 500W Hg lamp onto the elec­

trode while parallel light of 900 W Xe lamp was used in this work. 

6.2.10 Silicon Carbide 

The current-potential relation and photocurrent-wavelength 

relation in 0.05 M H2S04 were reported by Gleria and Memming {20] 

and the results of this work are essentially the same as those of theirs. 

They mentioned that they could not measure the flat band potential of 

p-type semiconductor*, although they estimated the value in 0.05 M 

H2S04 as 1.64 V from the measured value of n-type SiC [20]. The 

flat band potentials measured in this work were 1.2 V (NHE) in IN 

NaOH and 1.47 V (NHE) in IN H2S04 , 

6.2.11 Silicon 

Most works on Si have been carried out in solutions containing 

HF [22], because otherwise oxide films cover the electrode surface, 

and this happened in this work when the electrode was left at open 

circuit condition without illumination. 

* The Mott-Schottky plots are not linear or the slope has a completely 

wrong sign [ 21] . 
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6.3 PHENOMENOLOGICAL GENERALIZATIONS ARISING FROM THE RESULTS 

6.3.1 Current-Potential Relations 

(a) Photo current increased, firstly, gradually with increase of 

potential, then, it increased sharply and, finally, reached a 

saturation value. 

(b) The more negative the flat band potential and the larger the 

energy gap, the more positive the critical potential (with 

respect to the flat band potential) at which the photo current 

becomes significant. 

(c) The current-potential relations in NaOH solution appeared at 

more negative potentials than those in H2S04 solution. 

6.3.2 Quantum Efficiency-Wavelength Relations 

The nearer the electrode potential to the flat band potential, 

the larger the ratio of the quantum efficiency at high, compared with 

that at low, energies of the incident light. 

6.3.3 Flat Band Potential 

The flat band potential in NaOH was more negative than that in 

H2S04 except for CdTe. 

6.3.4 Transient Behaviour 

The nearer the electrode potential to the flat band potential, 

the longer the time to reach a steady state at constant potential. 

6.3.5 Ti02 Film 

The longer the oxidation time, the longer the wavelength of 

light at which a maxima in the quantum efficiency-wavelength relation 

was observed. 
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6.4.6.3 Direction of the Coulomb force 

In the calculation of the Coulomb force in chapter three, 

the direction of force was not considered. Since the electron 

transfering along an x coordinated only is considered, only the 

x component of Coulomb force must be summed. 

6.4.6.4 Image interaction and dielectric constant of water 

In chapter three, the interaction energy between an emitted 

electron and its image in semiconductor was ignored, following the 

treatment of Khan [30]. Also, the optical dielectric constant was 

used for the dielectric constant of water. The reason of neglect 

of image interaction, suggested by Khan, was that the emitted 

electrons travel across the barrier too quickly to make an image 

in the semiconductor. The optical dielectric constant was used for 

the same reason. 

However, there was some misunderstanding in these considerations. 

When one wants to construct a potential barrier, one should consider 

an ideal test charge, Le., a ("classical") electron moving slowly 

enough to make its image in the semiconductor. Thus, the interaction 

energy between the emitted electron and its image should be taken into 

account with the static dielectric constant of water (= 6 in the 

electric double layer [31]). 

The importance of the image interaction in barrier construction 

was stressed by Penn et al. for field emission [32] and by A. Rothwarf 

for the flow of electron from the semiconductor to the metal [33] . 

The image interaction, U. (x), 1m is given by: 

e 2 £ -£ 
Uim(x) 

0 st (6.16) = 
4x£st £ +£ 

st 
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