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(1)

SUMMARY

The photoeffects on the oxygen and hydrogen evolution reactiocns

at n- and p-type semiconductors, respectively, have been studied

theoretically and experimentally in connection with the direct

production of hydrogen from solar energy.

3]

The experimental techniques involved in this work include:
Photocurrent measurements under the illumination of a 150W or

a 900 W Xe lamp, using potential sweep methods.

Photocurrent measurements under illumination by monochromatic
light using a Jérrel};Ash grating monochrometer and a Xe lamp.
Impedance measurements, usiné the direct method.

Transient photocurrent measurements following light illumination
and light interruption.

Chemical vapor deposition to make TiO, films on other semi-
conductors.

Sintering method for metal titanates synthesis.

The following novel experimental matter has been resolved:

The quantum efficiency of photoelectrochemical reactions invelving
hydrogen or oxygen évolution at several potentials and wavelengths
involving Tioz, FeZTiOS, ZnTe, CdTe, GaAs, InP, GaP, SiC and Si

in alkaline and acid solution.

The flat band potentials of ZnTe, CdTe and SiC in alkaline and
acid solution and of InP in alkaline solution at various
frequencies.

The break down of the photoelectrodes, i.e., TiOz, FezTiOS, ZnTe,



(ii)
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 FeZTiO5 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 electrohs 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 ekcited 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



CHAPTER ONE

INTRODUCTION

1.1 HISTORICAL

Recently, strong attention has been paid to photoelectrochemistry
in respect to solar-hydrogen production.

The first observation of a photo effect on electrochemical
reaction was in 1839 when Becgerel found an electric current flowed
if one of the electrodes which were immersed in dilute acid was
illuminated by light [1]. This effect is known as the Becqerel effect.

Although many researches followed this observation, the results
before about 1950, most of which were reviewed by Copeland et al. ir
1942 [ 2], were complicated and not reliable because of poor experimertal
technique. Several theories to attempt to explain these experimental
results appeared [ 3,4] , but lack of available experimental data made
a match between theory and experiment difficult to find.

Apart from the contribution of Hillson and Rideal [ 5] who estab-
lished an experimental relation betﬁeen log (quantum efficiency) and
the photon energy in hydrogen and oxygen evolution reactions, researches
on the photoeffect on metal electrodes had to wait until the 1960's
for reliable work.

M. Heyrovsky examined the photoeffect on cathodic and anodic
reactions and found a logarithmic relation between the photocurrent
and electrode potential [6,7] . He interpreted these photoeffects in
terms of the absorption of photons by charge-transfer complexes cn t-o
electrode surface, a model qualitatively similar to that of Hillson

and Rideal.



2.

Barker et al. introduced solvated electron mechanisms and
showed that such mechanisms could explain the experimental fact
that (Photocurrent)l/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. [ 11}, 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 Table 1.1 with the values of energy gap.
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TABLE 1.1 LIST OF SEMICONDUCTORS INVESTIGATED PHOTOELECTROCHEMICALLY
w—S:émiconductor Type Energy Gap, eV References
Ge n,p 0.66 14
Si n,p 1.1 21~26
GaAs n,p 1.35~1.43 16, 17,27~29
: [ CdTe n,p 1.44~1.5 30]
CdSe n 1.74 31,32
Cuo 1.95 30
[;do 2.2 30
CuZO P 2.2 31,33,34
F3203 n 2.2 35
VZOS ﬂ 2.23 36,37
inTe P 2.26 31,38
GaP n,p 2.2572.35 18,39
Cds n 2.4 31,4042
ZnSe n 2.6 43
WO3 n 2.7 44
o-51C n,p 2.75~3.1 45
Ti0, n 3.0 46~49
Zn0 n 3.2 s0~53
SrTiGS n 3.2 54,55
KTaOS n 3.5 56
Sn0, n 3.7 57,58
[ NiO p 4.0 59, 60]
TazO5 n 4.6 61

. ,
Semiconductors shown in brackets were

examined in dark only.
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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 TiO2 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, TiOz/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 TiOZ(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 facfor in photovoltaic case. Fujishima et al.
and other workers examined the possibilities of the use of Ti0,
polycrystal made by several methods, i.e., anodic oxide film [ 64,65],
thermal oxidation [ 62,65] and chemical vapor deposition [ 64], and
Fujishima et al. showed that the efficiencies of TiO2 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 TiO, is quite high [ 66] , the relatively

2

high energy gap of TiO,, i.e., 3eV, makes it impossible to utilize

2°
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. Recently, WO3 [44] and Fe203

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

were cxamined 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 SrTiO3 as a photoanode instead of TiO2
the cell, SrTiOS/electrolyte solution/Pt, would work as a photo-driven
cell without a pH gradient [54] . However the energy gap of SrTi0,
3.2eV, is higher than that of TiO2 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. 7

Nozik [ 68] and Wrighton et al. [69] studied the efficiencies
of photo-assisted electrolysis of water in TiOz/electrolyte solution/

Pt cell, in which TiO2 was illuminated and water was decomposed at

relatively low applied potential, as low as 0.25V.

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.
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1.2 THE OQUTLINE 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 photoelectrode.

This project can be divided into two big parts, theoretical ard
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
absclute 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 TiO2 single crystal, TiO2 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.
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CHAPTER TWO*

THEORETICAL TREATMENT OF PHOTOELECTROCHEMICAL KINETICS

AT METAL ELECTRODES

2.1 INTRODUCTION

Recently, many reliable experimental results of photoelectro-
chemical reactions on metal electrodes became available along with
the development of experimental techniques [1~5] and also a number
of theories were proposed {1,2,6~9].The theories which have appeared
so far have tried to explain the relations between photocurrent and
electrode potential or photon.energy. However no theory has taken
into account the optical properties of metals, e.g., absorption
coefficient etc. and, therefore, no theory has been able to calculate
the absolute values of the photocurrent.

It is very important to estimate the absolute values of the
quantum efficiency (photocurrent) as a function of metal properties
in order to evaluate the potential of metal electrodes as a photo-
electrode for solar-hydrogen production. Here the photoeffect on

hydrogen evolution reaction on metal electrodes is considered.

* This Chapter is a modified version of the paper accepted for publica-

tion in J. Fes. Inst. for Cat., Hokkaido Univ., 24, 1 (1976).
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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)).

+
M(e) + HO' > M --H -- H0 (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, Nph(hv,x)dx, is given by:

—uphx
Nph(hv,x)dx = Io(l—R)aphe .dx (2.2)

-2 -1, . L.
where I, (cm “.sec 1) is the total number of photons of incident

light; R is the reflectivity and uph (cm-l) 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
Pex(E,hV)dE of excitation of an electron from the energy level
between (E-hv) and (E-hv) + dE to the energy level between E and

E + di is given by [10];
PCK(E,hv)dE = kp(E) {1-£f(E) }o(E~-hv) f(E-hv)dE (2.3)

where p(E) is the density of states at energy E and £(E) is the Fermi
distribution function at energy E (Energy levels are taken as zero

at the bottom of the conduction band); k is a proportional constant.
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Normalizing Pex(E,hv)dE to unity, Eq. (2.3) becomes

P (L, hy)dE= p(E) {1-£(E) }p(E-hv) £(E-hv) dE
ex "’

p(E) {1-£(E) }p (E-hv) £(E-hv)dE
hv

(2.4)

Therefore the number of photo-excited electrons, the energy of which
is between E and E + dE and which are excited between x and x + dx,

Ne(E,hv,x)dde, is given by:

Ne(E,hv,x)dde hv,x)Pex(E,hv)dde

Nph(

o ph’p(E) (1-£(E) }p(E-hv) £(E-hv) dEdx

(1-R)Ioocph

Jmp(E){l-f(E)}p(E—hv)f(E—hv)dE
hv

(2.5)

2.2.3 Number of Excited Electrons Arrivingﬁat the Surface

By assuming the probability of having a number of electrons, the
x component of energy of which is Ex’ is the same between 0 < Ex < L,
the number of electrons the energy of which is between E and E + dE
and the x component of the energy of which is between Ex and Ex + dEx’
is given by:

Ne(E,hv,x)dde
* E dEX (2.6)

This number represents the number of electrons, the x component of

the velocity of which is - v2E/m and v2E/m and, therefore, number of
electrons, the x component of which is between Ex and Ex +-dEx’
and moving Eg;the surface Né(E,hv,Ex,x)ddedEX, is given by:

N (E,hv,x)dEdx

D . .. e
Né(h,hv,Lx{;)dexdEx B dEX

ph™ 1 p(E) (1-£(E) }p(E-hv) £(E-hv) dBdxdE,

- T h

B 1o(l"R)O‘phe P 2E
JmO(E){1-f(E)}p(E—hv)f(E-hv)dE
hv

(2.7)
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The probability of electrons from within the bulk of the
metal arriving at the surface without suffering an inelastic electron-

phonon and the electron-electron scattering event is given by [ 11]

_ 2
PSCAT = exp[- ij (2.8)

where L is the electron-phonon or electron-electron scattering
length and % is the actual travelling distance of the electron
between the excited position and the electrode surface (see Fig. 2.1)
2 is the function of x and the energy components Ex’ Ey and Ez'

Since,

fcosBcosd

I
”

-(2.9)

and also

Ve (2.10)

vcosgcosd

where v is the total velocity of the electron and v is the x com-
ponent of the velocity,

£ is given by

= v
L= x 3 (2.1
X
v and v, are given by:
2E
v = - (2.12)
2E
v = /__3‘ (2.13)
X m

and, therefore, Eq. (2.11) becomes,
L = xv/ E (2.14)

Hence, the number of electrons arriving at the surface, the energy
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of which is between E and E + dE, the x component of the energy of which

is between Ex and Ex + dEx and which are excited between x and x + dx

from the surface, NO(E,hv,Ex,x)ddedEx, is given by:

= t
NO(E,hv,Ex,x)ddedEx Ne(E,hv,Ex,X) . PSCATddedEX

1/E |1 P(EY {1-£(E) }p(E~hv) £ (E-hv) dEdxdE_

= Io(l-R)aphexp{-(aph+ i E;?x T ’
ImO(E){1—f(E)}p(E-hv)f(E-hv)dE

hv

(2.15)
By integrating with respect to x, the number of electrons arriving at
the surface, the energy of which is between E and E + dE and the x
component of the energy of which is between Ex and Ex + dEx,
1 3 3 3 .
NO(E,hv,Ex)dEdEx, is given by:

s}

Né(E,hv,Ex)dEdEx = f N, (E,hv,x,E )dEQE dx
(o)
p(E){l-f(E)}p(E—hv)f(E-hv)dEdEx

%5h 1
= 1,(1-R) —_Pr =,

2E
O %?/;gz [wp(E){l-f(E)}p(E-hv)f(E—hv)dE
X hv

(2.16)
Therefore, the total number of electrons arriving at the surface,
the x component of energy of which is between Ex and Ex + dEx’

NT(Ex,hv)dEx, is given by:
2 = '
NT(Ex,h\))dEx [ NO(E,h\),Ex)dEdEx

E
X

* . ; P(E){1-£(B) }p(E-hv) £(E-hv)dEdE

= I _(1-R)o ——— . G e
o ph[ 2E .
By oyt %?/;%E [ p(E) {1-£(E) Yo (E-hv) £(E-hv) dE

0

(2.17)
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2.2.4 Electrochemical Process

The photocurrent is proportional to the number of photoelectrons
arriving at the surface, the probability of tunneling of these through
the potential barrier at the interface and the probability of the

presence of acceptor states and given by [12];

[eod

C, r

. A
i, = e, E;’J NT(Ex,hv)W(EX)G(Ex)dEx (2.18)
hv

where CA and CT are the total number of acceptors per unit area of
the outer Helmholtz plane (OHP) and the total number of sites per
unit area of OHP; W(Ex) is the W.K.B. tunneling probability of

electron across the potential barrier of height Um and width %, i.e.,
ﬂ22 %
W(E) = eXP{- — 2m(U_-E )]2} (2.19)
X h m X

and G(EX) represents the population of vibrational-rotational states

of acceptor in solution at different energies Ex’ i.e.,
G(EX) = expf{- B(EO—EX)/kT} (2.20)

where B is the symmetry factor and Eo is the energy level of electron

+
in the ground state of an H30 ion [ 13].

Using Eq. (2.17) in Eq. (2.18) one gets

C [ee] [e o] :
i - e At J I L L o) (£ Jo(E-h) £(E-h) JEW(E, IOCE ),
Th B, o +2fE [ 0(E) {1-£(E) o (E-hv) £(E-hv) dE
x ph I'E_
0 fwv
(2.21)
where
A =

T,(1-R)oy | (2.22)
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The energy level of an electron in the ground state of H30+
ion, Eo’ the barrier height and the barrier width, 2, have been

estimated by Khan [ 12] as:

Eo = -1.5+9 + EF (eV) (2.23)
Umax = 3.3+ 0+ EF (eV) (2.24)
g = 2.2% (2.25)

where ¢ and EF are the work function and the Fermi energy of the metal.
The schematic energy diagram corresponding to these values for
Hg is shown in Fig. 2.2 [12].
Accordingly, for the practical evaluation of the photocurreht

one can write the integral in Eq. (2.21) in three parts for the three

region in the energy diagram, i.e.,

A ! A L X
\) E

ol
g

p(E) {1-£(E) }p (E~hv) £(E-hv) dE

X Vv

1 1 p(E){1-£(E)}p(E-hv) £(E-hv)

7 dEW(E )AE_
‘Jr_- p(E) {1-£(E) }p(E-hv) £(E-hv)dE
v

o x ph

0 o b

1 1 p(E){1-£(B)}o(B-hv) £(E-hv) .0 ’
— 2E (® T
+%f§z i p(E) {1-£(E) }p(E-hv) £(E-hv) dE f
X
V

(2.26)
The first integral of the Eq. (2.26) gives the contribution cf

photocurrent from the photoelectrons which tunnel through the barrier
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to the distributed acceptor states corresponding to the vibratioral
rotational energy of an acceptor, H30+.

The second integral of the Eq. (2.26) gives the contribution of
photocurrent from the photoelectrons whiclh tunnel through the barricr
and §2 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 cf Eq. (2.26) gives contribution to the

. photocurrent from the photoelectroms which can go over the barrier.
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2.3 COMPUTATION OF THE PHOTOCURRENT

2.3.1 Quantum Efficiency-Potential Relation at Several

Photon Energies

The photocurrent at the electrode potential V with respect to
‘the pzc can be calculated by replacing the value of EF by (EF—eOV)
in Eq. (2.21) and Eq. (2.26).

The quantum efficiencies (= ip/Io) for different incident light
energies, hv, at the Hg- solution interface were calculated as a
function of electrode potential by numerical integration of Eq. (2.26)
using the DEC-10 computer and are shown in Fig. 2.3. The values
used in the calculation are listed in Table 2.1. The electron-phonon
scattering length was taken as the mean free path, since electron-
clectron scattering length is usually longer than the electron-phonon
scattering length [ 14]. |

The (quantum efficiency)o’4 against potential, V, has been
plotted (Fig. 2.4) for different incident light energies hv. There
is linearity for a potential change from the potential of zero charge
(p.z.c.) for at least one decade.

The threshold energy, hvo, for photoemission into the electrolyte
was determined by plotting (quantum efficiency)o'4 against potentials,
V (Fig. 2.4), and extrapolating to (quantum efficiency)0'4 = 0. The
extrapolated potential, corresponding to (quantum efficiency)o'4 =0
is the threshold potential, Vo' The threshold photon energy hvo was

obtained from the relation
hvo = hy - eovo (2.27)

where hv is the incident photon energy. The results of the threshold

energy from the plots of Fig. 2.4 are 2.60 ~ 2.83eV and in good agreement
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TABLE 2.1 PARAMETERS FOR QUANTUM EFFICIENCY CALCULATION

Metal | Fermi (a)Mean Frelﬁork (b)Photon Reflection (C)Absorption
Energy path(a) Function" ‘Energy {Coefficient Coeffic-(c
(eV) -7 (eV) (eV) ient ‘
6 - a
‘ (10 "cm) 10%em 1
2.0 0.77 0.94
2.5 0.75 0.97
Hg 7.05 1.31 4.5 3.0 0.73 1.0
3.5 0.71 0.94
4.0 0.66 0.89
2.0 0.83 0.67
2.5 0.55 0.60
Cu 7.0 38.8 4,55 3.0 0.40 0.56
3.5 0.31 0.53
4.0 0.27 0.56
2.0 0.65 0.73
2.5 0.60 0.75
Ni 11.72 5.64 4.73 3.0 0.54 0.76
3.5 0.47 0.78
4,0 0.43 0.79
2.0 0.58 0.69
2.5 0.56 0.78
Fe 11.17 4.23 4.65 3.0 - 0.55 0.85
3.5 0.51 0.86
4.0 0.45 0.81
2.0 0.71 0.93
2.5 0.67 0.96
Pt 5.95 7.46 5.40 3.0 0.65 0.97
3.5 0.51 0.98
4.0 0.49 0.97
2.0 0.84 1.1
A% 11.63  |14.5 4.19 2.2 0 ol
3.5 0.31 0.53
(a) Ref. 14
(b) Ref. 15

(c) Ref. 16
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with the experimental one (3.15eV). The linear behaviour of the

/5

plot of (Ip)2 against potential V, and agreement of the extrapolated
threshold light energy hvo with the experimental one [5], confirms the
consistence of the model with experiment and with the 5/2 law for

the photocurrent.

2.3.2 Effect of the Barrier Height

Photocurrents 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
threshold energy in this wide range of the Um 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 surface because of the short mean free path.
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Fig. 2.6 The dependence of the quantum efficienéy on wavelength
of incident photon for several metals.
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2.4 CONCLUSION

Photocurrent expressions which took into account the properties
of the metal were derived for hydrogen evolution reaction at
metal electrodes.

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 represent the 5/2 law is insensitive to the change of
barrier height.

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 . THREE*

THE THEORY OF HYDROGEN PRODUCTION IN A

PHOTOELECTROCHEMICAL 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 photocurrent 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.
Il1lumination 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:

*
p-S.C(e) + H30+ > P-S.C--H--H,0 (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++(H20)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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The photocurrent corresponding to this reaction, ip’ is given by [ 3,4]:

oo}

€A

io= e, E'_r—J N, (E)G, (E)W_(E)dE (3.2)
(o]

where Ne(E) is the number of electrons with energy E which strike the
semiconductor surface per unit time per unit area; GA(E) is the

. . . . . . +
distribution of vibrational-rotational states of an acceptor, H30 s

at energy E in the solution; WC(E) is the WKB tunneling probability

of electrons through the potential barrier at energy E; CA is the

number of electron acceptors per unit area in the OHP; CT is the

total number of sites per unit area in the OHP; e, is the electronic
charge. Energy levels are taken as zero at the bottom of the conduc-
tion band.

3.2.1.1 The enthalpy change for electron transfer from

> +
semiconductor to H30

The standard enthalpy change AH(e) for the electron transfer

reaction corresponding to Eq. (3.1) from the bottom of the conduction
band of the semiconductor to the proton, when the proton-solvent
system is in its ground state, can be obtained by using the following

thermodynamic cycle:

+ AH(e)
p-S.C(e) + H30 —— p—S.C——H——HZO
N
Lo l - R
+

p-S.C(e) + H + H20 p-S.C--H + HZO

e, |-
p-S;C e+ H + H,0 - p-S.C + H + H,0

where R, A, J, Ea and L0 represent the H-H_ O repulsive force, the

2

heat of adsorption of a hydrogen atom on the semiconductor, the

ionization potential of the hydrogen atom, the electron affinity of
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the semiconductor and the hydration energy of proton, respectively.

Therefore,
AH(e) = - Lo + Ea -J+A+R (3.3)

The values of Lo’ R, and J are - 261 kcal/mol [ 3], - 3 kcal/mol* and
313 kcal/mol [ 3] , respectively. The value of Ea is from 78 kcal/mol
to 115 kcal/mol depending on the semiconductor [6]. The value of A
is estimated as - 6 kcal/mol ~ - 7 kcal/mol depending on the semi-
conductor (Appendix 3.1)+. Therefore, the estimated value of

AH(e) is from 16 kcal/mol to 54 kcal/mol.

3.2.1.2 Photon absorption step [ 4]

Let it be supposed that the semiconductor is illuminated normal
to the surface. The number of photons absorbed by the semiconductor

between x and x + dx from the surface, Nph(x)dx, is given by:
-aphx
Nph(x)dx = Io(l—R)aphe dx (3.4)

where I_ is the total number of photons of incident light (cm—zsechl);
R is the reflectivity of the semiconductor; aph is the absorption
coefficient of the semiconductor at the wavelength A (cm_l).

3.2.1.3 The creation of excited electrons

Each absorbed photon, the energy of which is greater than the
energy gap of the semiconductor, makes an excited electron in the

conduction band and a hole in the valence band (see Fig. 3.1). The

* The value for the H atom in ice [5].

The small variation arises from the presence of the electrode in
solution, i.e., it results from the presence of adsorbed water

molecules on the electrode.
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number of excited electrons, the energy of which is between E and
E + dE in the conduction band, between x and x + dx, Ne(E,x)dxdE,

is given by [ 4] :

p(E,x) {1-£(E) }p(E-hv,x) £(E-hv)dE

J” p(E,x) {1-£(E) }p(E~hv,x) £(E-hv)dE
E
c

Ne(E,x)dxdE = Nph(x)dx

s X

i.e. from Eq. (3.4)

-0, , X o
- Io(l‘R)o‘phe ph ooS(E,x){1~f(E)}o(E~h\),x)f(E—h\))dedE

f S(E,x) {1-£(E) }S(E-hv,x) £(E-hv)dE

c,X

(3.5)

where EC « is the energy of the bottom of the conduction band at x
3

and p(E,x) is the density of states at E at x and given by [ 7]

* _ > F
(8m™m /hS)/E Ec,x when (E Ec,x)

P(E,x) = (8m*/, 3)S(E,x} =4 0 (B >E > E, )

(Sﬂm*/hS)/Ev’x-E‘ (E<E_ )

V,X
(3.6)
f(E) is the Fermi distribution function; where m* is the effective

mass of the electron in the semiconductor.

3.2.1.4 Potential profile in a p-type semiconductor

The excitation of electrons in the semiconductors has not only
an energy but also a spatial aspect. The objective of the present
work is to obtain the number of electrons excited by light which reach
the electrode surface. The number of excited electrons which do this

depends not only on the gradient of the chemical potential of the
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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.  Thus,
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).

av 4me e (V. -V) e (V. -V.)
X _ 0 _ o0 x B{ _ o-'x B N
7 e PoexP{ KT } noexP{ KT } * Ny - Ny

(3.7)

where e, is the electronic charge; € is the dielectric constant of

the semiconductor; Pyr Ty 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 = «). Vx is the potential
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]

dv
__x. = + /&TkT - - —y.. Y -
= t)—1- Ny - NJy +p (e "-1) +n (e Dl

(3.8)
e (V -VB)
where y represents y = —EL—%%F——— (3.9)

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

minus when y > 0. Kingston and Neustdter 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:

15

in Fig. 3.2. The parameters used in the calculation are NA =P, = 10
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17 3 3
~ . = = . = - = -1.0V,
107 " /em™; ND n 0/cm”; € = 20.0 and VB VS 0 -1

vhere VB and Vg are the potential in the bulk and at the surface of

semiconductor, respectively.

3.2.1.5 Number of excited electrons arriving at the surface

The number of photo-excited electrons, originally expressed
for x = x in Eq. (3.5), decreases to Ne,x=x-dx(E’X)dXdE given by

Eq. (3.10), after travelling dx.*

N (E,x)dxdE = Ne(E,x)e dxdE (3.10)

e,x=x-dx

where L(x) is the mean free path of electrons at x and is given

by [ 10]
25, 2

L(x) = D (3.11)

2 2
///QE +42,D - QE

where QD is the diffusion length and RE is the drift length. The

terms QD and R are given by

E

2y = /DTe =7 3004, T, kT/eo (3.12)
- 1

QE = Ty Vg V' (x) (3.13)

respectively, where Ue is the mobility of the electron in the semi-
conductor (cmz/V.sec),'Te is the life time of the electron and V'(x)
is the potential drop at x (= (dV/dx); Volt/cm). k and e are in cgs

units.

* In the case of metal electrode (chapter two), the actual travel
length of electron was considered as x/E7E;; In this case, however,
the actual travel length was assumed as x, because of the existence
of a very strong field inside the semiconductor. Thus, it is
assumed that the field accelerate all the electrons produced into

the x direction.
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When V'(x) = 0, L(x) becomes %D and when V'(x) is sufficiently
high, RE >> zD, and L(x) becomes QE (Fig. 3.3). Here, L changes

after travelling dx corresponding to a change of V'(x).

Similarly,
} L(x}dx)dx
Ne,x=x—2dx(E’x)dXdE = Ne,x=x-dx(E’X)e dxdE
i 1
- + dx
= Ne(E,x)e (L(x) L(x-dx) dxdE
(3.14)
1
- X
- L(x-2dx)
Ne,x=x—3dx(E’x)dXdE - I\Ie,x=x--2dx(E’x)e dxdE
1 1 1
- + + dx
- Ne(E,x)e [L(x) L{x-dx) L{x-2dx) dxdE
(3.15)
and so on.
After N steps (N = x/dx),
- L(éx) x
Ne’x=0(E,x)dxdE = Ne,x=dx(E’x)e dxdE
1 1 1
(3.16)
Ne x=0(E,x)dxdE gives the number of electrons arriving at the surface

per unit area per unit time which were excited between x and x + dx
and the energy of which is between E and E + dE.
Therefore, the total number of electrons, Ne(E)dE, which has an

energy between E and E + dE at the surface is given by

[o o}

N_(E)E = f\Ne’X=O(E,x)dxdE (3.17)
(o]
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3.2.1.6 Electron transfer processb

(a) Construction of the potential energy barrier

The potential energy barrier for electron transfer from the
semiconductor to an acceptor in the OHP is constructed as follows:

(1) Interaction of an electron with the dipole potential of adsorbed
water

The work required for the emitted electron to cross the adsorbed
water layer is given as the negative value of the surface potential made
by those waters, multiplied by the electronic charge. Since we assume
(initially) that the concentration of surface state is less than 1014/
cmz, the surface charge on the electrode, even under cathodic polariza-
tion, is almost zero [ 11]. The surface potential due to adsorbed
water dipoles at the potential of zero charge was calculated by Bockris
and Habib [12] and is 0.03 ~ 0.04 at Hg, Cd and Zn electrodes. The
width of the water barrier is the diameter of the water molecule,

i.e., 2.76R.

(ii) Interaction with ions in the OHP and their images

When a photoexcited electron leaves the semiconductor surface,
it interacts with all ions in the OHP and their electrical images in
the semiconductor. The Coulombic force between this electron (x from

electrode) and all ions in OHP and their images, F(x), is given by

F(x) = - +

27e 2 €-¢
™o nr 1 _ 1 op}
- 2
8op n=1 l(d—x)zmzRi2 (d+x)2+n2Ri €+€opJ
(3.18)

where d is the distance between the semiconductor surface and OHP,
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eop is the optical dielectric constant of water, n =1, 2, 3 -- and
represents the succession of rings of ions around a given central ion,
and R; is the distance between two ions in the OHP, depending on its
coverage with ions and determined by Ri = 4ri/(ﬂ6)%, where 6 is the
coverage and T, is the radius of the ioms.
The potential energy of an electron at x due to this force,

Uion(x)’ is given by:
X .
(x) = J F(x)dx (3.19)

(o]

ion

and this value is obtained by numerical integration.

(iii) Optical Born energy of the electron

In the region of water outside that of the layer attached to
the electrode, it is difficult to calculate the electron interaction
with the water upon a modelistic basis. It is possible to estimate
the energy of an electron with respect to vacuum when it has entered
this water layer by the use of the Born equation, with an optical

dielectric constant:

2
U ST F (3.20)
opt.Born 2r €

ci_ op

e

The value of T, in this equation is taken from the S.C.F.
calculations of Fueki et al. as 1R [13]. On this basis, the value
of Uopt.Born is - 3.2eV.

(iv) Calculation of the Barrier Maximum

According to these considerations, the potential energy of the

electron with respect to the bottom of the conduction band is giver bty

v = Ea ¥ UHZO ¥ Uion ¥ Uopt.Born (3.21)
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where U is the interaction energy between an electron and an

HZO

adsorbed water dipole layer. A potential energy profile based on
these considerations is given as a function of distance in Fig. 3.4,
assuming d is 6.58 [14] in Eq. (3.18). The dimensions of the barrier
can also be seen in this figure. The maximum value of the barrier
height, Umax’ depends on the electron affinity of the semiconductor,

Ea’ and is given (in eV) by:
= E - 0.2 (3.22)

(b) The equation for the photocurrent

The equation for the current density may then be divided into
three parts (see Fig. 3.4).

In section A of this figure, the photoelectrons pass through
the barrier and are accepted by the H30+ ions in solution. The

equation for this section, ip A is given by:*
3

C AH(e)
_ A
lp,A. = e E;—[ Ne(E)GA(E)Wc(E)dE
0
c e 2
A . 4 MR oo
= e N_(E)exp {-B(AH(e)-E)/kT}exp {- —V2u(U___-1) }dE
o Cp e h ma.x
0
(3.23)
where Ne(E) is given in Section 3.2.1.5, 2 is barrier width. In

+
section B, the photo-electrons do not find acceptor state in HSO

but in water. The current density for the B region is represented

* The justification for 8 in Eq. (3.23) can be seen by studying the
potential energy diagrams in Matthews and Bockris [ 3], which show
the effect of the repulsive energy between, e.g., H and HZO in the

neutralization of H30+.
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by:*
U
CA max CA { max 1729v
3 = = ~L
lp,B e, E}{J Ne(E)WC(E)dE} eo E;{J Ne(E)exp{— —E—VZm(UmaX E)}dE
AH(e) AH(e)
(3.24)

Finally, some photo-electrons may pass over the barrier and into the

solvent water (section C), and the current density from this contribu-

tion is given by:

[ee]

J Ne(E)dE} (3.25)

max

i
o]
(@]
u
[0}
]
0O 0
Hl>
o)

In total, the photocurrent is given by

ioo= i +i o +i (3.26)

3.2.2 The Photoeffect on the Anodic Current at n-Type
Semiconductors

There are many electrons in the conduction band and few holes
in the valence band of an n-type semiconductor without illumination.
Illumination, the energy of which is larger than the energy gap of the
semiconductor, creates holes in the valence band and electrons in
the conduction band.

However, since there are many electrons in the conduction band
without illumination and, usually, the number of electrons created by
light is small compared with the number of electrons without illumina-
tion, the value of the cathodic current via the conduction band with

illumination and without illumination are almost the same. On the

* These electrons pass through the barrier to a state of equal total
energy to that which they had in the semiconductor. They then lose
their kinetic energy by inelastic collision with the solvent, and

finally react with H30+ in the solution bulk.
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other hand, there is almost zero holes in the valence band and, hence,
the anodic current via the valence band is zero without illumination.
Consequently, a photoeffect on the anodic current via the valence
band would be large.

The mechanism of anodic reactions is less well known than that
of cathodic reactions. One complication is that there may be two
reactions corresponding to the anodic current. One is the anodic
dissolution of the semiconductor itself and anbther is the oxidation
of a species, e.g., OH , water, halogen ion, in the solution.

Let it be supposed that the anodic current corresponds to the

oxidation of OH and water and that the rate determining steps are:
n-S.C(hole) + OHaq - n—S.C--OH-—H20 (3.27)
n-S.C(hole) + H,0 » n-S.C-—OH——H30+ (3.28)

3.2.2.1 The estimation of the standard enthalpy change for
electron transfer from the donor to a hole in the
valence band

The standard enthalpy change, AHi(e), for an electron transfer
reaction corresponding to Eq. (3.27) from the electron level of the
hydroxyl ion to the top of the valence band of the semiconductor, when
the hydroxyl ion-solvent system is in its ground state, will be

obtained using the following thermodynamic cycle:

_ AHi(e)
n-S.C(hole) + OHaq —_— n-S.C-—OH——HZO
L - R!
o 4
n-S.C(hole) + OH + H,0 n-5.C--OH + H,0
- E.A. - At
E + E 2
a

n-S.C(hole) + OH + e + H,0 «2 8  ns.C+OH« H,,0
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where A', R', E.A., E s Lé and Eg represent the heat of adsorption
of an OH group on the semiconductor, OH—HZO 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,
! = - 1t . — - i t
AHl(e) L0 + E.A Ea Eg + A' + R (3.29)

The values of RY, Lé and E.A are - 3 kcal/mol*, - 87 kcal/mol [ 15] and
42 kcal/mol [ 16] , respectively. The value of Ea is from 78 kcal/mol
to 115 kcal/mol depending on the semiconductor [6].  Although the
value of Eg can vary over a wide range, a value from 23 kcal/mol to

69 kcal/mol is a reasonable range of choice for this purpose because
too low an Eg makes a short life time of created minority carriers

and too large an Eg makes no photon absorption in the solar spectrum
range. The value of A' is taken as from - 3 kcal/mol to - 4 kcal/mol.
(See Appendix 3.2). Therefore, the estimated value of AHi(e) is

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

Similarly, the standard enthalpy change AHé(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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A A (e) .
n-S.C(hole) + Hzoaq —_— > n-S.C—-—OH——-HSO

" “vap - L,
n-S.C(hole) + Hzogas + HZan |

o+

- EDiss n-S.C-OH + H + Hzoaq

n-S.C(hole) + H + OH + HZan Al
h
- J
+ Yos

n-S.C(hole) + H + OH + e + H20aq +E~5:j§- n-S.C + H + OH + Hzoaq

a g

t
where Lo’ A, Ea’ Eg’ J, EDiSS

and Evap represent hydration energy
oi proton, heat of adsorption of OH group on the semiconductor, the
electron affinity of the semiconductor, the energy gap of the semicon-
ductor, the ionization potential of hydrogen atom, the dissociation

energy of water in gas phase and the heat of vaporization, respectively.

Therefore,

AHé(e) = L+ A" - Ea - Eg +J +

o (3.30)

EDiss ¥ EVap

The value of Lo’ J, E and Evap are - 261 kcal/mol [3]; 313 kcal/mol

Diss
[3], 119 kcal/mol [17] and 10.4 kcal/mol [ 18], respectively. The value
of Ea is from 78 kcal/mol to 115 kcal/mol, depending on the semicon-
ductor [6] .  Although the value of Eg can vary in wide ranges, the
value from 23 kcal/mol to 69 kcal/mol is chosen because of the reason

as mentioned above. Also, the value from - 3 kcal/mol to - 4 kcal/mol
is taken for A' for reasons mentioned before. Therefore, the estimated

value of AH!(e) is from - 7 kcal/mol to 83 kcal/mol.

3.2.2.2 The creation of holes

Lach photon, the energy of which is greater than the energy gap
of the semiconductor, creates an electron in the conduction band and a

hole in the valence band.  The number of created holes, the energy of
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which is between (E-hv) and (E-hv) + dE in the valence band and at
distances from the electrode surface between x and x + dx, Nh(E—hv,x)dxdE,
is equal to the number of created electrons the energy of which is
between E and E + dE in the conduction band and at a distance between

x and x + dx, Ne(E,x)dxdE. Hence, using Eq. (3.5), Nh(E,x)dxdE

is given by

-0 . X ;
Ny, (B, x)dxdE = IO(I—R)ocphe ph ES(E+hv,x) {1- £(E+hv) }S(E,x) £(E) dxdE

V,X
J S(E+hv,x) {1-f(E+hv) }S(E,x) £(E) dE

o

(3.31)

where Ev < is the energy of the top of the valence band at x from the

>

electrode surface.

3.2.2.3 The potential energy profiles in n-type semiconductor

Eq. (3.8) and (3.9) are applicable to an n-type semiconductor.

3.2.2.4 The number of holes arriving at the surface

The number of holes at the surface, the energy of which is

between E + dE, is given in a similar way to that of electrons discussed

in section 3.2.2.6, with the minor changes mentioned below. Thus,
gD = /DTh = /300uh T kT/e, (3.32)
- '
QE ThuhV (x) (3.33)

where uh is the mobility of the hole»in the semiconductor and T is

the life time of the hole.

3.2.2.5 Electron transfer process

In anodic reactions at semiconductor/solution interfaces activated
by light, electrons are transferred from a donor in solution to a hole

in the valence band. Since ND(E) is an inverted Boltzman distribution
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for donors [19] , a photocurrent corresponding to a direct electron
transfer from a donor to a hole is expected only when the energy of
ground state of the donor is lower than the top of the valence band
at the surface (see Fig. 3.5), i.e., AH' < 0.

(a) Construction of the Potential Energy Barrier

The potential energy barrier for the electron from OH is con-
structed by considering the optical Born energy, Coulombic interaction
and interaction energy between electron and adsorbed water, analogously
to p-type semiconductor case (see section 3.2.1.6).

The potential energy of the electron with respect to its value

in the ground state of OH , U', is given by

T 1 1

ut = E.A Uopt.Born ¥ Uion ¥ UH20 (3.34)
where X 2 2
eo e-eop eo

o+ [
ion (2d—x)2€ e+€0p X28
o] op op
2
Zﬂeo o E—EOP

)
n . dx
€op n=1 [(2d-x)2+n2Ri2 **€op x2+n2Ri2J

(3.35)

Similarly, the potential energy of the electron from water with respect

to its value in the ground state of water, U", is given by:

+ U + U + U (3.36)

" + t
v Episs J opt.Born ion H,0

A potential energy profile based on these considerations is shown as
a function of distance in Fig. 3.5 by assuming d is 6.58 in Eq. (3.35).
Other parameters taken in this calculation are Eg = 1.5 eV and Ea =

3.5 eV.
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(b) The equation for the photocurrent

From Eq. (3.5), the photocurrent corresponding to an electron
transfer from OH is given in general by (cf. Fig. 3.5),
_Eg
D f Ny, ()G (E)W, (E) dE (3.37)

(@]

.
p,0H o Tp

o0

where Nh(E) is the number of holes with energy E which strike the
semiconductor surface per unit time per unit area; GD(E) is the
distribution of vibrational-rotational states of donor at energy E

in the solution; WA(E) is the WKB tunneling probability of electrons

through the potential barrier at energy E; C. is the number of electron

D
donors per unit area in the OHP.

3 - > - - ] > o - L 1t

Since Eg Eg AHl(e) Eg AHz(e), photocurrent, lp’

is given by:
-E

o= e 2 J N, (E)exp{8(-E -AHj (e) -E) /KT}

—Eg—AHé(e)

2
Tr/Ql 4 1"
exp{— —H—VZm(-Eg—AHZ(e)+Umax—E)}dE

-E
C - g
» = N, (E)exp B(-E_-AH! (e)-E)/KT}
CT h g 1
- - 1
Eg AHl(e)
ﬂ22
- - - t ] -
exp{ —E~/2m( Eg AHl(e)+Umax E)}dE (3.38)
where CH 0 and COH_ are the number of water molecules and OH ions per

2
unit area in the OHP, respectively; U" _ and U! are the barrier
. max max

maximum for the electrons from water and OH ion, respectively.

Nh(E) is given in section 3.2.2.4.
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3.3 THE COMPUTATION OF THE QUANTUM EFFICIENCY FOR AN

INDIVIDUAL ELECTRODE

The photocurrent is a function of the intensity of the incident
light, as can be seen from Eq. (3.5) and quantum efficiencies* are
given by Eq. (3.39). They have been computed using equations (3.26)
for a p-type semiconductor and (3.38) for an n-type semiconductor.

(The equations were programmed and a DEC-10 computer was used.)

The number of electrons transferred
from or to a semiconductor
The number of incident photons

The quantum efficiency

R (3.39)

3.3.1 Predicted Results for Cathodic Photocurrents at p-Type
Semiconductor Electrodes

3.3.1.1 Effect of potential

Since potential affects the potential energy profile in the
scmiconductor and the position of the Fermi level, conduction band
and valence band (see section 3.2.1.4), the energy distribution of
excited electrons at the surface is changed by the electrode potential.
 Consequently, the quantum efficiency is changed by potential. In
Fig. 3.6, the quantum efficiency calculated by Eq. (3.39) is shown
as a function of potential. The parameters for computation are

3V, R = 0.47 [20], oy = 4.4 x 10° cm”t [ 201, E, = 1.40eV (6]

4.07eV [6], u_ = 8,600cn’/V.sec [21] and T = 107 %sec.  The

hv

i

|8

a

parameters used are those for GaAs.

* This is to be distinguished from overall efficiency calculations, in
which the light which is considered is taken over a spectrum of

frequencics, e.g., the solar spectrum.
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3.3.1.2 Effect of the energy of the photon

When the energy of the photon changes, the optical properties,
i.e., the R and the aph, and the energy distribution of the excited
electrons change. The optical constant of GaAs at several photon
energies are available from Ref. 20. The quantum efficiencies at
several photon energies calculated by Eq. (3.39) is given in Fig. 3.7
as a function of the energy of photon. The parameters for computation
are the same as those in section 3.3.1.1 and V = - 1.0 V with respect
to the flat band potential.

3.3.1.3 The effect of life time

When the life time of excited electron changes, the number of
electrons which arrive at the surface changes and, therefore, the
photocurrent changes.

The quantum efficiency (calculated by Eq. (3.39)) dependence on
life time is shown in Fig. 3.8.

When life time is large enough so that KD >> 1/aph, most of the
excited electrons reach the surface, and saturate the photocurrent so

that further increase of life time does not affect the photocurrent

(see section 3.2.1.5). Parameters for calculation are the same as
those in section 3.3.1.1 and V = - 1.0 V with respect to the flat band
potential.

3.3.1.4 The effect of the electron affinity of the semiconductor

The effect of the electron affinity of the semiconductor, Ea’ on
the quantum efficiency (photocurrent) is considered, keeping the para-
meters constant. When Ea changes, the relative position of the
acceptor changes and this changes Ne(E) and G(E). The calculated
quantum efficiencies for several values of Ea are shown in Fig. 3.6.

The parameters for the calculation are the same as those in
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section 3.3.1.1 except for Ea. The smaller the values of Ea’ the
larger are the quantum efficiencies calculated.

3.3.1.5 The energy gap effect

When the energy gap changes, the energy distribution of the
excited electrons at the surface change. The calculated quantum
efficiency is shown for three values of the energy gap of a typical
semiconductor in Fig. 3.9. The parameters for the calculation are
the same as those in section 3.3.1.1, except for Eg and V. V is
taken as - 1.0 V with respect to the flat band potential. The
smaller the value of Eg’ the larger the quantum efficiency.

3.3.1.6 The effect of electron mobility

The quantum efficiency calculated from Eq. (3.39) as a function
of the electron mobility is shown in Fig. 3.10. When the electron
mobility is large enough to have QD >> l/uph, most of the excited
electron reach the surface and it saturates the photocurrent and,
therefore, further increase in He does not affect the photocurrent.
The parameters for the calculation are the same as those of section
3.3.1.1, except for U, and V. V= - 1.0 V with respect to the flat
band potential is used.

3.3.2 Predicted Results for n-Type Semiconductors

3.3.2.1 Effect of potential

Similarly to the results of section 3.3.1.1, the energy distribu-
tion of created holes of a semiconductor at the surface, Nh(E), is
changed when potential changes. The potential dependence of the
quantum efficiency calculated by Eq. (3.39) is shown in Table 3.1(a).

The parameters for computation are the same as those of GaAs

2
except for W, = 400cm /V.sec and Ea = 3.5 eV.
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TABLE 3.1 COMPUTED RESULTS FOR n-TYPE SEMICONDUCTOR

Effect of Potential

Potential (V with respect to the
flat band potential)

0

0.2

0.4

0.6

0.8

1.0

Effect of Electron Affinity

Electron Affinity (eV)

3.1
3.3

3.5

Effect of Energy Gap

Energy Gap (eV)

1.0
1.2

1.4

Quantum Efficiency (%)

1.0 x 1072

1.8 x 1072

2.2 x 1072

2.7 x 10'2

3.0 x 1072

3.2 x 1072

Quantum Efficiency (%)

4.5 x 1072

4.1 x 1072

3.2 x 1072

Quantum Efficiency (%)
4.0 x 107°
3.5 x 107

3.0 x 1072



62.

3.3.2.2 The effect of the electron affinity of the semiconductor

When Ea changes, the energy level of the donor in solution changes,
and, therefore, the photocurrent (or quantum efficiency) changes. The
quantum efficiencies calculated by Eq. (3.39) for several values of
electron affinity are shown in Table 3.1(b). The parameters for the
calculaticn are the same as those of section 3.3.2.1, except for L,and V.

V =+ 1.0 V with respect to the flat band potential is used.

3.3.2.3 The effect of the energy gap

In this case the change of the energy gap affects not only the
energy distribution of holes, Nh(E), but also the position of donors.
In Table 3.1(c), the calculated quantum efficiencies for several Eg are
shown, whilst other parameters have been kept constant. A value of
V =+ 1.0 V with respect to the flat band potential is used. ither
parameters for the calculation are the same as those in section 2.3.2.1.

- 3.3.2.4 Comparison with the experimental results of n-type
semiconductors

The calculated results of quantum efficiencies for the n-type
semiconductors, as shown in Table 3.1, are very low in all éases.
The physical reasons for this, for the model taken can be seen from
Fig. 3.5. Thus, electrons are donated from distributed energy states
of a donor (c.f. the dominant contribution the cathodic photocurrent
in a p-type semiconductor and in metals. It is electron transfer

to non-distributed states in water). The presence of the distribution

law in the n-type situation (c.f. the position of the donor in Fig.

3.5) lead to a considerable reduction of available states. Conversely,
the experimental results for TiO2 (n-type) electrodes show relative:,

high quantum efficiencies, i.e., up to 60% at 3.4 eV. (See chaptex five).

3.3.2.5 Surface states involved in the TiQO, mechanisms

At steady state, the number of holes which arrive at the surfece,
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and that of holes which are consumed at the surface, must be equal,
The possibilities of hole consumption at the surface are:
(a) direct electron transfer from a donor in solution, as explained

in section 3.2.2;

(b) surface recombination with electrons in the conduction band;
(c) surface recombinations with electrons in surface states;
(d4) recombination with valence electrons, e.g., CdS + 2 holes

»cd’ o+ s,

The reaction mechanism for oxygen evolution on TiO2 without
illumination was studied by Boddy [22]vand it was concluded that
electron tunneling from a surface state to the bulk of the electrode
was the rate determining step. Correspondingly, the unexpectedly high
quantum efficiency of the oxygen evolution reaction on TiO2 can be
explained by considering the existence of surface states. Since the
energy levels of the donors are higher than that of the top of the
valence band, the electron transfer from the donor to a hole can occur
easily, if surface states exist. Thus, most of the holes arriving
at the surface from the bulk are expected to react with electrons of
the surface states, because path (a) cannot occur as explained before;
(d) does not occur, as shown by Fujishima and Honda [ 23] ; and (c) may
occur but the contribution is small because of anodic polarization.

Also, in the presence of a halide anion, halogen production occurs
instead of oxygen evolution and this is explained by the reaction

between holes and adsorbed halide anion [ 24] . (Electron transfer
rthrough surface state.)

In Fig. 3.11, the number of holes arriving at the surface per
unit time per unit area divided by the number of incident photons per
unit time per unit area calculated from equation .31 ~ 3.33) is shown

as a function of potential (See section 3.2.2.4). The parameters
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for the calculation, the results of which are shown in Fig.3.11, arc
B, = 3eV, hv = 3.5eV, R = 0.15 (251, o =5 x 105 en™t*, © = 1077 sec
and W, = 1.0 cm/V.sec** and € = 89***,

These calculated values (Fig. 3.11) become quantum efficiencies
if one supposes that all holes arriving at the surface react with
electrons of the surface states. The other path for hole consumption
at the surface, surface recombination with electron in the conduction
band, will be taken as negligible because the positive electrode
potential with respect to the flat band potential (ca + 0.6V) makes
the surface electron concentration negligible. It will thus be
assumed that hole arrival at the surface is rate determining step.

The hypothesis yields reasonable agreement with the observed high

quantum efficiences. (See Fig. 3.11).

* . The value of TiO2 film [ 26] .
** Value of electron.

*** Value for the a-direction.
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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

is

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

given by [ 27} :

Vcell B Eso B Esi B IRc (3.40)

where Eso is the potential of the cathode with respect to a reference
electrode, ESi is the potential of the anode with respect to the same
reference electrode and Rc is the inner cell resistance. Also, the

potential of a driven cell at a current I, V (the external poten-

ext’

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

Vext - Izsi - Eso * IRc (3.41)

Let us define V as

V = E_-E_. - IR (3.42)
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If V has a positive value at a current I, this cell is a self-driving
cell and if V has a negative value, at a current I, this cell is a
driven cell and the cell potential, - V, is required to cause a
current I to flow. In Fig. 3.12 this relation is shown. Fig.
3.12(a) represents a current-potential relationship of the system
H20/02 and H+/H2 for individual electrodes respectively, both for
the cathodic and the anodic reactions. If one dips two electrodes
into an acidic solution and one of them is in contact with oxygen gas
and another is in contact with hydrogen gas, the system works as a
self-driving cell. The oxygen electrode works as a cathode

%0, + H + e~ %Hzo) and the hydrogen electrode works as anode

2

(%HZ >H o+ e) until I reaches I, (at I., V=E -~ E . - IR = 0).

1 1’ SO si c

To obtain a current 12, one needs an extra external potential 12Rc

(= -V). Correspondingly, to get hydrogen from one electrode and
oxygen from another in the normal dark case, one needs to supply an

external potential, Vext (= -V=- (Eso - Es' - IRC)).

1

3.4.2 The Calculated Hydrogen Production Rate from Solar
Energy Using TiO. Photo-driven Cells

Photocurrents from individual electrodes stimulated by solar
energy at a certain potential have been calculated by integrating
the photocurrent of the monochromatic light through the whole solar
energy range. Thus, one can get a current-potential relationship
of an individual electrode, by carrying out this process over some
potential range. Then, one can get a cell potential-current relation-
ship, if one knows the value of the flat band potential of the semi-
conductor electrode with respect to a reference electrode.

As examples, Eq. (3.42) has been applied to the cell 1, TiOz/

solution (pH = 14)/solution (pH = 0, 7, 14)/Pt and the cell 2, Ti02/

n

solution (pH = 0)/GaAs with the assumption that all holes arriving at
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Fig. 3.12 (a) The potential-current relationships of individual
electrodes.

(b) The potential-current relationships of a self-
driving cell and a driven cell,
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the surface react, i.e., contribute to electricity. The parameters
used were as follows. The flat band potential of TiO2 at pH = 14
and at pH = 0 and of GaAs at pH = 0 are - 0.8V(NHE) [ 28], - 0.0SV(NHE)
[ 28] and 0.43V(NHE) [29]; R is 100%; i of Pt electrode is 10'4A/cm2
and optical constants of TiO, were taken from Ref. 26.  The results
are shown in Fig. 3.13 and Fig. 3.14. As seen in Fig. 3.13, the
maximum cell current of the cell 1 is a function of pH gradient.
When pH of cathodic compartment is 0, the maximum cell current is
0.14mA/cm2 and the maximum hydrogen production rate is 0.06cc/hr.cm2.
This means that the efficiency of this cell is 0.3% of the total
solar energy (0.0739W/cm2). When pH of cathodic compartment is 7,
the maximum cell current is 0.12mA/cm2 and when pH of cathodic compart-
ment is 14, no current is expected.

On the other hand, in the cell 2 in which both electrodes are
illuminated, current flows even when pH gradient is zero. In this
case maximum current is determined by cathodic reaction and is 0.028

mA/cm®.  (Fig. 3.14).



70.

LR
o

i ‘ pt (pH=14)

.

T o v o e e e i e e e e

i \Tioz (pH =14)

N\
i A
pt (pH=7) +

1

[=]

[ -]
T

[}
o
(<]

T

ELECTRODE POTENTIAL V (NHE)
5 &
~ F o)
+

0 Pt (pH=0) *
OJ A A A - A i A L 1 i i " i i
0.05 0.1 0.15
CURRENT, mA&m?

Fig. 3.13 The potential-current relationships of the cell,
TiOz/solution (pH = 14)/solution (pH = 0,7,14)/Pt.

Potential,
V(NHE) | |
-0.4 °
/ GaAs (pH=0)
-0.2+ °
0 --_-----'--lﬁcj --------- ~x
/ N\ Ti0, (pH=0)
0.2+ ° x\
0.4} / g

\

0.6l ’i
x
|

0.8

10 §x10°  10* 5X10*
Current, A/cm®

Fig. 3.14 The potential-current relationship of the cell,
Tiozlsolution (pH = 0)/GaAs.



71.

3.5 OPTIMUM PROPERTIES OF ELECTRQDES

From the calculated results in section 3.3.1, 3.3.2 and 3.4.2
optimum conditions of semiconductor electrodes are considered as
follows and listed in Table 3.2.

3.5.1 Electron Affinity

For p-type semiconductors, the less the electron affinity, the
larger the quantum efficiency (see section 3.3.1.4). However the
minimum value of electron affinity of semiconductors is about 3.5eV.

On the other hand, for n-type semiconductors, since the energy
level of donor must be higher than that of top of the valence band of
semiconductor and lower than that of bottom of the conduction band of

semiconductor, - E_ <AH! <0, i,e. E +E > 5,3 and E <5.3.
g 1 a g a

3.5.2 Energy Gap

The smaller the energy gap, the larger the portion of solar
energy which is absorbed by thebsemiconductors. However, if the
energy gap is too small (e.g. < leV), the life time of the carriers
will be so small that the efficiencies will begin to decrease with
the energy gap.

3.5.3 Electron Mobility and Life Time

Both properties determine the number of carriers which arrive
at the surface. As shown in 3.3.1.3 and 3.3.1.6, when these values
increase, the quantum efficiencies increase till some value and
saturate. If u is large, most carriers arrive at surface even when
T is small and vice versa. Therefore optimum condition of these
properties is given by u x life time > 1078,

3.5.4 Flat Band Potential

This property determines whether the cell works as a self-driven

one or not. Since p-type semiconductor works as a photo-cathode,
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TABLE 3.2 OPTIMUM CONDITION OF SEMICONDUCTOR ELECTRODES

p-S.C n-S.C

Electron The smaller, the better E +E > 5.3V
Affinity .. a &

Minimum ca. 3.5eV Ea < 5.3V
Life Time -8 2

s >

Mobility wxt 10" (em™/V)
B G The less, the better down to
nergy Gap a minimum of about 1.2eV
Flat Band
Potential > 0.4V (NHE) < 0.0V(NHE)
Surface

State

- Very Important
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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 0.0V(NHE)
at pH = 14, the cell works as self-driven one when the counter
electrode is metal and in the solution of pH = 0.

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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APPENDIX 3.1

ESTIMATION OF HEAT OF ADSORPTION OF HYDROGEN

ON SEMICONDUCTOR IN SOLUTION

Since there is no data of the heat of adsorption of hydrogen on
semiconductor, these values are roughly approximated by using Pauling's

equation (3.43) [30].

2
Dy = Oy * Dy * 23-01 Ogy = %) (3.43)
where DV—H is the bond energy of M-H (= - 'E_ .}, D, ,, is the bond

energy of M-M, DH—H is the bond energy of H-H and XM and Xy are

electron negativity of M and H, respectively. Since DM—M = 1/6AHsub,

where AHsub is the heat of sublimation, the relation between AHad

S

2 .
(= - DM-H) and (1/12AHSub + 23,01 (XM - XH) ) may be linear.
Heat of adsorption of hydrogen molecule on Pt corresponding to
Eq. (3.44) is - 29 kcal/mol (HZ) in gas phase and when a coverage of

hydrogen is zero.

H, > 2H, (3.44)

2 d

As mentioned by Breiter [ 31], the coverage by hydrogen is complete
in a solution when the electrode is cathodically polarized. The
heat of adsorption of a hydrogen molecule on a cathodically polarized
Pt in 4.6 N H,SO

2574
Hence, because the data on the heat of adsorption of hydrogen in

corresponding to Eq. (3.43) is - 3 kcal/mole (Hz) [ 31].

solution is limited, we shall obtain our values by multiplying the
value of the heat of adsorption of H, on the substance from gas phase
by 3/29. Then, one can estimate the heat of adsorption of hydrogen

atom in solution, AHads’ by using the following cycle
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ads,H2

where AHads,Hz is heat of adsorption of hydrogen molecule and AHDiss

is heat of dissociation of hydrogen molecule.

Therefore,

Mogs = AHads,H2 B AHDiss (3.45)

The value of AHDiss is 51 kcal/mol (H) and the value of AH is,

ads,H2

for example, - 29 kcal/mol in gas phase and - 3 kcal/mol in solution
as mentioned before. Hence, the value of AHads of Pt is - 66 kcal/mol

in gas phase and - 53 kcal/mol in solution. The values of AHads in

gas phase and in solution of several metals obtained by this way are

shown in Table 3.3.

The values of - AH are plotted against the calculated values

ads
of [1/12AHsub + 23.01 (XM - XH)2] and from this plot, the values of

AHads of the p-type semiconductors, the heat of sublimation and the

electron negativity of which are known, can be estimated. AHsub of

GaP is 111 kcal/mol [32] and AHsu of GaAs is 90 kcal/mol [33]. The

b

values of electron negativity of both materials are not known and

estimated by using the linear relationship between MH_ and x. The

b
estimated XGap is 1.9 and XGaAs is 1.75. By using these values,

M of GaP and GaAs are estimated as 53 kcal/mol. The values of

ads
AHads in solution exist in small ranges (Table 3.3) and one can say
they range from - 50 kcal/mol to - 55 kcal/mol for all substances.

Consequently, A is calculated as - 6 kcal/mol ~ - 7 kcal/mol by
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using Eq. (3.46) [3].

o2ld-de) _ -2a(d-de)

A = M, [2 (3.46)

ads

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

value of d.

TABLE 3.3 THE ESTIMATED VALUE OF THE HEAT OF ADSORPTION

OF HYDROGEN ATOM FROM SOLUTION

- AHads (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.0'M. Bockris, J. Chem. Phys., 26, 532 (1957).
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APPENDIX 3.2

ESTIMATION OF THE HEAT OF ADSORPTION OF HYDROXYL

GROUPS FROM SOLUTION ONTO TiO

2

Ruetschi and Delahay calculated the energy of the M-OH bond by

using the following thermodynamic cycle [ 34].

2AH
M + 20H ads | M(OH)
-
)
—AHDiss,O—H M0+ HZO
AHDiss,H—OH
M+0O+H+OH M=0+H+ OH
AHDiss,M=0
= - - 1"
A, s 2(AHDiss,O—H AHDiss,M=0 AHDiss,H—OH * Lo)
(3.47)
where AHDiss,O—H’ AHDiss,M=0 and AHDiss,H-OH represent the heat of

dissociation of O-H, M=0 and H-OH bond, respectively, and Lg is the

heat of hydration of M=0. The values of AH s, and AH

Diss,OH Diss,H-OH
are 101.19 kcal/mol [ 34] and 119.95 kcal/mol [34], respectively. By

assuming, as a zeroeth approximation, Lg = 01[34],

AH = %(-MH

ads - 18.76) (3.48)

Diss,M=0

In the case of Ti0,, this is reduced when it is used as electrode,

2’
and it can be assumed that the effective form is TiO1 98" The standard

free energy change per mole of the compound corresponding to the

reaction

Ti0 + ’/2(0.02)02 -+ Ti0

1.98 (3.49)

2
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is 0.94 kcal [35]. Therefore, the heat of dissociation of the

[ (TiO - bonded to 0, is 47 kcal. By using this value and

1.98)501
Eq. (3.48),.one can get the value of - 33 kcal for the heat of adsorption

of OH onto TiO In this case, the coverage effect is already taken

1.98°
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 Tiox (making (TiO)y - OH) are listed (x = 1.90 ~ 1.996).

From these values in the table, - 30 kcal/mol ~ - 35 kcal/mol
is the range of values for AHads of the OH group on a semiconductor
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 TiO.,

x in T10x y in (Tle)y - OH _AHads, kcal/mol
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. A platinum electrode (area: 10 cm2) 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.

Electrode areas used were either 0.50 cm2 or 0.125 cmz.

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
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The photoelectrochemical cell.

Fig. 4.1
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The photoelectrochemical cell (Front View).

I. Working electrode (main) compartment (d = 50mm).
IT. Counter electrode compartment (d = 25mm).
III. Reference electrode compartment (d = 20mm).

1. Working (semiconductor electrode). 2. Teflon
electrode holder. 3. Luggin capillary. 4. Quartz
optical flat. 5. Gas collector. 6, 11. Frit (gas
inlet). 7, 12, 14. Drain. 8, 9. Stop cock.

10. Pt counter electrode. 13. Reference electrode
(SCE). 15, 16. Gas bubbler.
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relationship was recorded by a Hewlett-Packard Model 7004BX-Y
recorder.

The time dependence of the photocurrent was recorded by a
Hitachi QD25 recorder.

Sometimes, a Keithley 616 digital electrometer was connected
to the current-potential converter to increase the accuracy of the
readings of the latter device.

4.1.4 Optical Apparatus

A 150 W xenon lamp (XBO 150 W/II of Osram, Germany) or a 900 ¥
xenon lamp (Canrad-Hanovia 538Cl) were used as a light source and a
Jarrell-Ash quarter-meter grating monochrometer {(Cat. No. 82-410)
was employed to obtain monochromatic light.

A lamp house of the 900 W lamp had a shutter to measure a
transient behaviour and a quartz lens (d = 5 cm, £ = 10 cm) to provide
a parallel light.

An IR absorbing filter (Oriel G-776-7100) was placed between the
electrochemical cell and the light house, when current-pctential
ncasurcments were carried out without the monochrometer.

Hlowever, a quartz lens (db= S cm, £f =5 cm)} was employed to
concentrate the light on the electrode surface, when the photocurrait
was measured under monochromatic light, since the intensity of light
was otherwise too weak. Also, in this case, two long pass filters
(Oriel G-772-3900 and Oriél G-772-5400) were used with tre IR aosori ag
filter to cut the second order diffraction light. The conditions
used in this respect were:

30008 ~ 50008 IR absorbing filter only

SOOOX ~ 7000X IR absorbing filter + G-772-3900 filter

70008 ~ 75008 IR absorbing filter + G-772-5400 filter

75008 ~ G-772-5400 filter only
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The intensity of light was measured by a Hewlett-Packard model 8334
radiant flux meter with a 8334A radiant flux detector or Carl Zeiss
vacuum thermocouple (VT Q3/A) with a Keithley 149 millimicrovoltometer.
Although the error of relative intensity was as low as 5%, the
absolute value of the intensity may involve * 20% error.

4.1.5 Experimental Set Up

The whole photoelectrochemical system which consisted of an
electrochemical cell, a light source, a monochrometer, a potentiostat,
a potential sweeper, an X-Y Oor an X-t recorder, filters and lenses is
shown in Fig. 4.4.

To obtain a reasonable accuracy, the electrochemical cell, the
lens, the filters, the monochrometer and the light source were set on
an optical bench.

4.1.6 Transient Measurements

The transient behaviair of the photocurrents under potentiostatic
condition was measured.

In these measurements, a cathode ray oscilloscope (Tecktronix
5103N with 5A20N differential amplifier, 5B12N dual time base and D13
dual beam storage was connected to the current-potential converter
instead of a recorder. (See Fig. 4.4).

A signal from a control box was given to a c.r.o. to trigger a
sweep and also to a solenoid to open or close a shutter (Copal No.Q
of the light source.

Since a shutter was used, the phenomena, the time constant of

which were less than 10_35ec, could not be recorded.
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4.2 IMPEDANCE MEASUREMENTS

4.2.1 Impedance Measurement Cell

A cell for impedance measurements is shown in Fig. 4.5 and has
three compartments and four electrodes, i.e., working, counter for
DC and AC respectively, and reference electrode. The working electrode
was surrounded by a cylindrical counter electrode (for AC), the apparent
area of which was 60 cm2 and which consisted of platinized platinum
(see Fig. 4.5).

The counter electrode for DC was platinum and the reference
electrode was a saturated calomel electrode (Philips R11).

The same electrode holder that used for the photoelectrochemical
measurements was used for the impedance measurements.

Hydrogen gas was passed in the main compartment (I in Fig. 4.5)
before and during measurement.

4.2.2 Principle of Measurement

The direct method was employed [1,2].

Electric circuit for measurement is shown in Fig. 4.6. A dry
cell (6V) was employed as a DC source for the working electrode and
the applied electrode potential was controlled by a ten turn variable
resistor, whilst monitoring the electrode potential with respect to
a saturated calomel electrode by a Keithley 616 Digital electrometer.

As an AC source, Mini-Lab Model bwd 603A (B.W.D. Electronics)
was used.

A capacitor (10uF) was employed to prevent the flow of DC through
the AC circuit and a choke coil (35H) was used to prevent the AC
current flowing through the DC circuit.

A resistor (100KQ or 1IMQ), the resistance of which, R, was at

least one hundred times larger than the cell impedance, Z 11’ was
' ce
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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 5AZ0N and 5A2IN differential amplifiers) and a Lissajou's
figure appeared on the screen. Since the X and Y inputs showed

I (2 + R) and Izcell’ respectively, and R >> Zcell’ the absolute

cell
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 élso 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,

0, is given by

tand = 1/1‘{’0 (4.1)

where p 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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4.3 PREPARATION AND PRETREATMENT OF SEMICONDUCTORS

4.3.1 n-Type Semiconductors

4.3.1.1 Titanium Dioxide (TiO,)

4.3.1.1.,1 Ti0, single crystals

TiO2 single crystals cut perpendicular to the c-axis ((001)
face; 1mm thick) with mirror finish obtained from Nakazumi Crystals
Corporation were used.

Pure TiO2 is an insulator (p = 1011 ohm.cm) without treatment
and has to be reduced in order to increase the non-stoichiometry of the
oxide (and thus augment its conductivity) if it is to be used as an
electrode.

A TiO2 single crystal was reduced in the vicinity of 800°C in

a flowing hydrogen atmosphere in a quartz tube for five hours [ 3] .

After reduction, the TiO, crystal showed blue black colour.

2
There are many ways to make an ohmic contact with a 'I‘iO2 crystal

{4]. The direct melting method was employed because of its ease [5].

A TiO2 crystal on which about 0.5 g of indium was sét was placed on a

watch glass which was in turn supported by a heater and the crystal

was heated until the indium melted. After this, the heater was turned

off and allowed to cool. (Quenching makes a mechanically weak contact).

Thereafter, a copper wire was soldered onto the indium. A current-

potential relation showed a good ohmic contact and a specific conductivity

was calculated as 2.0 ohm.cm from these observations.

4.3,1.1.2 Titanium anodic oxide film

A titanium rod (d = 0.62 cm) of Alfa Inorganics was cut about
5mm thick, polished, degreased with chloroform vapor, rinsed with

distilled water and fixed in an electrode holder. The electrode area
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2
was 0.125 cm .
Anodic oxidation and photoelectrochemical measurements were

carried out in a solution, 15% HZSO 2% Na_PO,, 5% Na2HP0 » saturated

4’ 34 4
HBO [6] .

The titanium electrode was anodically polarized at 10.24 V(NHE)
to grow the oxide film on the surface. Photocurrents were measured
at 2.24 V(NHE) and the electrode was sometimes cathodically polarized
at - 1.76 V(NHE)} to reduce the oxide.

4.3.1.1.3 Titanium oxide film by high temperature
oxidation

The same titanium rod mentioned in section 4.3.1.1.2 was cut
about 5mm thick and treated in the same way as shown in section 4.3.1.1.2.
These specimens were heated in an electric furnace i; air at 600°C
for 15 minutes, 30 minutes, | hour, 2 hours and 3 hours.
Independently, partly reduced TiO2 films, i.e., films formed
after heating in air for a certain time, and then heating in hydrogen
at 800°C for 2 hours, were made.
Platinum wire was spotwelded to the side of each specimen where

the oxide film was removed by polishing before making contact.

4.3.1.1.4 Titanium oxide film by chemical vapor
deposition (CVD)

A Tio2 film was made on a titanium rod which was the same rod and
was treated in the same way as mentioned in section 4.3.1.1.2 or on a
cadmium sulfide single crystal obtained from Teikoku Tsushin Kogyo Ce.
Ltd. ((0001) face; specific resistance = 0.26 ohm.cm; carrier density
= 8.0 x 1016 cm~3) by using titanium tetraisoproponate (Ti(i—OC3H7 )4)
of Alfa Products (AR grade) and water in accordance with the following

equation [ ¢]

s s heat .
11(1-0C3H7 )4 + ZHZO ——eey T102 + 4C3H7 OH (4.1)
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As shown in Fig. 4.7, titanium tetra isoproponate and water were
heated in water baths and high purity nitrogen gas was used as a carrier
gas. The substrate (titanium rod or CdS single crystal) was heated

to about 200°C.  Ti(i-0C,H,), was kept about 80°C.

7)4
Contacts were made by spotwelding a platinum wire onto the side
of titanium rod or by soldering a copper wire with indium onto CdS

single crystal.

4,3.1.2 Metal Titanate

4.3.1.2.1 Cobalt titanate polycrystal |[7]

Cobalt oxide (II,III) (C0304) of The British Drug House Ltd.
was heated in air at 1000°C for 2 hours to obtain cobalt oxide (11)
(Co0). Cobalt oxide (II} (Co0) was ground and mixed with equimolar
amounts of titanium dioxide powder (Research Organic/Inorganic
Chemical Corp. 99.99%). This mixture was heated in nitrogen
atmosphere at 1000°C for 24 hours. After heating the colour of the
sample changed from black to dark green. The sample was ground
thoroughly by an agate mortar and a pellet (d = 1.25cm, Smm thick)
was made by press at 2000 kg/cm2 for 10 minutes. This pellet was
heated in a nitrogen atmosphere at 1100°C for 48 hours.

Since this specimen had too high a resistance, it was reduced
in a hydrogen atmosphere at 800°C for 5 hours. The colour of the
pellet changed from dark green to black.

A contact was made by means of indium znd a coppexr wire s
scldere-l on indium. |

4.3.1.2.2 Iron titanate polycrystal [s]

Equimolar amounts of iron oxide (Fe203) powder of Koch-Light
Laboratories (> 99.99%) and titanium dioxide powder of Research

Organic/Inorganic Chemical Co. (> 99.99%) were mixed and heated in
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oxygen atmosphere at 1000°C for three days. The sample was reground
and pelleted (d = 1.25cm) by pressing at 2000 kg/cmz. This pellet
was heated in oxygen atmosphere at IOOOOC for three days.

Since the resistance of the sample was too high (about 2 x 108
ohm .cm), it was partially reduced by heating in hydrogen at 800°C
for 30 min. After the reduction, the resistance became 1000 ohm.cm.

An ohmic contact was made by using indium and a copper wire was
soldered on indium.

4.3.2 p-Type Semiconductors

4.3.2.1 Zinc Telluride (ZnTe)

A InTe single crystal (Ag doped), grown by the Bridgeman method
and donated by Mr. H. Kimura of Mitsubishi Electric Co. Ltd., was cut
parallel to the cleaved face (100). After being etched in K2Cr207 -
HNO3 aqueous solution, the specimen was dipped in H [AuCK4] solution
to make an ohmic contact [9] . Except some places to which contact
had to be made, the specimen was covered with paraffin. The paraffin
was removed by rinsing in trichloroethylene after the contact was
made.  The current-potential relation showed a good ohmic contact
and the specific resistance was calculated from the relation as 0.2
ohm.cm.  Then, only one face of the specimen which should be used as
an electrode surface was polished by emery paper from 400 to 600
grade. The specimen was mounted in a teflon electrode holder with
an epoxy resin. The electrode area was (0.125 cm2. The electrode

surface was etched in HF—HNO3 solution before each experiment [10].

4.3.2.2 Cadmium Telluride (CdTe)

A CdTe single crystal (undoped), also grown by the Bridgeman
method and donated by Mr. H. Kimura of Mitsubishi Electric Co. Ltd.,

was cut parallel to the cleaved face (100). Since the specimen had
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a relatively high resistance (about 104 6hm.cm),‘it was‘heated in
Te vapor at 500°C for 8 hours to increase the non-stoichiometry
(Cd vacancies), i.e., the conductivity [11]. After this treatment,
the crystal was etched in K2Cr 0, - HNO, solution [12], dipped in

277 3

AgNO. solution and, then, heated at 200°C for 30 minutes to let the

3
silver diffuse into the crystal. Finally a gold film was made on
the crystal by dipping in H[AuCZJ solution and this gave an ohmic
contact [13]*. During these processes (etching and dipping in

AgNO, and H[AuC24], the crystal was covered with paraffin except

some spots where contact had to be made. The specific resistance
was calculated as 103 ohm.cm from the I-V relation which showed a

good ohmic contact. Then a face to be used as an electrode surface
was polished by emery paper from 400 to 600 grade. The specimen was
mounted in an electrode holder and the electrode surface was etched

in HF-HNO3 solution before each experiment. The electrode area

2

was 0.125 cm™.

4.3.2.3 Gallium Arsenide (GaAs)

GaAs single crystal wafer ((100) face; Zn doped; carrier density
=2 X 1019 cm's; 0.5 mm thick) was donated by Dr. O. Mizuno of Nippon
Electric Co. Ltd.

It was etched by dipping into CH_,OH - Br2 (5%) solution, for

3
1 minute [12] before an ohmic contact was made by soldering with
indium [14] . A copper wire was soldered on indium. I-V relation

showed a good ohmic contact and gave 0.2 ohm.cm as a specific resis-

tance.

* This method was proposed to make an ohmic contact to p-type ZnTe,
It worked very well in this case. Without AgNO3 treatment, the
linearity of I-V relation was not very good.
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The specimen was mounted in a teflon holder with epoxy resin
and the electrode area was 0.125 cmz.
The electrode surface was etched in CHSOH - Br2 (5%) solution
before each experiment.

4.3.2.4 Indium Phosphide (InP)

InP single crystal wafer ((100) face; Zn doped; carrier
density = 5.6 x 1018 cm—sg 0.8 mm thick) which was alsé donated by
Dr. 0. Mizuno was treated exactly in the same way as that of GaAs
except that an ohmic contact was made by the use of In-Zn alloy
instead of In [15]. Quite a good ohmic contact was obtained and

specific resistance was 0.21 ohm.cm.

4.3.2.5 Gallium Phosphide (GaP)

GaP single crystal wafer (Zn doped; carrier density = 6.7 x

1087em™3;  (111) face; 0.4 mm thick) was donated by Dr. K. Akita of

Fujitsu Lab. Ltd.

HNO, - HCL(2:1) mixture was used as an etching solution and

3
the crystal was kept in the solution for two minutes [12]. An ohmic
contact was obtained by the use of In-Zn alloy [16] and a copper wir.
was soldered on the alloy with the alloy and the specific resistance
was 2.0 ohm.cm.

The wafer was mounted in the same way as explained in section

4.3.2.,1 and etéhed in HNO, - HCR (2:1) solution before each experiment.

3
4.3.2.6 Silicon Carbide (SiC)

Silicon Carbide single crystal ((0003} face; A% doped; carrier
density = 4 x 1018cm-3; 0.2 mm thick) grown by epitaxial growth
method was donated by Prof. von Minch of Technische Universitit,

Hannover.

Si-AfL eutectic alloy is usually employed to obtain an ohmic
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contact for SiC [17]. 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 300°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
epoxy resin and the electrode area was 0.125 cmz.

To make sure there was no SiO2 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.



"sInoy z 203 3 ,00¢ 1T Nm UT PaledY "z tanoy [ I03 D 007 3T Nm ur peiesy ‘|

_ ‘DTS UO SIDBIUOD SATSAYPE
SATIONPUOD 2yl jyo xted B U9OMISQ POUTEBIQO SOTISTISIDEIBYD Teriuszod-juszand oyl 'y 31d

{1sl-
4
. OFI.
{16~
o AW “1D13U3 304 .
— 0 001- 002-
i
1s
10t
r4 vw
4 gL ‘1uaainy




*3usjuod uz Y81y °z  -3uUL3U0d uz MoT °I
_ ‘IS UO S30B3IUOD
Lo11e uz-ul 3o Ited ® usoM1aq PauUTEIQO SOTISTISIOBIBYD [eIjusjod-juaxand oyl 6°v 814

103.

- A "1pljuliod
00¢ 0oL

T

489 vw
‘3u314n)




104.

TABLE 4.1 LIST OF P-TYPE SEMICONDUCTORS
Semiconductor| ZnTe CdTe GaAs InP GaP SiC Si
Face (110) (110) (111 (111 (111) (OOOT) (100)
Dopant Ag - in In Zn AL B
7
Carrier -3 2x101® S.6x1018 6,7x101 4x1018
Density (em 7))
. e 3
Specific 0.2 10 0.22 0.29 1.3 0.31 1.2
resistance,
ohm.cm
Etchant K2Cr207—K2Cr207-CH30H— CHSOH- 2HN03— (AF) HF
- - 9 o
HNO,-  |HNO,-  [Br, (5%)]Br,(5%) [LHCK
H20 H20
_ ~HN
HF HNO3 HF HI\O3
Ohmic Contactl Au Au In In-Zn |(In-Zn conductivd In-Zn
(Ag) epoxy (Ag,
Au)
Supplier Mr. H. Kimura Dr., 0. Mizuno |Dr.K. [Prof.von (Toyo
Mitsubishi Elec| Nippon Elec. [Akita, Minch, Silicon
Fujitsu {Tech.Univ|
Lab. Hannover
Energy Gap, 2.26 1.5 1.43 1.27 2.25 =~ 3 1.11
eV
Gap Trans- D D D D I I I
ition
Electron 3.5 4.28 | 4.07 [4.38 | 4.3 ' 4.01
Affinity,
eV
Mobility | ejectron| 530 1700 [5000-8000 4500 | 300 ' 60-120 1350
cmz/v.scc “hole 130 65 300 100 { 150 10-20 480
i
|
- i
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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 150W Xe lamp in solutions of several pH's and the photocurrent-
wavelength relations at several potential in 0.1 N NaOH were measured
at TiO2 single crystal.

The current-potential with and without illumination by the
150W or the 900W Xe lamp and the photocurrent-wavelength relations

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

2
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 (Tioz)

5.1.1.1 TiO, single crystals

2

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

results were reported [1].
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Fig. 5.1 The current-potential relations of TiO, single crystal
in solutions of various pH's with illuﬁination b§ a
150 W Xe lamp. Intensity of light: 0.013 W/cm®.
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5.1.1.1.2 Photocurrent (quantum efficiency) - photon
energy relations at several potentials

Photocurrents were measured under monochromatic light illumina-
tion (32008 ~ 3900R) at several potentials (- 0.45 V ~ 1.25 V (NHE)).
The quantum efficiencies calculated from measured values of the
photocurrents and measured values of the number of photons per unit
time per unit area are shown in Fig. 5.2 as a function of wavelength
of light at several potentials. At all potentials examined, there
are maxima in the quantum efficiency-wavelength relation and these
shift towards higher energy part of the spectrum when the potential
becomes more negative. The more negative the electrode potential
the larger the ratio of the quantum efficiency at high, compared with
that at low, energies of the incident light.

5.1.1.1.3 Stability

The stability was examined by measuring the photocurrent at
fixed potential (1.24 V (NHE)) in 1 N NaOH for certain time. As
shown in Fig. 5.3, the photocurrent was quite stable for over 20
hours. This result is quite different from the results of Harris
et al. [2]. They reported the photocurrent decreased with time in
all cases they examined. Typical result of theirs is also shown in
Fig. 5.3.

5.1.1.2 Titanium anodic oxide film

After 30 minutes anodic polarization at 10.24V (NHE), 40uA/cm2
was observed as dark current at that potential. Then, the photocurrent*
under 150W Xe lamp illuminating was measured at 2.24V (NHE) and it
was 3.2uA/cm2 {dark current was O.GuA/cmz). Further anodic polariza-

tion at 10.24V (NHE) for 8 minutes did not affect the photocurrent

* The photocurrent is the difference between the current with light and

that without light.
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Pig. 5.2 The quantum efficiency-wavelength relations of TiO

single crystal at several electrode potentials in
0.1 N NaOH solution. The electrode potentials are
given with respect to NHE.
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(at 2.24V) at all. However, after a short time of cathodic polariza-
tion at - 1.76V for 2 min. (70mA), the photocurrent at 2.24V increased
to 13.8uA/cm2 and further cathodic polarization at - 1.76V for 2 min.
made the photocurrent 17.9uA/cm2. Anodic polarization at - 10.24 V
and cathodic polarization at - 1.76V were repeated and the photocurrents
(at 2.24V) change corresponding to these treatments is shown in Fig.
5.4. Apparently, the photocurrent increased after cathodic polariza-
tion and decreased after anodic polarization.

The current-potential relationship of this electrode is shown
in Fig. 5.5(a). For the comparison, the current-potential relation
of a TiO2 single crystal in the same solution is shown in Fig. 5.5(b).
The values of potential at which the photoeffect first observed were
almost the same for both cases. However, although the photocurrent
saturated about 1.24V (NHE) in single crystal's case, the photocurrent
did not reach the saturated value even at 2.24V in the anodic oxide
film's case.

The quantum efficiency wavelength relation at 2.24V is shown in
Fig. 5.6. The energy of light corresponding to quantum efficiency
maximum is higher (wavelength is shorter) than that of the case of
single crystal (see Fig. 5.2).

After cathodic polarization, the photocurrent at 2,24V increased
as shown above but the photocurrent decreased with time and showed
stable current after 6 ~ 8 minutes.

5.1.1.3 Titanium oxide films by high temperature oxidation

Potential-current relationships of TiO2 films obtained by high
temperature oxidation and of the partly reduced TiO2 films were
measured with and without 900W Xe lamp illumination. Typical results

are shown in Fig. 5.7. Although the relation of the reduced sample
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Fig. 5.4 The polarization effect on the photocurrent of titanium
anodic oxide film in a solution (15% HZSO4 - 2% NaSPO4 -
5% NaZHP04 - saturated HSBOB) at 2.24 V (NHE). Intensity

of light: 0.025 W/cmz. A means anodic polarization and
C means cathodic polarization. '
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Fig. 5.6 The quantum efficiency-wavelength relation of titanium
anodic oxide film at 2.24 V (NHE) in a solution (15%

9 - 5% -
HZSO4 2% Na3P04 5% NaZHP04 saturated HSBOS) .
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under illumination is similar to that of the single crystal (see
Fig. 5.1), i.e. a sharp increase and saturation, the relation of the
unreduced sample is similar to that of anodic oxide film (see Fig.
5.5(a)).

Photocurrents at 1.0V (NHE) are plotted against heating times
for the unreduced and reduced samples in Fig. 5.8. As shown in this
figure, the photocurrents of the oxidized Ti (unreduced) are about
20% of those of TiO2 single crystal which was 2.7mA/cm2 and did not
depend on heating time much. However, the situation for reduced
samples was different. The photocurrents increased when oxidation
time increased and saturated after 1 hour oxidation. Also the
photocurrents of the specimens oxidized more than 1 hour and reduced

were about the same as those of the TiO, single crystals. Fujishima

2
et al. reported similar results for TiO2 films made by heating in a gas
burner [ 3].

The photocurrents under monochromatic light (SOOOX ~ 42003) of
900W Xe lamp at 1.0V (NHE) were measured for reduced and unreduced
oxidized samples and the quantum efficiencies were calculated by using
the measured value of photocurrents and the number of photons. Typical
results of quantum efficiency dependence on wavelength are shown in

Fig. 5.9. The maxima observed in this relation shift towards longer

wavelength when the oxidation time increase.

5.1.2 Cadmium Sulfide Single Crystal Coated with TiO, Film

The photocurrents of TiO2 film on Ti and TiO2 film on CdS single
crystal were measured under illumination of monochromatic light
(SOOOR ~ SSOOR) in IN NaCOH at 1.0V (NHE). The photocurrents of CdS
single crystal was also measured in the same condition. The quantum

efficiencies calculated by using the measured values of photocurrents



Wd/M 2170 3YBIT JO
L3tsusjug .mEumﬁoﬁmExo U0 HOBN N T1°0 uTt (FHN) A 0°I a® :mﬁmgxo sanjexadway
Y8ty Aq opew SWITF “QTL poonpaIun pue padnpax jo jusxandozoyd ay3 Jo odouepuadep oyl 8°s ‘314

UIN " 2w!l] uoijepix0

117.

002 0sl (001 0S 0
T T ¥ T O

4

padnpaaun — © ° °
: © T~ 0~
10°t
x x
10°2
peonpay  — X x
| 10°€
U/ yw

‘ju211nd0}0Yyd



*SIxy 7) suli3

Y yibuajaaem

mmzv A O°T 38 HOBN N T°0 ur (UOT3lepIXO ‘UTIW S] PUB UOTIBPTXO
0T poonpal jo suorielad yiSusiaAem-AdSUSTOTIIe umauenb ayl 6°S “31d

00Zy Oo—v 000% Oomm Oowm Oobm Oomm Oomm 00%7¢ OOmm 01074 OO—m 000¢
i:ﬂMMHMIX/. T T 0
o ¥
o x/
/e x/ 410
AN N
o |
\, * S 7o
° / x .
/ x/ a\

¥ N // Eo

= AN 0 x

e X /
ANERAN % 1{ 7o

Q, X .

NS Yy
@, x
N 1..
/e/ N oy S0
Ol Ny 8<% turm g1
e P
o 1a
*sSIy NG\ OO
4L0
Adu2131443

wnjueng



119.
and the number of photons are shown in Fig. 5.10 for Ti0, film on
Ti, CdS single crystal coated with TiO2 film and CdS single crystal.
As shown in Fig. 5.10, the photocurrents were abserved at CdS single
crystal coated with Tio2 film even when the energy of the light was
smaller than the energy gap of TiO2 (3.0 eV = 41002), although the

quantum efficiency of CdS coated with TiO, film was low compared

2
with that of CdS single crystal.
The saturated value of the photocurrent on Ti coated with TiO2

film was about 40% of that of Ti0O, single crystal and this agreed with

2
the results of Hardee et al. [1].
The stability of the photocurrent of CdS single crystal coated
with Ti0, was examined under illumination of the 150W Xe lamp and
shown in Fig. 5.11 with the result of CdS single crystal. The photo-
current decreased 50% during the first one hour and rate of decrease
was about 20% of that of CdS single crystal used alone, i.e. improve-

ment was considerable.

5.1.3 Metal Titanate

5.1.3.1 Cobalt titanate (CoTiOSJ

Cyclic voltammogramof CoTiO3 in 0.IN NaOH is shown in Fig. 5.12.
The sweep rate was 1.5 V/min.

Photocurrents under illumination of 900W Xe lamp are also shown
in Fig. 5.12.

Photocurrents under monochromatic light was not able to be
measured because of large dark current and very low photocurrent.

After the experiment, black deposit was observed on the electrode
surface.

In 1IN H2804, gas bubbling was observed on the surface without

connecting the electrode to external circuit. Ecorr was -~ 0.19 V (NHE),
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Cobalt ion was detected* in the solution.

5.1.3.2 Iron titanate (Fe,Ti0.)
L o

The potential-current relationships of iron titanate in 0.1N
NaOH with and without illumination are shown in Fig. 5.13.

The photocurrents were measured at 0.84V (NHE) under the illumina-
tion of monochromatic light (SOOOR ~ 42003) and the quantum efficiencies
calculated by the measured values of the photocurrents and the measured
values of number photons are shown in Fig. 5.14. This figure shows
that the energy gap of the reduced iron titanate is almost the same
as that of Tioz.

The stability of photocurrent was examined under illumination of
900W Xe lamp. The electrode was polarized at 0.84V (NHE). The
results are shown in Fig. 5.15. Although the examined time was short
(3.5 hours), the photocurrent was quite stable. Also, bubbles were
observed on the electrode during this experiment. After this 3.5 hours
experiment, no deposition was observed on the electrode and no Fe ion

was detectedf, i.e., stability was indicated.

* After sodium hydroxide was added, the test solution was boiled. The
brownish-black precipitate (Co(OH)S) was observed [ 4].

T Ammonium thiocyanate solution was added to the test solution. No

change was observed [ 4] .
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Current,

mA/cmt

PHOTO
2.0

DARK J

A A A 1 'l

0.2 0.4 0.6 0.8
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‘Fig. 5.13 The current-potential relations of FezT:i.Os in 0.1 N
NaOH with and without illumination by a 900W Xe lamp.

Intensity of light: 0.12 W/cm?.
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5.2 PHOTOEFFECTS ON CATHODIC REACTION AT p-TYPE SEMICONDUCTORS

The results of the current-potential relations with and without
illumination by the 900W Xe lamp (potential sweep); the photocurrent
(quantum efficiency) - wavelength relation at several potentials;
the flat band potentials; transient measurements (> 3 milli seconds)
and stability test of the seven p-type semiconductors mentioned before
in 1IN NaOH and in 1IN H2804 solutions are reported in the following

sections.

5.2.1 Zinc Telluride (ZnTe)

5.2.1.1 The current-potential relation

The current-potential relations with and without illumination

by the 900W Xe lamp in 1IN NaOH and in 1IN H,S50, are shown in Fig. 5.16.

4
For the first sweep, a large cathodic dark current (1.5 ~ 2 mA/cmz)
was observed. The cathodic dark current became smaller on repeating
the sweep (sweep rate: 1.5 V/min) and the current finally became
stable (about 0.3 mA/cmZ). The photocurrent-potential relation was

measured after the stable condition was reached.

5.2.1.2 Photocurrent (quantum efficiency) - wavelength relation
at several potentials

Photocurrents (the difference between the current with light

and the dark current) were measured under the illumination of monochrom-

atic light (30003‘” 56002) at several potentials (- 1.56V ~ - 0.2V Zov

NaOH and - 0.76V ~ - 0.31V for HZSO4. Typical results are shown in Fig.5.17%,
Quantum efficiencies were calculated by using measured values

of photocurrents and the values of the number of photons. Results in

IN NaOH and in 1IN HZSO are shown in Fig. 5.18(a) and in Fig. 5.18(Db)

4

* Photocurrents shown in Fig. 5.17 and other similar figures in this
chapter are measured values and not standardized in respect to light

intensity.
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Current,
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Electrode Potential, V vs, NHE

Pig. 5.16 The current-potential relations of ZnTe in 1N NaOH and
IN H,50, with and without illumination by a 900 W Xe
lamp “Sweep rate: 1,5 V/min. Intensity of light:

0.08 W.  Arrows show the direction of the polarization.
1. 1st sweep in dark. 2. 2nd sweep in dark.
S, 6, 7, 8, 9. Sth, 6th, 7th, 8th and 9th sweep in dark.
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Fig. 5.18 The quantum efficiency-wavelength relations of ZnTe
in IN NaOH (a) and IN HZSO4 (b) for several electrode
potentials.
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respectively, as a function of wavelength.

5.2,1.3 The flat band potential

Mott-Schottky plots for NaOH solution and H2804 solution are

shown in Fig. 5.19. From these plots, the flat band potentials in
IN NaOH and in 1IN HZSO4 are determined as - 0.79 * 0.02 V (NHE) and
0.04 £ 0.02 V (NHE) , respectively.

5.2.1.4 Transient measurement

The results of transient measurements in IN NaOH and 1IN HZSO4
are shown in Fig. 5.20 (a~d) and in Fig. 5.21 (a~d), respectively.

In both cases, it is clearly seen that when the electrode
potential was very negative the current became very stable just after
the light was on or off but when the electrode potential became relatively
positive it took some time (™~ 0.2 sec in NaOH and ~ 0.02 sec in H2$04)
to attain a steady state.

5.2.1.5 Stability

The photocurrents at fixed potentials in IN NaOH and IN H2804
are shown in Fig. 5.22(a) and in Fig. 5.22(b), respectively.

Although in both cases the photocurrents decreased with time,

2804 was smaller than that in NaQOH.

5.2.2 Cadmium Telluride (CdTe)

the decreasing rate in H

5.2.2.1 The current-potential relation

The current-potential relatibns with and without illumination
by a 900W Xe lamp in IN NaOH and in 1IN H2804 are shown in Fig. 5.23
and in Fig. 5.24, respectively. Fig. 5.23(a) shows the I-V relation
with sufficient deoxidation of solution by passing hydrogen gas and
Fig. 5.23(b) shows the relation when such a treatment was insufficient.

Similarly to the ZnTe case, high cathodic dark current was
observed first and the current became smaller on repeating the sweep

(sweep rate 1.5 V/min).
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Fig. 5.20

The transient behaviour of the current of ZnTe after
illumination and interruption of light in IN NaOH at
several potentials. The current before illuminatjon
is taken as ‘zero. Intensity of light: 0.08 W/cm®.
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Fig. 5.21 The transient behaviour of the current of ZnTe after

illumination and interruption of light in IN H,SO, at
several potentials. The current before illumination
is taken as zero. Intensity of light: 0.08 W/cm®.
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Fig. 5.22 The current of ZnTe under illumination of 900 W Xe lamp2
as a function of time. Intensity of light: 0.08 W/cm®.
(a) In IN NaOH at - 1.26 V (NHE)

(b) In 1N HZSO4 at - 0.56 V and - 0.26 V.
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Fig. 5.23 The current-potential relations of CdTe in IN NaOH
with and without illumination By a 900 W Xe lamp.
Intensity of light: 0.08 W/cm®. Sweep rate: 1.5 V/min.
(a) With sufficient deoxidation of solution. 1. 1st sweep

in dark. 2. 2nd sweep in dark. 3. 3rd sweep in dark.
(b) Without deoxidation.
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Exposure of the electrode surface to air made big effect on
the photocurrent and took some time (about 40 minutes) to attain the
stable condition as shown in Fig. 5.25.

The existence of oxygen changed the I-V relation significantly when
the electrode potential was relatively positive. If there was no
oxygen, no photocurrent was observed when the electrode potential was
more positive than - 0.75 V (Fig. 5.23(a)). However, if oxygen existed
some photocurrents (about 0.15 mA/cmz) was observed even at - 0.25 V
(Fig. 5.23(b)).

For these reasons, the current-potential relation under illumina-
tion was measured 2 hours after the electrode was kept in solution
under hydrogen bubbling and illumination.

5.2.2.2 Photocurrent (quantum efficiency) - wavelength relation
at several potentials

Photocurrents were measured under the illumination of monochromatic
light (SOOOR ~ QOOOR) at several electrode potentials in 1IN NaOH and
in 1IN HZSO4
in Fig. 5.26(b) for HZSO4’ respectively.

and typical results are shown in Fig. 5.26(a) for NaOH and

Because of the reasons mentioned before, reproducible results
could not be obtained without care.

Quantum efficiencies were calculated by using measured values
of photocurrents and the values of the number of photons of incident
light. Results are shown in Fig. 5.27(a) for NaOH solution and in
Fig. 5.27(b) for H2504 solution, respectively, as a function of wave-
length,

5.2.2.3 The flat band potential

The Mott-Schottky plots in 1IN NaOH and in 1IN H2504 are shown in

Fig. 5.28.

Since the resistance of this specimen was relatively high, the
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Fig, 5.27 The quantum cfficiency-wavelength relations of CdTe

in 1IN NaOH (a) and 1IN HZSO4 (b) at several eloctrode
potentials.
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Fig. 5.28 The Mott-Schottky plots of CdTe in NaOH and H SO

at several frequencies. 4
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accuracy of the measurements was relatiVely low. (Impedance due to
resistance was from same order of magnitude to ten times of an
impedance due to capacitance).
From these plots, the flat band potentials were calculated as
0.21 V £ 0.02 V (NHE) in 1IN NaOH and - 0.35 V = 0.05 V (NHE) in 1IN
H,S0,, respectively.

2774

5.2.2.4 Transient measurement

The results of transient measurements in IN NaOH and in 1IN HZSO4
at several potentials are shown in Fig. 5.29 (a~e) and in Fig. 5.30
(a~e), respectively.

As observed in ZnTe case, the more negative the potential was,
the more quickly the steady state was established.

5.2.2.5 Stability

The stability was examined by measuring the photocurrent at
fixed potential for certéin time. The results are shown in Fig. 5.31
for NaOH solution (over 20 hours) and for H2804 solution (over 100 min).
In both cases, the photocurrents were relatively stable compared with
those of ZnTe. During the stability tests, gas which evolved from
the CdTe electrode was collected and the amount of the gas showed

that the cathodic current was due to hydrogen evolution reaction.

5.2.3 Gallium Arsenide (GaAs)

5.2.3.1 The current-potential relation

The current-potential relations of GaAs in IN NaOH and in 1IN HZSO4
with and without illumination by a 900 W Xe lamp in IN NaOH and in 1N
HZSO4 are shown in Fig. 5.32(a) and in Fig. 5.32(b), respectively.

The relations in dark are quite different from those of ZnTe

and CdTe. In ZnTe and CdTe case, only small dark cathodic currents

were observed even at very negative potential (see Fig. 5.16, 5.23 and
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Fig. 5.29 The transient behaviour of the current of CdTe after
illumination and interruption of light (0.08 W/em™) in
IN NaOH at several electrode potentials. The current
before illumination is taken as zero.
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Fig. 5.30 The transient behaviour of the current of CdTe after

illumination and interruption of light (0.08 W/cm™) in
IN H,SO, at several electrode potentials. The current
before 1llumination is taken as zero.
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and 5.24). On the other hand, here, the behaviour of dark current
was similar to that of metal, i.e. Tafel behaviour.

5.2.3.2 Photocurrent (quantum efficiency) - wavelength
relation at several potentials

The photocurrents which were the difference between the currents
with monochromatic light (30008 ~ 9000%) and those without light were
measured at several potentials (- 0.96 ~ - 1.36V (NHE) for NaOH and - 0.36

~ - 1.16V for HZSO Typical results are shown in Fig. 5.33(a) for

4)'

NaOH and in Fig. 5.33(b) for H SO4, respectively.

2

Quantum efficiencies were calculated by using the measured values
of photocurrents and the measured values of number of incident photons.

Results in NaOH and in HZSO are shown in Fig. 5.34(a) and Fig. 5.34(b),

4

respectively.,

5.2.3.3 The flat band potential

The Mott-Schottky plots in IN NaOH and in 1N stO4 are shown in

Fig. 5.35 and the flat band potentials calculated from these plots
are - 0.04V = 0.03V (NHE) in IN NaOH and 0.43V * 0.04V (NHE) in 1IN HZSO4,
respectively.

5.2.3.4 Transient measurement

The results of transient measurements in 1IN NaOH and in 1IN HZSO

4
are shown in Fig. 5.36 (a~e) and in Fig. 5.37 (a~d), respectively.
The behaviour was similar to those of ZnTe.
5.2.3.5 Stability
The currents under illumination are shown in Fig. 5.38(a) for
NaOH solution and in Fig. 5.38(b) for HZSO4 solution, respectively,
as a function of' time. In both cases, the currents decreased constantly

with time. The interruption of illumination did not affect the
stability but after keeping the electrode at open circuit condition,

the current recovefed. (See Fig. 5.38(b).)
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1N 14[2504 at several frequencies.
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5.2.4 Indium Phosphide (InP)

5.2.4.1 The current-potential relation

The current-potential relations of InP with and without illumina-

tion by a 900W Xe lamp in 1IN NaOH and in IN H280 are shown in Fig,

4
5.39,

In H2804, after a potential sweep under illumination, white
film was observed on the electrode surface*.

The relations are similar to those of GaAs with Tafel type dark

current.

5.2.4.2 Photocurrent (quantum efficiency) - wavelength
relation at several potentials

The photocurrents with and without monochromatic light (SOOOR ~
QOOOR) at several potentials (- 1.06 ~ - 1.31V (NHE)) were measured
only in IN NaOH solution because in 1IN HZSO4 solution, the currents
did not show stable values. Typical results are shown in Fig. 5.40.

Quantum efficiencies were calculated by using these values an&
the measured values of number of incident photons and are shown in
Fig. 5.41 as a function of wavelength. Since the dark currents were

relatively large, the accuracy of the quantum efficiences was low.

5.2.4.3 The flat band potential

The impedance measurements were carried out only in IN NaOH
solution because of instability of InP in IN HZSO4.

The Mott-Schottky plots are shown in Fig. 5.42. The flat band
potential obtained from different frequency measurements are different
each other and became constant at higher frequencies (5 KHz and 10 KHz).
The value from higher frequency measurements is taken as the flat band

potential and is - 0.07V t 0.02V (NHE)

* Recently, Mayumi et al. reported similar results [ 6].
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5.2.4.4 Transient measurement

Fig. 5.43 (a~e) and Fig. 5.44 (a~e) show the transient behaviour
of InP in 1IN NaOH and in 1IN H2804, respectively. In 1IN H2804, the
measurements were carried out from positive to negative potential,
because of film formation at relatively negative potential.  The
behaviour in IN HZSO4 is different from that in IN NaOH. As seen
in Fig. 5.44(e), the photocurrent decreased with a very long time
constant in 1IN HZSO4 at -0.56.V (NHE). After this illumination,

a white film was observed on the electrode surface. In 1IN NaOH
solution, no such film was observed at any potential examined and the
more negative the electrode potential was, the more quickly the photo-
current became steady.

5.2.4.5 Stability

The currents under illumination by a 900W Xe lamp at fixed
potentials in 1IN NaOH and in 1IN HZSO4 are shown in Fig. 5.45(a) and
in Fig. 5.45(b), respectively, as a function of time.

In NaOH solution, the photocurrents were relatively stable for
over 2 hours. On the other hand, the photocurrent was constantly
decreasing with time in 1IN HZSO4 solution for over 2.5 hours.

After the measurements, no significant surface change was
observed in NaOH case but the electrode surface was covered with
white film in H2804 solution case.

5.2.5 Gallium Phosphide (GaP)

5.2.5.1 The current-potential relation

The current-potential relations with and without illumination
by a 900W Xe lamp in IN NaOH and in 1IN H2804 are shown in Fig. 5.46.
The dark current was very small in both cases (< 10uA/cm2 at - 1.4V

(NHE)) .



161.

Current,
mA /e on oft
-ovsr | i
-050+
: -0.25{
o} L
0 40 80 120 160 200
Time, msec :
Current,
mA Jem? " oft
-03} ¥
-02}
=01 ¢
ot S,
0 02 04 06 08 10
Time, sec
Current, -
mA /em? on off
_0.15- l l
-010¢p
~0.05t
0ot —
0 02 04 06 08 1.0
Time, sec
Current,
mA fem? on off
~015F | l
~010}F
~-0.05F
ot
0 0z 0L 06 08 10
Time, sec
Current,
mA fem? on oft
-015F | \
=010
-0.05}
ol
002 04 06 08 10

Time, sec

(a)

{b)

{c)

(d)

(e)

-156 V (NHE)

-136 V (NHE)

-116 V (NHE)

-0.96 V (NHE)

-0.76 V (NHE)

Fig. 5.43 The transient behaviour of the current of InP in
1IN NaOH afEer illumination and interruption of light

(0.08 W/cm®) at several electrode potentials.

The

current before illumination is taken as zero.



Current,
mA/cm?
0.3

-0.2

-01 }

0

Current,
Y
-1.0
-0.5

0

162.

on off
i d
0 40 80 120 160 200
Time, msec
on off
i !
0 1.10 8.0 120 160 200
Time, msec

Current,
mA /cm?
A

.~5.0

-25

0

Current,
/ey
-20
“10

0

Current,
mA/cm'
=30
-20

~10

on off
H
A 04 05

Time,

5ecC

on

off

08

Time,

sec

Qn O!ff
_—J\\\\\\________;_____
'

Time,

sec

fa)

(b)

{c)

(d)

(e)

+0.24 V (NHE)

+0.06 V (NHE)

-0.16 V (NHE)

-036 V {NHE)

-056 V (NHE)

Fig. 5.44 The transient behaviour of the current of InP in
a ter illumination and interruption of light

IN H SO

(0. 08

cm ) at several electrode potentials.

The

current before illumination is taken as zero.



163,

Currend,
mA fem' (Al B - ciDk— e e F

120}
\ .
t |
100} | \' j
| %

sy

(a)
-60} |

20} i

:
o

0 50 100 150 200
Time, min

Current,
mA Jfem' g[? to 8maA fom’

-¢.5 L

{b)

0 50 100 150 200
Time, min

Pig. §.45 The current of InP as a function of time. Intensity
of light: (.08 W/cm”.
(a) In IN NaOH. A. - 1.36 V (NHE) (Dark). B. - 1,36 V
(Light). €. - 1.36 V (Dark). D. - 1.16 V (Dark).
E. ~ 1.16 V (Light). F. - 1.16 V (Dark).
(b) In IN H,S0, at - 0.46 V (NHE).



: * (pauxaduod sduel
TeTiualod oyl ur _wo/yrpr >) S9SBO y310q UT TIBUS AIOA SBM JUSXIND YIiep oyl
.cws\® G211 :93Bx doeams - (Lwd/M g0°0) dwel aX M 006 B £q UOTIBRUIUNITE

yitm owwm NI UT pue HOBN NE UT Je9 JO Suorjelax TeTIUelod-jusxand oyl

JHN 'sA A "1Dl1jud3i0od 3p0433313
Si- = oL- S0- 0

oy's 814

l64.

\

HODN ul "0S°H ut

= MNlu

LW/ v
‘jua14n)




165,

5.2.5.2 Photocurrent (quantum efficiency) - wavelength
relations at several potentials

Photocurrents under illumination by several wavelengths of
monochromafic light (SOOOX ~ 60002) were measured at several potentials
and typical results are shown in Fig. 5.47.

Quantum efficiencies were calculated and shown in Fig. 5.48(a)
and Fig. 5.48(b) as a function of wavelength for NaOH solution and
for H,S0, solution, respectively.

2774
5.2.5.3 The flat band potential

Mott-Schottky plots for IN NaOH solution and IN H2504 solution
are given in Fig. 5.49. From these plots, the flat band potentials
in 1IN NaOH and in 1IN HZSO4 are calculated as 0.18 * 0,02V (NHE) and
1.13 * 0.02V (NHE}, respectively.

5.2.5.4 Transient measurement

Fig. 5.50 (a~d) and Fig. 5.51 (a~f) show the transient behaviours
of photocurrent in IN NaOH and in 1IN H2804, respectively.

5.2.5.5 Stability

Photocurrents at several fixed potentials in IN NaOH and in 1IN

H2SO are shown in Fig. 5.52(a) and in Fig. 5.52(b), respectively, as

4
a function of time.
In both cases, the more negative a potential was, the more stable

a photocurrent was.

5.2.6 Silicon Carbide (5iC)

5.2.6.1 The current-potential relation

The current-potential relations of SiC with and without illumina-
tion by a 900W Xe lamp in IN NaOH and in 1IN H2804 are shown in Fig,
~ 5.53(a) and in Fig. 5.53(b), respectively. (Potential sweep rate:

1.5 V/min).
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The current difference between with and without illumination,
i.e., photocurrent, was very small compared with the results of other
semiconductors mentioned before in this chapter. Also the relations
in IN NaOH were different from those in 1IN HZSO4.
current increased quickly when the potential became more negative

In 1IN NaOH,

than - 1.16V (NHE). On the other hand, in 1IN HZSO4, the currents
were very small even at very negative potential (1.6uA/cm2 (dark),
4.8uAfcm? (with 1ight) at - 1.16V (NHE)).

5.2.6.2 Photocurrent (quantum efficiency) - wavelength
relations at several potentials

Because the differences between the current with light and
without light were very small (0.009 ~ 0.003uA), the accuracy of
the photocurrent, i.e., quantum efficiency, was relatively low.

Typical results of photocurrents are shown in Fig. 5.54(a)
and in Fig. 5.54(b) for NaOH solution and for H2804 solution,
respectively, as a function of potential.

Quantum efficiencies in 1IN NaOH and in IN HZSO4 were calculated
by using the values of photocurrents and the values of number of
incident photons and are shown in Fig. 5.55(a) and in Fig. 5.55(b),

respectively.

5.2.6.3 The flat band potential*

The Mott-Schottky plots in IN NaOH and in IN HZSO4 are shown
in Fig. 5.56(a) and in Fig. 5.56(b), respectively.
The flat band potentials obtained from these plots are 1.38 *

0.12V (NHE) in NaOH and 1.68 * 0.02V (NHE) in sto4, respectively.

* M. Gleria et al. reported that they could not obtain the flat band
potential of p-type Sic [6].
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5.2.6.4 Transient measurement

Because of low S/N ratio, satisfactory result was not obtained

in 1IN H2804.

The results in 1IN NaOH solution are shown in Fig. 5.57 (a ~ d).

5.2.6.5 Stability

The stability of the photocurrents were examined in IN NaOH and

in 1IN H250 and the results are shown in Fig. 5.58 for NaOH solution

4
and for H2804 solution.

Although the photocurrents were very small, the photocurrents
were quite stable over 1 hour for both cases.

5.2.7 Silicon (8i)

5.2.7.1 The current-potential relation

The current-potential relations of silicon in IN NaOH and in
IN sto4 are shown in Fig. 5.59(a) and Fig. 5.59(b), respectively.
After the experiment, some film (SiOz) was observed on
the electrode surface and this film could not completely be removed,
although dipping in HF solution seemed to remove some part of the
film. Therefore, these current-potential relations should be

considered as only typical results.

5.2.7.2 Photocurrent (quantum efficiency)-wavelength
) relation at several potentials

The photocurrents under illumination by monochromatic light
(35008 ~ 97008) at several potentials (- 0.76 ~ - 1.56V) were
measured in IN NaOH and typical results are shown in Fig. 5.60.

The quantum efficiencies were calculated from these values. The
results are shown in Fig. 5.61. Since the film covered the electrode
surface, these results may not represent the silicon electrode.

5.2.7.3 The flat band potential

Reliable results of impedance were not able to be obtained in

this work because of the reason mentioned above.
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5.2.7.4 Transient measurement

Transient measurements were carried out in IN NaOH and the
results are shown 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 IN HZSO4. The results
are shown in Fig. 5.63(a) and in Fig. 5.63(b) for NaOH and for HZSO4,
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
photocurrent again increased on repeating the potential sweep under

illumination (see Fig. 5.59(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 analfsed 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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6.2 COMPARISON OF EXPERIMENTAL RESULTS

WITH THOSE OF PREVIQUS WORKS

6.2.1 Titanium Dioxide Single Crystal

The current-potential relations obtained are essentially the
same as those of earlier works [1,2].

The quantum efficiency-wavelength relations at several electrode
potentials were measured in this'work for the first time and the result
at 3650&, at which wavelength Ohnishi et al. measured the quantum
efficiency at several electrode potentials, agreed with their results
[3].

Ti02 was described as a stable electrode by Fujishima et al.
by chemical analysis of the solution [ 1] and by measurement of pH
changes of solution [4] and by Wrighton et al. by measurement of
weight changes of the electrode [5]. However, recently, Harris et
al. [ 6] reported the photocurrent decreased with time in all cases
they examined. The results of this work, i.e. constant photocurrent
for over 20 hrs., confirmed the stability of the electrode.

The reasons of the high stability of the TiO, single crystals

2
of this work compared with the results of Harris et al. [6] may be:
(a) Solution

The stability was examined in 1IN NaOH solution in this research
and they used 1N H2504.
(b} Reduction Condition

TiO2 was reduced at 800°C in hydrogen atmosphere for five hours
in this work and they reduced TiO2 at 600°C in hydrogen atmosphere for

up to 15 minutes. They found the number of donors in TiO2 decreased
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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.
(¢) Intensity of light

Intensity of light was 0.08W/cm2 in this work and was 1.4W/cm2
in their case. Accordingly, the current density of this work was
1.7mA/cm2 and theirs was 16mA/cm2 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 TiO2 film made by high temperature
oxidation in electric furnace were essentially the same as those of
TiO2 films made by high temperature oxidation in a gas burner [ 8] and
of Tio2 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 al. [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 TiO2 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 ZnSO4 solution by Sapritskii et al. [10}. The relatively negative
value of critical potential at which the photocurrent was first
observed in this work agreed with the results of theirs.

The EMF of ZnTe/0.1 M KCR / SCE with and without illumination
were measured by Williams [11] and no photoeffect on the EMF was

observed. Correspondingly, E with and without light in this

rest
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 HZSO4 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 (NHE) in 1 M H,S0, [14],
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respectively. The results of this work were -0.01 V (NHE) in IN NaOH
and 0.43 V (NHE) in 1IN HZSO4.
6.2.8 Indium Phosphide

Mayumi et al. measured current-potential relations with and
without illumination and quantum éfficiency—wavelength relation in
1N H,S0, [15] . Also they measured the flat band potential in the
same solution.

They observed a white film on the electrode surface after the
illumination under cathodic polarization as observed in this work.

The results of current-potential relation of this work were
different from those of theirs. This may be due to the film forma-
tion. As reported in section 5.2.4 the photocurrent of InP in
IN HZSO4 decreased very quickly and, therefore, the current-potential
relation should be treated only as a typical result.

The quantum efficiency-wavelength relation and the flat band
potential in 1IN H2$04 could not be measured in this work because of
instability of the electrode.

The measurements in NaOH have not been reported before.

6.2.9 Gallium Phosphide

The current-potential relation of GaP with and without illumina-
tion was measured by Memming et al. [16,17] in 3N NaOH and in 1N KCR
and by Yoneyama et al. [ 18] in 1IN H2804 and in IN NaOH. The results
of this work agreed with those of these workers.

Yoneyama et al. also reported the photocurrent-wavelength
relation in H2504 in which the maxima appeared at 45008.  The maxima
appeared at about 35008 in this work.

The values of flat band potential were reported by many workers

and those are 1.1 ~ 1.2 V (NHE) in IN H2804 [18,19] and 0.05 ~ 0.3 V
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(NHE) in the solution of pH = 14 [18,191. The results of this work were
1.13 V in 1IN HZSO4 and 0.18 V in 1IN 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 HZSO4) 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 H2804

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

were reported by Gleria and Memming [ 20]

They mentioned that they could not measure the flat band potential of
p-type semiconductor®, although they estimated the value in 0.05 M
HZSO4 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 1IN
NaOH and 1.47 V (NHE) in 1IN H2804.

6.2.11 Silicon

Moét 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) Photocurrent 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 photocurrent
becomes significant.

(c) The current-potential relations in NaOH solution appeared at
more negative potentials than those in HZSO4 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

H,S0O

250, 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 Iigg_fﬁﬂﬂi

The longer the oxidation time, the longer the wavelength of
light at which a maxima in the quantum efficiency-wavelength relation

was observed.



194,

6.4 ANALYSIS OF THE PHOTOCURRENT-POTENTIAL RELATION

6.4.1 Typical Results

Typical photocurrent-potential relations are seen in those
found for GaP and TiOz. The photocurrent increases, firstly,
gradually with increase of potential, then it increases sharply

and, finally, reaches a saturation value.

6.4.2 Comparison Between Experimental Results and Calculated
Results

As an example GaP in IN HZSO4 is taken.

In Fig. 6.1, the quantum efficiency-potential relations for
35008, 40008 and 45008, of light calculated by using Eq. (3.23) ~
(3.26) and Eq. (3.39) in chapter three are shown with experimental
values. The parameters used in the calculation have been taken
from Table 4.1 except for life time which has been taken as 10-10 sec
[ 23] and optical properties which have been taken from ref. 24 and
25,

In respect to the shape and position of the quantum efficiency-
potential curves obtained for various photon energies, discrepancies
exist of the following kinds.

Although both experiment and theory agree in respect to the
fact that the quantum efficiency depends upon the photon energy, the

experimental results show that the originating, or critical, potential

at which the quantum efficiency becomes significant is independent of

the photon energy, while such dependence exists in the theoretical

curves.  Also, the experimental quantum efficiency increased with
the potential much more quickly than expected by the theory of chapter

three and reached a saturation value. No such a value was exhibited
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by the calculation within the potential range concerned.

6.4.3 Qualitative Analysis of the Discrepancies between the
Experimental Results and the Calculated Results

A schematic diagram of energy levels of H30+ in solution and

valence band and conduction band of GaP are shown in Fig. 6.2.
According to the theory of chapter three, the photocurrent,

ip’ is given by:

20}

c
i, = eo-C—‘;- JNe(E)GA(E)Wc(E)dE (3.2)
0

Since WC(E) is given by

WC(E) exp {-B(AH(e) -E)/kT} (when E < AH)

= 1 (when E > AH)
the contribution of the electrons, the energy of which is less than
AH(e), to the photocurrent is very small (Wc(E) = 0.135 when
AH(e)-E = 0.1 eV and WC(E) = 0.05 when AH(e)-E = 0.15 eV). Therefore,
by following the theory given in chapter three, in which the energy
of the excited electron was considered to be constant along the x
coordinate from the locus of activation of the electron inside the
semiconductor to H30+ ion, the existence of a dependence of the
critical potential at which the photocurrent becomes significant on
the energy of the photons is expected. Thus, when the maximum
energy of electrons, Emax’ under illumination by the light, the energy
of which is hv at potential V (with respect to the flat band potential)
exceeds the energy level of the acceptor (H30+ in this case) significant
increase in the photocurrent is expected. A schematic diagram is
shown in Fig. 6.2.

Since Emax is given by (see Fig. 6.2):
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Emax = (hv - Eg) - eoV (6.1)

where Eg is the energy gap of the semiconductor, the critical potential
with respect to the flat band potential, Vcrit’ may be related with
AH(e), the energy level of H30+ in solution with respect to the bottom

of the conduction band at the electrode surface, as follows:

(hv - Eg) - eovcrit = AH(e) (6.2)

i.e., eOVCrit = (hy - Eg) - AH(e) (6.3)

The expected values of the critical potential for GaP* from
Eq. (6.3) are -0.21 V (NHE) for 35008, -0.65 V (NHE) for 40008 and
-0.93 V (NHE) for 45002, while the calculated value shown in Fig.
6.1 are -0.23 V (NHE) for 35002, -0.63 V (NHE) for 40008 and -1.05 V
(NHE) for 4500%. Although the estimated values from Eq. (6.3) agree
with the values in Fig. 6.1, no photon energy dependence on the
critical potential was actually observed in experimental results as
mentioned before.

To explain this discrepancy, it may be suggested that the
excited electrons diffusing and being electrically transported to
the surface, will lose their energy as a function of passage along
the x coordinate towards the surface, due mainly to phonon collisions.
One can see from the average depth of penetration of the photon, say
10-4cm, that the typical electron has about 104 R to travel before it
reaches the surface. A typical mean free path of an electron in a
semiconductor is about 60% [26] , so that the number of collisions which

an electron makes with phonons is of the order of magnitude 104/60,

* The flat band potential of GaP in H2504 is 1.13 V (NHE) and At(e)
for GaP is calculated as 1.5 eV from Eq. (3.3).
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or about 170. At each collision it may be assumed that the electron
loses about kT, in energy, or about 0.025 eV, so that the energy loss
for the typical electron after it has been activated by a photon is
of the order of 170 x 0.025 eV. It is clear, therefore, that the
electron loses all the energy which it gained from the photon before
it reaches the surface. However, this does not mean the electrons
which are activated by the photons are deactivated into valence band
before they reach the electrode surface. Thus, - and herewith one
sees the main difference between the semiconductor and the metal -,
the electron does not easily make the jump over the energy gap down
towards the valence band once more because the energy gap is several
electron volts in order of magnitude, so that the energy change
needed is too great for the electrons to make the jump. Therefore,
the energy of electrons arriving at the surface is expected not to
depend upon the photon energy and is almost the same energy at the
bottom of the conduction band as at the surface.

6.4.4 First Order Approximation

For a first order approximation, let it be supposed that all

excited electrons arriving at the surface have energy EC o (the
>

energy of the bottom of the conduction band at the surface).
In this case, the photocurrent, ip’ is given by:
C

— A _
1p = e, E;-N(hv,V)exp[

2 )
"Th’L 2mUmaxJexp(—BAH(e)/kT) (6.4)

where N(hv,V) is the number of electrons arriving at the surface per

unit time and is given by
N(hv,V) = I Ne(E)dE (6.5)
)
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where Ne(E) is given by Eq. (3.17).
Or, N(hv,V) could be calculated more simply as follows.
The number of electrons excited between x and x + dx, Ne(x)dx,
is equal to the number of photons absorbed between x and x + dx,

Nph(x)dx. From Eq. (3.4), Ne(x)dx is given by:
—aphx
Ne(x)dx = Nph(x)dx = Io(l—R)uphe dx (6.6)

The number of photo-excited electrons, originally expressed

for x = x in Eq. (6.6), decreases to N (x)dx given by Eq.

e,Xx=x~dx
(6.7), after travelling dx.

1
T X

N (x)dx = Ne(x)e dx (6.7)

e,x=x-dx

where L(x) is given by Eq. (3.11).

Similarly,
1
- —dx
- L (x-dx)
I\Ie,x=x—2dx(x)dx Ne,x=x—dx(x)e dx
{ 3
1 1
- + dx
= N (e & * ) dx (6.8)
1
- ———dx

= L(x-2dx)

I\Ie,x=x—2’>dx(x)dx - I\Ie,x=x--2dx(x)e dx
1 1 1
- + + dx
- Ne(x)e L(x) L(x-dx)  L(x-2dx)j dx
(6.9
and so on.
After N steps (N = x/dx),
1
- —=—dx
- L(dx)
Ne,x=0(x)dx = Ne,x=dxe dx
-[ 1 + 1 e +—--1——]dx
- Ne(x)e L(x) L(x-dx) L(dx) dx

(6.10)
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N (x)dx gives the number of electrons arriving at the surface

e,x=0
per unit area per unit time which were excited between x and x + dx.
Therefore, the total number of electrons arriving at the surface

per unit area per unit time, N(hv,V) is given by:

[o0]

N(hv,V) = f Ne,x=0(x)dx (6.11)
0
Since AH(e) = 1.5 eV for GaP (see section 6.4.3), exp {-R(AH(e)/KT} =

-13 .
10 and, therefore, almost no photocurrent is expected for the
whole potential range.
The mechanism therefore needs further modification.

6.4.5 Alternative Mechanism

To solve this discrepancy, another alternation of the theory is
required. In the theory given in chapter three, the potential drop
in the electric double layer was ignored. However, when the
carrier density of the semiconductor is high, or the density of the
surface states (or surface charged groups), is high, which may be
so in the case of most semiconductor electrodes, the potential drop
in the electric double layer cannot be ignored [ 27,28] .

For an extreme example, let it be supposed that all the potential
drop occurs in the electric double layer. No surface state or charged

group is assumed, i.e. no potential drop in the electric double layer

at the flat band potential.

In this case, Eq. (6.2) becomes,

C 2
ip = eoﬁgN(hv)exp{— EH&/Zm(UmaX + eoV)}exp{—B(AH(e) + eOV)/kT}

(6.12)

where V is the electrode potential with respect to the flat band
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potential and with the present assumption, the absolute potential¥*,
N(hV) is not a function of potential because there is no potential
drop in the semiconductor.

Since no potential drop in the semiconductor is assumed,
L(x), is not a function of x and always equal to QD(= vDT), the
diffusion length (see Eq. (3.12)).

Therefore, Ne,x=0(x)dx is given by:

1
- X

)
Ne(x)e “D dx

1

Ne,x=0(x)dx

i.e., from Eq. (6.4),

1
-(o . + —)x
- - ph 2
Io(l R)uphe D dx (6.13)
Hence, N(hv) is given by:
N(hv) = JNe,FO(x)dx
0
* —(aph +-J; X
= Io(l—R)ocph I e D dx
0

1l
o]
—
oy
]
~
—
f‘é—

* The values of the dipole potential drop, Ay, is neglected and this
is justified on the basis of calculation for metals where it is
low (e.g. 0.01 V). The value of the electron contribution to Ay

‘has been neglected and will be considered in section 6.4.7.
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1
1+1/ (ocph/ﬁ?)

= Io(l—R) (6.14)*
The quantum efficiencies have been calculated by using Eq.
(6.12) and Eq. (6.14). The parameters used in the calculation
are the same as those in section 6.4.2. The calculated results
are shown in Fig. 6.3 and compared with the experimental results.
Although the discrepancies which existed between the experi-
mental results and the calculated results in Fig. 6.1, i.e., the
photon energy dependence of the critical potential and the slow
increment of the quantum efficiency with potential, do not exist in
the calculated results in Fig. 6.3, the calculated quantum efficiencies
are several times lower than the experimental ones and the quantum
efficiency-potential relations appear at more negative potential than
estimated by the calculation. The experimentally observed high
quantum efficiencies (order of several tens of percent) suggest the
very high tunneling probability and, therefore, the shape of barrier
suggested in chapter three must be reconsidered.
The discrepancy in respect to the position of quantum efficiency-
potential relations may be due to neglect of the potential drop in the

electric double layer at the flat band potential.

* Because of no potential drop in the semiconductor, a refinement
of & with direction ought to be made similar to that applied in
Eq. (2.14) in chapter two. However it is probably not worth
introducing this degree of refinement here and it will be kept
to remember that the values obtained by using Eq. (6.14) are

maximun.
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6.4.6 Modification of the Potential Barrier

6.4.6.1 Effect of proton transfer

In chapter three, the electrons were considered to transfer
from the electrode to the H30+ ion at the OHP. However, according
to Bockris and Matthews [ 29], proton transfer from the H30+ ion
at OHP (1 in Fig. 6.4) to the hydrogen-bonded water molecule (2 in
Fig. 6.4) prior to the electron transfer brings the proton to its
reaction position (Gr from the electrode surface).

Therefore, the first two terms of the Eq. (3.17) must be

changed from

to
e 2 e 2 €-€
0 + 0 op
- 2 2 £+€
(Gr-dO_H—x) eop (Gr—do_H+x) gop op
where dO—H is the distance between hydrogen and oxygen atom in water.

6.4.6.2 Effect of dielectric constant

The image charge of the ion in the semiconductor, q', was

considered in chapter three as:

However, since the image formation is a static process, the
static dielectric constant of water in the electric double layer
must be used instead of the optical dielectric constant.

Therefore,

q' = q —¢ (6.15)
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Pig. 6.4 Model of the electrode-solution double layer [29].
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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, i.e., 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, Uim(x), is given by:

eo2 Est7E
U. (x) = T (6.16)
im 4x€st est €
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6.4.6.5 Field Effect

Since no potential drop in the electric double layer was
assumed in the theory given in chapter three, there was no need of
considering the field effect on the potential barrier. However,
if there is some potential drop in the electric double layer, the
field effect on the potential barrier should be considered.

The field, X, is given by:

x = 565 x 108 (vem (6.17)

where S'CAS¢ is the potential drop in the electric double layer.
6.58 is taken as the double layer thickness [ 34].

6.4.6.6 Modified barrier construction

By taking into account all the factors mentioned above, the

potential energy for the electron transfer, U(x), is given by:

X
U(x) = Uim(x) + J F(x)dx + FXx
(o]
2
_ e, €€
4xeSt sst+e
X
— 2 2 2
. J {: e, o5 est™€ 2me | dox
2 2 RS € " _ 1 2,,2,2.3/2
o (d-x) €.t (d+x) est st st n=1 kdr do_H x)“+n R{)
£, -€
d-x st
+ dx + FXx (6.18)
2 .2 2.3/2 ¢  +¢)
(8,-dy_y*0 MR st

U{x) is shown in Fig. 6.5 as a function of distance from the

electrode surface, x. Gr‘dO*H= 2.78 was used for the calculation { 29].
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L

0 1 2
Distance from Electrode Surface, X

The schematic diagram of the potential energy barrier
for electron transfer from GaP electrode to an acceptor
at the flat band potential. . '
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6.4.7 Effect of a Potential Drop in the Electric Double Layer
at the Flat Band Potential on the Quantum Efficiency-
Potential Relation (Theory)

6.4.7.1 Estimation of the potential drop in the electric
double layer at the flat band potential

The flat band potential, vfbp’ with respect to the NHE is

given by:

_ Pt,S5.C S.C,S S, Pt
2
C. .+

pt =1

where PtAS'C¢ is the potential difference between the semiconductor

and Pt wire, (S'CASd,))fbp is the potential drop in the electric double

layer of the semiconductor at the flat band potential and (SAPt¢)P =1
H
is the potential drop in the electric double layer of Pt C 3:1
H
electrode in the presence of 1 atmosphere of hydrogen gas and
with Cyt = 1.
Since,
Pt _ —S.C
e Hy (6.20)

where ﬁztand ﬁi'c are the electrochemical potential of Pt and the

semiconductor, respectively

R (R Vi (6.21)

where uzt and ui'c are the chemical potential of Pt and the semicon-
ductor, respectively.

Therefore,

S.C,S Pt,S Pt
o (g 250} - [, ]

CH =1

(6.22)
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Thus, the potential drop in the electric double layer of the semi-

conductor at the flat band potential is given by:

. [EPtAS¢)P - “Zt/€I . Uz'C/F
H

(S.CASq))fbp

[(PtAscp) e ui"‘/F-JT - @F - XY (6.29)

cH+=1

where ¢ is the work function of the semiconductor and XS'C is the

surface potential of the semiconductor. [EPtAS¢)P -1 - uzt/€I
H

was calculated by Trasatti [ 35] using the C E=1
H
methed of Bockris and Argade [ 36] as 4.3V.
Therefore,
5.C,S _ ) _.8.C
(A ¢)fbp = 4.3/F + Vfbp (®/F - x°™7) (6.24)

The schematic diagram of the energy levels of a semiconductor
which has surface states in a vacuum is shown in Fig. 6.6. From

this figure, xS'C is given by:

RO - s a6 E, - E, (6.25)

where § ié the energy difference between the Fermi level and the top
of the valence band in the bulk.

Hence, Eq. (6.24) becomes

s.c,S ~ '
A ¢)fbp = 4.3/F + vfbp - (Ea + Eg - 8)/F (6.26)

For a first order approximation, § is assumed to be zero for all p-type

semiconductors concerned. (Since the carrier density of the semicon-
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p-Semiconductor Vacuum

Fig. 6.6 The schematic diagram of the energy levels of a
semiconductor which has surface states in vacuum.
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. . 18 19 -3
ductors are very high, i.e., 107" ~ 107" cm =, except for CdTe,
this assumption may be reasonable).

In Table 6.1, the values of (S’CAS¢)fbp calculated from Eq.
(6.26) are listed for various semiconductors. The values of Ea
and Eg in Table 4.1 were used.

(S'CA%@fbp is negative in all cases and S'CAS¢ in NaOH is

more negative than that in HZSO4 in most cases with the exception

of CdTe.

TABLE 6.1 THE VALUES OF THE FLAT BAND POTENTIAL AND THE POTENTIAL
DROP IN THE ELECTRIC DOUBLE LAYER AT THE FLAT BAND POTENTIAL

Semiconductor In IN NaOH In 1IN HZSO4

: S.C,S .

| FBP, V(NHE) N FBP, V(NHE) S CAS¢,V
| ZnTe - 0.79 - 2.25 0.04 - 1.42
1

: CdTe 0.21 - 1.27 - 0.35 - 1.83
?

|

i GaAs - 0.04 _1.20 0.43 - 0.77
|

; InP - 0.07 - 1.42 - -

i

!

; GaP : 0.18 - 2.07 1.13 - 1.12
1

[}

6.4.7.2 The energy level of an electron in the ground state of
E Sy
ESO ion

The energy level of an electron in the H30+, when the proton-

solvent system is in its ground state, with respect to the bottom of

the conduction band at the flat band potential, AH(e), was calculated
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in chapter three by assuming the no potential drop in the electric

double layer and given by:

AH(e) = - Lo + Ea -J+A+R (3.3)

S.CAS

When the potential difference ( ¢)fbp’ exists between

these two levels, the energy difference, AH(e), becomes
BH(e) = - L +E-J+A+R+ (S'CAS¢)fbp (6.27)

In the case of p-type GaP in 1N HZSO4, AH(e) is 1.5 eV when the
potential drop in the electric double layer at the flat band potential
is ignored (see section 6.4.3) and it becomes 0.38 eV if the potential
drop is taken into account.

6.4.8 Calculation of Quantum Efficiency with New Barrier and
New Energy Level

The quantum efficiency has been calculated by using Eq. (6.12)
with new values of the barrier maximum given in section 6.4.6 and of
AH(e) given in 6.4.7. The calculated results are shown in Fig. 6.7.

The shape of the calculated curves are essentially the same as
those of experiments, although the calculated values of the quantum
efficiencies are relatively low compared with experimental ones
(20 ~ 30%). Also the quantum efficiency dependence on the photon
energies are very similar in both cases.

However, the position of the calculated curves are more positive
than those of experimental ones by about 650 mV.

This discrepancy is analysed as follows.

6.4.9 Potential Distribution

First it was assumed in chapter three that the whole potential

drop occurred in the space charge region of the semiconductor.  Then,
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in section 6.4.5, another assumption thét all the potential drop
occurred in the electric doublg layer was made. However, in real
situation, the potential drop occurred both in the space charge layer
of the semiconductor and in the electric double layer.

If one knows the carrier density of the semiconductor concerned,
one can calculate the slope of the Mott-Schottky plot and estimate the
potential distribution by comparing it with the slope of the plot in
the solution [ 37,38] as follows.

The Mott-Schottky relation is given by:

1 87 kT
7 ° wn Usce o3 (6.28)
CS.C oA 0
where CS c is the space charge capacity, NA is the concentration of

ionized acceptors and wS c is the potential drop in the space charge
layer.
The appropriate relation in the case of measurements in solution

is given by:

1 8 kT 5

5 = —— (V-V - =) (6.29)

C2 eeoNA £bp e,

where C is the total capacity of the electrode and V and Vfbp are

the electrode potential and the flat band potential with respect to a

reference electrode, respectively.

Since,

V- Vg, = Vg ot 0Ady (6.30)

where M, = 9, - (S'CAS¢)fbp C (6.31)

Eq. (6.29) becomes
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1 k
T N Ut 89 - o (6.32)
C oA ) Q

Only when AA¢H = 0 or AA¢H =CwS.C’ where ¢ is a proportional constant,
the plot between (1/C2) and V becomes linear [ 37,38} .

1f AA¢H = 0, Eq. (6.32) becomes Eq. (6.28) (the Mott-Schottky
relation) and, therefore, the slope of the experimental plot (Eq.
(6.29)) must be the same as that of the theoretical plot.

In the case of AA¢H = cws o’ Eq. (6.32) becomes

1 i) kT

Ez_ = EE;NX.{ws.C(1+c) - E;} (6.33)

and, from this relation, ¢ can be calculated by comparing the experi-
mental slope with theoretical one. (V—Vfbp)/(1+c) gives the potential
drop in the space charge layer in the semiconductor.
De Gryse et al. [ 39] criticized this approach by showing that
the slope of the plot has the same value whether the potential drop
' occurred in the electric double layer or not. However, in their
treatment they assumed an absence of surface charge and this assumption
limits the applicability of the interpretation. From the fact that
there is a potential drop in the electric double layer at the flat band
potential which could not exist if there is no surface states (see
section 6.4.7), and the experimental pH dependence of the flat band
potential, which cannot be explained without assuming the existence
of surface states (charged surface group), their treatment is not
valid, at least, for the semiconductors investigated in this research.
The experimental values of the slope and the theoretical ones

are listed in Table 6.2 with the values of c. This comparison was
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possible only for GaP, GaAs, InP and SiC, the carrier density of

which were reported by the suppliers.

TABLE 6.2 THEORETICAL AND EXPERIMENTAL SLOPE OF MOTT-SCHOTTKY PLOT

AND THE COEFFICIENT

Semiconductor | Carrier Density| Theoretical Experimental c
-3 . Slope Slope
cn -2, -2 -2.-2
(uF/em ) /V| (uF/cm T) T/V
GaP 6.7 x 1017 10.7 6.0 (NaOH) 0.78
4.6 (HZSO4) 1.32
GaAs 2.0 x 1019 0.35 0.115(NaOH) 2.04
0.22 (HZSO4) 0.59
18
InP 5.6 x 10 1.27 0.48 (NaOH) 2.65
7nTe _ _ 28 (NaOH) -
150 (HZSO4) -
CdTe _ _ 6000 (NaOH) -
2200 (H2804) -
sic 4 x 1018 1.75 0.86 (NaOH) 2.0
0.7 (HZSO4) 2.5
6.4.10 Modified Quantum Efficiency-Potential Relation
When the potential drop occurs both in the space charge layer

in the semiconductor and in the electric double layer (Eq. (6.12)

must be modified and the photocurrent is given by:

“a

C

i =
P T

e N (hv, Ug

2
o exp{- -’l}T’L/zm(umax+eoAA¢H) }exp {-B(AH(e) +eOAA¢H) /kT?}

(6.34)
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where N(hv’wS.C) is given by Eq. (6.11) by replacing V by wS.C'
For GaP, ¢ in Eq. (6.33) is 1.32 from Table 6.2 and the quantum
efficiencies were calculated by using this value and Eq. (6.34).
The calculated results are shown in Fig. 6.8 with the values of the
experiment.
The calculated and experimental results agree fairly in respect
to the position and shape of the quantum efficiency-potential relation.
However, discrepancies exist as follows:
1. Theoretically estimated quantum efficiencies are only 20 ~ 30%
of the experimental quantum efficiencies.
2. The position of theoretical quantum efficiency-potential relations
appear about 0.25 V more positive than those of experiment.
These discrepancies may be due to errors involved in the estimation

of energy levels of electrons in H 0+, AH(e), at the flat band potential

3
and the dimension of barrier (Umax and %).

In respect to the determination of AH(e), § was assumed as zero
(see section 6.4.7). However, § depends on the carrier density and
has the order of 0.01 ~ 0.2 eV. Correspondingly, theoretical quantum
efficiency-potential relation shifts towards more negative potentials
by 0.01 ~ 0.2 V depending on the carrier density.

In respect to the determination of the barrier dimension, the
electron was assumed to transfer to second layer of water to which a
proton transfers prior to the electron transfer [29]. However, it
may be possible that proton transfers to water attached to the electrode
surface and electron transfers to it. In this case, the barrier
thickness becomes very small and, therefore, higher quantum efficiency

than that calculated with the present model is expected.

In this respect, a more detailed study is required.
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6.5 THE RELATION BETWEEN THE CRITICAL POTENTIAL IN THE PHOTO-
ELECTROCHEMICAL GENERATION OF HYDROGEN AND THE PROPERTIES
OF THE SEMICONDUCTOR

The critical potential at which the photocurrent due to
hydrogen evolution is first observed has a very important meaning
from the practical point of view.

There is a difficulty of definition because the critical
potential depends upon the sensitivity of detection of the photo-
current.

The square root of the quantum efficiencies are plotted
against electrode potential in Fig. 6.9 ~ Fig. 6.13 for various

semiconductors.  Although the results for CdTe and ZnTe are not

very clear, linear relations are observed from vquantum efficiency (Q.E)
= 0.1 to VQ.E = 0.25 in most cases. The critical potential was defined
as extrapolated value of this linear part to vQ.E = 0. By this extra-

polation, the same value of the critical potential was obtained for

all photon energies concerned. The critical potentials determined

in this way are listed in Table 6.3.

As discussed in section 6.4.3, when the energy of electrons at
the semiconductor surface exceeds the energy level of electron in H30+
in the ground state, the photocurrent (quantum efficiency) becomes
significant. Therefore, the critical potential (with respect to.the
flat band potential) is expected to have stréng relation with the value
of AH(e), the energy difference between the bottom of the conduction
band and the energy level of electron in H30+ in the ground state at
the flat band potential.

A (e) is given by

AH(e) = - L, + Ea -J+A+R+ (S'CAS¢)fbp (6.27)
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Fig. 6.12 The dependence of'square root of the quantum efficiency

of InP in IN NaOH on electrode potential.
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TABLE 6.3 THE CRITICAL POTENTIAL OF SEVERAL SEMICONDUCTOR
ELECTRODES WITH RESPECT TO NORMAL HYDROGEN LLECTROLE

AND THE FLAT BAND POTENTIAL

Semiconductor

Critical Potential

In

IN NaOH

| In IN HyS0, .
' vs. NHE vs. FBP vs. NHE l " vs. FBP
1
ZnTe - 0.76 0.03 - 0.26 | - 0.30
L
CdTe - 0.48 - 0.69 - 0.27 ! 0.48
GaAs - 1.03 - 0.99 - 0.20 - 0.6 |
| Inp - 0.99 - 0.92 - -
%
Gar - 0.25 - 0.43 - 0.24 - 0.79
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Since the values of Lo, J and R do not depend on nature of the
semiconductor, and the dependence of A on semiconductor is expected

to be small (see Appendix 3.1 in chapter three),

N s.C,S
AH(e) = Ea + (C°7A ¢)fbp + const. (6.35)

If (S'CAS¢)fbpbis zero as assumed in chapter three, a strong corre-
lation between E, and the critical potential is expected.

The critical potential is plotted against the electron affinity
in Fig. 6.14(a) for NaOH solution and in Fig. 6.14(b) for H2804
solution. The correlation coefficients of these plots are - 0.76
for NaOH solution and - 0.20 for HZSO4 solution, respectively, and
suggest relatively poor correlation, especially in HZSO4.

Since, from (Eq. 6.24),

(s'CAS¢)fbp a vfbp -'{(Eg +E) 4.3}/F (6.36)

AH(e) is given by:

AH(e) = V - Eg/F + const. (6.37)

fbp

Therefore, a strong correlation between the critical potential and

(Vfbp - Eg/F) is expected. Fig. 6.15(a) and Fig. 6.15(b) show the
relation between the critical potential and (Vfbp - Eg/F) in NaOH and

in HZSO4, respectively. The correlation coefficient of these plots

are - 0.94 and - 0.76 for NaOH and for HZSO4 solution, respectively.
These values suggest a very strong relation between the critical
potential and the value (vfbp - Eg/F) and confirms the importance

of the potential drop in the electric double layer at the flat band
potential in respect to the position of the quantum efficiency-potential

relation, although the correlation in HZSO is relatively poor.

4
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Fig. 6.14 The relations between the electron affinity and the
critical potential with respect to the flat band
potential in IN NaOH (a) and IN H2804 (b).
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This relation also suggests the importance of the energy gap.
Although the small energy gap is required from the point of
solar energy absorption, the smaller the energy gap, the more negative
the critical potential (with respect to the flat band potential) and,

therefore, the smaller the efficiencies as a whole cell system.
When the energy gap is small, the energy of electron at the

surface is not high enough to react with H 0" or HZO (Boltzmann dis-

3
tributed states) even when the electrode potential is relatively
negative with respect to the flat band potential. The good example
of this situation was CdTe in NaOH. The flat band potential is
0.21 v (NHE) and the critical potential is - 0.48 V (NHE). However,
if oxygen existed in the solution, photocurrents were observed even
at - 0.1 V (NHE).

Thus, many excited electrons are arriving at the CdTe surface
even at - 0.1 V (NHE) and if there is an acceptor, oxygen in this
case, the electrons will transfer to the acceptor. However, if
there is no oxygen in the solution, although many excited electrons
are arriving at the surface, they could not find an acceptor, since
their energy is not high enough to transfer to H o or water unless

3

the electrode potential becomes sufficiently negative.
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6.6 pH DEPENDENCE OF THE FLAT BAND POTENTIAL

The values of the flat band potential of the semiconductors were
the pH dependence and the values in NaOH were more negative than those
in H2804 except for CdTe.

This behaviour was interpreted by Gerischer for Ge [ 40] by
considering the dissociation equilibrium of hydroxide group which
are chemically bonded to the atoms of the semiconductor at the surface.
This interpretation was applied to other semiconductors [28,41,42] and
is seemed to be applicable in this work except for CdTe.

The special behaviour of CdTe may be due to the change of
surface structure. As seen in the Mott-Schottky plots, the slope
of the plot in NaOH and that in HZSO4 are different and that in HZSO4
have larger frequency dependence. Also there is a possibility that
the measured values of impedance in H2304 is not the impedance of

the space charge but the Faradic impedance because, although the

measured current was small, there is a possibility of the corrosion

CdTe + 2H0" + Cd '+ Te + 2H,0 + H (6.38)

2

when the electrode potential is relatively positive.



233.

6.7 HYDROGEN EVOLUTION IN ALKALINE SOLUTION

. + +
An electron will transfer not to H30 but to water or Na
ion in alkaline solution*.

6.7.1 The Energy Level of Hzg

The standard enthalpy change (no potential drop in the double
layer) for the reaction

AH(e)

p-S.C(e) + Hzoaq p—S.C———H———?~~-H20 (6.39)
H

can be estimated by considering the following thermodynamic cycle.

AH{e) =~

p-S.C(e) + Hzoaq LN N p—S.C——H——?-—HZO
- H
Fvap - R
p-S.C(e) + HZO + HZan p-S.C--H + OH __Hzo
- Episs - L
p-S.C(e) + H + OH + HZan p-S.C--H + OH + HZO
- E - A
a
H H,0 ~EA S.C + OH + H + H,0
p-S.C+ e + OH + H + 2%aq p-S.C + 2%aq

where R is the interaction energy between an H atom and the OH and
it is assumed as follows.
Interaction energy between an ion and a dipole, u, is given

by [ 45]

a o= Aa? - Ba™ - ca? (6.40)

and where,

]

A (4/9)Ba§ ¥ (7/9) Caz (6.41)

+ )
* At Hg electrode, electrons transfer to Na [43] and at Ni electrode,

they transfer to HZO { 44], both in dark.
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o=]
#

2
L a(zeo) (6.42)
C = ze M (6.43)

a is the distance between the ion and the dipole, a, is the equilibrium
distance, o and U are the polarizability and the dipole moment,
respectively. By assuming, a = a, = 0.978 (H-OH distance of water
molecule [46] , o = 0.42 (polarizability of hydrogen [47], p = 0,

z = -1, u, which is R in this case, is calculated as - 1.88 eV (43.2

kcal/mole). Therefore, AH(e) is given by:

AH(e)

E + E_. +E -EA+A+L +R
vap Diss a 0

10 + 119 + Ea - 42 - 6 - 87 - 43

= Ea - 49 (kcal/mole) (6.44)

Since the energy level of H o is given by

3

AH(e) = Ea - 62 (kcal/mole) (6.45)

in section 3.2.1.1, the energy level of H20 is higher than that of

+
H,0 by 13 kcal/mole.

3
6.7.2 The Energy Level of Nn+

The standard enthalpy change of the reaction

p-S.C(e) +Na+ _bHCe) p-S.C--N_--H,0 (6.46)
aq

can be estimated by considering the following thermodynamic cycle

+ AH(e) .
p-S.C(e) + Na aq ——> p-S.C-——Na H20
L0 - R
+ 4
p-S.C(f) + Ny o+ H20 p—S.C——Na + HZO
E, ; 4 - A

+
p-§.C + e + N, + H,0 «— p-S.C + N, + H,0
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AH(e) - Lo + Ea -J+A+R

95 + Ea - 118 - A + R

i

E_ - 25 +A+R (6.47)

Assuming A and R have the same value as for hydrogen atom,

AH(e) is given by:
MH(e) = E - 33 (kcal/mole) (6.48)

and this is about 16 kcal/mole higher than that for water.

6.7.2 The Quantum Efficiency-Potential Relation in Alkaline
Solution

From above consideration, electrons seem to mainly transfer
to water molecule in an alkaline solution.

The shift of the position of quantum efficiency-potential
relation due to solution change is analysed as follows.

AH{e) in alkaline solution, AH and acid solution, AHac

alk’ id’
at the flat band potential, with taking into account the potential

drop in the electric double layer, are given by

B S.C,S
AHalk = Ea 2.13 + F(T" ™A ¢)fbp (eV) (6.49)
alk
and
_ ' 5.C,S
AHacid = Ea - 2.70 + F(C"7A ¢)fbp (eV) (6.50)
acid
respectively.
Therefore,

~ S.C,S $.C,S
M, = AH L g0= 0.57 + F{( 870) g - 7 ¢)fbp}
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As discussed before (see section 6.5), AH(e) has quite good
correlation with the critical potential (with respect to the flat
band potential). Thus, the difference between the critical potential

in NaOH and that in H.SO, and the value of right hand side of Eq.

274
(6.51) are expected to have a good correlation. Fig. 6.16 shows
this correlation and the correlation coefficient, - 0.94, supports

the above consideration and also confirms the validity of the model

which has been taken to interpret the experimental results.
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aHg k-8 Hacid
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©® CdTe
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1
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Fig. 6.16 The relation between

0.57 + F{(S'CAS¢)fbp - (S'CAS¢)fbp }} (Eq. 6.51)
) alk ‘acid

and the difference between the critical potential (with

respect to the flat band potential) in 1IN NaOH and that

in 1N H2804.
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6.8 EFFECT OF POTENTIAL ON QUANTUM EFFICIENCY-
WAVELENGTH RELATION

As siated in section 6.3, the nearer the electrode potential
is to the flat band potential, the larger is the ratio of the quantum
efficiency at high, compared with that at low, energies of the
incident light*, although for GaAs and for InP, the effect of poten-
tial on the form of the quantum efficiency-wavelength relations is
small.

6.8.1 Qualitative Analysis

Analysis is given for an anodic photocurrent at an n-type semi-
conductor, but it can be easily modified to a cathodic photocurrent
at a p-type semiconductor.

The photocurrent, ip, can be written as:

ip o Jh - vs.r (6.52)

where Jh is the number of holes arriving at the surface per unit area
per unit time and Ve o is the surface recombination rate.

When the energy of the photons is relatively large, the absorp-
tion coefficient is large, so that most of the photons are absorbed
near the electrode surface, and therefore holes are created near the

surface, and easily arrive there (Jh is large). Conversely, at

lower photon energies, there will be a lower absorption coefficient,

* For example, the results in Fig. 5.2 (TiO, single crystal) may be

taken. At - 0.45 V, the quantum efficieicies at 32008 and 38008
are 0.12 and 0.046, respectively, and, therefore, the ratio

(= quantum efficiency at SZOOR/quantum efficiency at 38003) is
2.6. On the other hand, at 1.25 V, the quantum efficiencies at
32008 and 38008 are 0.39 and 0.28, respectively, and the ratio is

1.4,
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so that most photons penetrate further ihto the electrode before
being absorbed. The holes thus produced can therefore only reach
the surface when the field strength in the semiconductor is large.
When the potential of the electrode becomes more negative, and moves,
thus, nearer to the flat band potential, the field in the semiconduc-
tor becomes smaller, and its effect on the holes reaching the surface
is less than that at more positive potentials. Thus, at such more
negative potentials, only the holes created by the higher energy
photons will reach the surface (Fig. 5.2). As the wavelength of
the photons increases, there will therefore be observed a lesser
quantum efficiency.

6.8.2 Semi-Quantitative Analysis for Maxima in the Quantum
Efficiency-Potential Relation

Existence of maxima in the quantum efficiency-wavelength
relation can be explained as follows.

At steady state,

i
o

-J.-J, +N

£ 9 N (6.53)

where Jf is the flux of electrons towards the surface, Jb is the

flux of electrons towards the bulk and Nph is the number of photons

absorbed, i.e., number of electrons created. Jf and Jb are given
by [48]:
_ Dc oc
Jf = - ﬁT'FX + D{Bx} (6.54)
f
and
_ Dc ac
Jb = ﬁT'FX + D(Bx]b (6.55)

where X is the field, ¢ is the concentration of electrons, (BC/BX)f
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is the concentration gradient towards surface, (Bc/Bx)b is the con-

centration gradient towards bulk and D is the diffusion coefficient.

From Eq. (6.53), (6.54) and (6.55),

ac 9c _
- D(§§]f - D&;;]b *Ny o= 0 (6.56)

For a first order approximation,

dc _ c

[H] £ T (1) (6.57)
and

Bc} _ ¢

o5 = = (6.58)

(ax b QD

are assumed, where o is the absorption coefficient and QD is the
diffusion length (= vD1).

From Eq. (6.56), (6.57) and (6.58), C is given by

N
= ——bph__
[ D(d""l/RID) (6.59)
Therefore, by using Eq. (6.54), Jf is given by:
_ Dc ac
Jf = - *R—T— FX + D(é—)?}f
_ JL-N FX + N O
RT ph a+(1/2Di ph m+(1/£D)
N 1 _ - 38X + q) (6.60)
ph a+(1/lD;

Surface recombination rate, vs " is proportional to J_.* and, therefore,

f

. . . 16
* Rough estimation of the amount of Jf is given by assuming Nph = 1077/
= -5
em’.sec, o = 10%n7t, 2y = 107cm, X = 1 V/50008 = 2 x 10* V/en as
2

about 2 x 1015/cm2.sec which is equivalent to 0.3 mA/cm .



241.

Eq. (6.52) becomes

i, 0 dy - kg (6.61)

where k is a proportional constant.

When the energy of photon increases to sufficient degree
(absorption coefficient relatively large), from Eq. (6.60), Jf
increases and, correspondingly, surface recombination increases.

Thus, lower quantum efficiency for too energetic light is expected.
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6.9 ANALYSIS OF TRANSIENT BEHAVIQUR

6.9.1 The Origin of the Transient Behaviour

The transient behaviour may be due to either a process in the
semiconductor or a process on the surface of the electrode.

In the former case, the origin of the transient behavicur is
due to the time dependence of the number of electrons arriving at the
surface. Since the transient behaviour measured in this work is
about 10*3 sec, the only process which has such a long time constant
in the semiconductor could be recombination process. By considering
a recombination process, the number of excess electrons at time t after

illumination is started, N(t), is given by [49]:
N(t) = N(l-e 7% (6.62)

where N is the number of excess electrons at the steady state and T
is the life time of the excited electron. Also, the number of

electrons at time t after illumination is turned off, N'(t}, is given

by

-t/T

N'(t) = Ne (6.63)

Since the time constant of diffusion is far less than that of recom-
bination process, the number of excess electrons at the surface, No(t),

is given by

No(l-et/T) (6.64)

N, (t)

when light is on
-t/1

n

and Né(t) N e (6.65)
when light is off,

where No is the steady state concentration of excess electrons at
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the surface.

Since the photocurrent, ip(t), is given by
1p(t) o, No(t) ~ (6.66)

the time dependence of the photocurrent is given by

ip(t) k No(t)

k No(l—e—t/T)

ist'(l—e_t/T) (6.67)

when the light is turned on,
where ist is the steady state photocurrent.

Similarly,

OB iste't/T (6.68)

when the light is turned off.

The time dependence of the photocurrent following these
equations is shown in Fig. 6.17. However, the result of the transient
behaviour of the semiconductors investigated in this work were quite
different, especially when the electrode potential was near to the
flat band potential.  Typical behaviour is shown also in Fig. 6.17,
schematically.

From the above consideration it may be concluded that since
the life time of the excited electrons is less than 10—3 sec, the
transient behaviour observed are due to surface electrochemical process.

6.9.2 Cathodic Current Other than Hydrogen Evolution

In steady state measurements, the measured current is considered

due to hydrogen evolution. However, there is a possibility of a
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cathodic photocurrent due to the reduction of a species which is
adsorbed on the electrode surface when the electrode is in the dark.
The species may be oxygen and metal cation of the semiconductors,
++ ++
e.g., Cd for CdTe, Zn  for ZnTe, etc.

6.9.3 Time Dependence of the Cathodic Current

The measured current, ip, may be given by

1p - 1p,H2+ lp,red

H, H ot * kredcred (6.69)

where kH and kred are the rate constant for hydrogen evolution
2

reaction and other reduction reaction, respectively, and CH + and

3O

. + .
Cred are the concentration of H,0 and the species to be reduced,

3

respectively.
As far as hydrogen evolution reaction is not diffusion con-

trolled, C, ~* can be considered as time independent. On the other

H30

hand, one can assume that under illumination there will be almost no
oxidation process which creates the species to be reduced and,
therefore, Cred decreases with time.

Thus, Eq. (6.69) becomes:

1p(t) = lP»Hz + 1p,red(t)
- kHZCH ot * kredcred(t) (6.70)
3
Also, from Faraday's law,
t+At
Ml 4 6
CoeqltHat) = C_, () - FJ lp,red(t) t (6.71)
t

where M is the gram equivalent of the species to be reduced and F
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is the Faraday's constant. C is given by g/cmz.

From these two equations, the current at time t is given by

. . M
1p(t) = lp,HZCH30+ + kredco,redexP(_ ﬁ'kredt) (6.72)

where Co red is the concentration of the species to be reduced at

b

time zero.

6.9.4 Comparison with the Experimental Results

Some experimental results are plotted in Fig. 6.18 as
log (i(t)—ist) vs. t. These plots show a good linear relation.
Also the fact the closer electrode potential to the FBP, the larger the
effect and also the longer the time constant can be explained as follows.
The integration of the excess cathodic current, i.e.

e}

( {i(t)-i(~)}dt, gives the %Co and, since %-is constant for a system

© concerned, the integrated value is proportional to Co’ the concentra-

tion of species to be reduced. One can easily think that the more

anodic the electrode potential the larger the amount of the species.
The time constant of the behaviour is given by ﬁ%~and since %

is constant it is proportional to %n This k is a function of potential
and it is easily understood that the more positive the potential the
smaller the k (rate constant for cathodic reaction) and, therefore,
the longer time constant.

The C0 is for order of 1 ~ 1000uc/cm2 which is about 0.01 ~ 1
monolayer of adsorption.

This amount may also depend how long the electrode is kept in dark

before illumination. In this work, this effect was not examined.
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6.10 THE EFFECT OF THE FILM THICKNESS (TiO,)

ON QUANTUM EFFICIENCY-WAVELENGTH RELATION

If the film is too thin, then most of illuminated photon are
not absorbed in oxide film layer but in the substrate layer and wasted.
Therefore the film thickness has a very important meaning.

In Fig. 6.19, the fraction of photon absorbed in the oxide film
layer is shown as a function of film thickness for several wavelength
of light.

By multiplying this fraction by the quantum efficiency of single
crystal of TiO2 at several wavelength (Fig. 5.2), quantum efficiency-
wavelength relation of the film, the properties of which are the same
as those of single crystal except for the film thickness is calculated
and is shown in Fig. 6.20 for several film thicknesses.

The thicker the film, the larger the quantum efficiency and the
longer the wavelength of light for maximum quantum efficiency is
expected from this consideration.

In the experiments at Ti anodic oxide films was observed that
amaximum in quantum efficiency-wavelength relation appeared at shorter
wavelength than that of TiO2 single crystal, Also in the case of high
temperature oxidized Ti film, the longer the oxidation time, the longer
the wavelength at which amaximum of quantum efficiency was observed.
These results are easily understood from the above considerations.

In the case of an anodic oxide film, the thickness of the film may be
very thin and, therefore, amaximum in the quantum efficiencf—wavelength

relation appeared at shorter wavelength than that of TiO, single crystal.

2

Also, the longer the oxidation time is, the thicker the film is

and, therefore, the longer the wavelength at which amaximumis observed.
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6.11 THE PREVENTION OF ANODIC DISSOLUTION OF CdS
BY COATING WITH TiO, FIIM

TiO2 is the best photoahode which has up till the present been
shown to combine a sufficient photon absorption in the range of the
solar spectrum with limitingly small anodic dissolution. If a semi-
conductor, which has a relatively low energy gap, is protected from
anodic dissolution, there may be a wider choice of possibilities.

In this respect, CdS single crystal was coated with a TiO, film and

2
it was examined photoelectrochemically. As reported in section
5.1.?, the photocurrents were observed at CdS single crystal coated
with TiO2 film even when the energy of the light was smaller than the
energy gap of TiO2 (3.0 eV = 41002), although the quantum efficiency
of this electrode was low compared with that of CdS single crystals
(although much of this is due to CdS dissolution). Also, the
decreasing rate of the photocurrent at this electrode was about 20%
of thét of CdS single crystal used alone. Fig. 6.21 shows the

spectral response of this electrode and TiO, single crystal under

2
solar energy calculated by using the results of this work and the
data of solar energy. It is apparent that the CdS éoated with TiO2
film converts about four times more solar energy to electricity

than a TiO, single crystal.

2
One may question whether the photocurrent observed at CdS
coated with TiO2 film is perhaps not oxygen evolution reaction but
CdS decomposition because of imperfection of the electrode surface.
However, if the photocurrent is due to CdS decomposition, then, the
deterioration of the photocurrent should be similar to that of CdS

single crystal used alone. Actually a very considerable improvement

of stability was observed for the CdS coated with TiO2 film.
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Therefore, one deduces that a hole created in the CdS crystal does
indeed travel through the TiO2 layer, arriving at the surface of
the electrode, and reacting with OH .

Since tle experiment was carried out as a preliminary basis,

a detailed discussion is not practical. However, some qualitative
analysis is given as follows.

The energy diagram for CdS/TiOz/solution system in equilibrium
and under anodic bias are shown in Fig. 6.22 (a) and (b), respectively.
The situation is considered to be similar to that of an n/p/n junction.

The photon, the energy of which is less than the energy gap of
Tioz, pass through a TiO2 layer without absorption by TiO2 and is
absorbed by CdS. A photon adsorbed by CdS creates an electron in
the conduction band and a hole in the valenc.e band. A field exists
in the CdS which separates the electron-hole pair in such a way that
the electron moves to the bulk and the hole moves towards the CdS/TiO2
interface. The holes accumulate in that region (similar to a p region
of an n/p/n junction). Correspondingly, the electrons in the conduc-
tion band of TiO2 pass easily over the barrier and move to the bulk
of CdS under the internal CdS field. Since the region of that inter-
face 1is narrow and the density of electrons is low, recombination is
unlikely and the holes diffuse into the TiO2 region, whereafter they
are carried to the surface by the field present, as suggested by
McKay { 501 and Schokley et al. [51] in thg case of n/p/n junction.

To trecat this system more quantitatively, further more detailed
experiments should be carried out. Some suggestions are given in
section 6.12.

Similar attempts were made by Nakato et al. [9]. They prevenrted

anodic dissolution of semiconductors by coating with metal films.
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Ti0, Solution

Diffusion

TiO,; Solution

Fig. 6.22 The energy band profile of CdS/TiOz/solution system,
(a) At thermal equilibrium.
(b) With an applied anodic bias,
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Also, quite recently, Morisaki et al. coated p+/n Si solar cell
with TiO2 film [52] and found the system worked well. They claimed
that there is no undesirable potential barrier at the interface

between Si solar cell and TiO2 film.
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6.12 FUTURE RESEARCH

6.12.1 Estimation of the Potential Drop in the Double Layer

As strongly stressed in this work, the potential drop in the
electric double layer has very important meaning in the photoelectrc-
chemical kinetics at semiconductor electrodes, and has been usually
neglected, in favour of the known potential drop in the semiconductor.
In this work, the potential distribution in the semiconductor and the
electric double layer was estimated from the value of the Mott-Schottky
plot (see section 6.3.9). This can be estimated more accurately

by measuring the surface conductivity at steady state and under rapid

potential change [28]. Also the comparison of the slope of Mott-
Shottky plot at steady state and under rapid potential change may be
interesting. Also, in this respect, the carrier density of the
semiconductor should be measured by a solid state measurement, e.g.
Ifall measurement, capacitance measurement outside solution, etc.

6.12.2 Surface Recombination

In this work, the contribution of surface recombination was not
considered quantitatively. For more accurate treatment, this must be
taken into account.

Accordingly, the surface recombination velocity [ 28] should be
measured for each crystal in several solutions at several potential
ranges.

6.12.3 Surface States

Surface states influence greatly the potential drop at the flat
band potential and, therefore, they should be estimated quantitatively.
Green et al. have estimated surface state concentration for Ge

electrode [ 53] .
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6.12.4 Carrier Density

The photoelectrochemical efficiency may largely depend on the
carrier density of the semiconductor which determines the width of
space charge layer and, also, has strong effect on the potential drop
in the electric double layer. Therefore the photoelectrochemical
measurements should be carried out for fhe semiconductor with
different carrier densities. Tamura et al. studied the effect of

carrier density on quantum efficiency for TiO, and p-GaP briefly [ 54].

2

6.12.5 Transient Measurement

Transient measurements in this work could measure the phenomena,
the time constant of which was larger than 10—3 sec. However, to
see the transient behaviour in the semiconductor, measurements which
can measure the phenomena, the time constant of which is less than
10-6 sec, should be carried out. Thus, it is necessary to determine
directly the life time of carriers in the electrochemical situation
and not to use the values measured in vacuo.

6.12.6 Coating

The structure of energy junction between the base material and
coating material should be understood quantitatively. In this
respect, a number of combination of base materials and coating materials
must be made and not only photoelectrochemical measurement but also
the I-V relation (dark and under illumination) and Mott-Schottky plot
must be measured outside solution. Also film perfection must be

studied (EM, AE, etc.)
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6.13 FUTURE PROSPECT OF THIS FIELD

The most important prospective advantage of this process is
that water (an abundant source) can be decomposed into oxygen and
hydrogen (a clean fuel) directly by solar energy (abundant source),
with byproduct electricity.
There are the following difficulties in the practical use of
7this process at the present time.
(1) Limited absorption in the solar spectrum by the semiconductor
electrode.
(2) Instability of the electrode material in solution.
(3) Additional external energy requirement, if only one semiconductor
is used.
Fig. 6.23 shows this situation schematically. As explained
in section 3.4.1, when I-V curve of photoanode appears more negative
potential than that of photo (or dark) cathode, the combination of the
two electrodes worksas a self-driven cell. In Fig. 6.23 I-V relation
(under solar irradiation) of oxygen evolution (anodic) reaction at
TiO0

the best photoanode at present in this field, and SrTiO_, an

2° 3
alternative stable photoanode;and that of hydrogen evolution (cathodic)
reaction at GaP, photocathode proposed by Yoneyama et al. [18], and
CdTe, an alternative photocathode found in this work,are shown. I-V
relation of hydrogen evolution (cathodic) reaction at Pt in dark is

also shown in Fig. 6.23. If one takes TiO2 as a photoancde, one should
have a photocathode or Pt cathode with an auxiliary external potential
because I-V relation of Pt appears at more negative potentials than

that of TiO2 (difficulty (3)). Ti02/solution/CdTe and TiOz/solution/

Gap give maximum current I, and I, respectively (see Fig. 6.23).
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The current-potential relations for hydrogen evolution
reaction at Pt (dark), p-CdTe, p-GaP and an ideal photo-

cathode and oxygen evolution reaction at TiOz, SrTiOS and
an ideal photoanode,
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In this respect GaP is a good photocathode but it is not a stable
electrode (difficulty (2)). In the cell, TiOZ/solution/CdTe,
the critical point is not a high energy gap of TiOZ, i.e., low
absorption which is stressed by many research workers but a relative
position of I-V relation of both electrodes. In the case of
SrTi0; photoanode, I-V the photocurrent appears at very negative
potentials and SrTiOS/solution/Pt works as a photo-driven cell without
an external potential (see Fig. 6.23). However, in this case, high
energy gap of SrTiOS, low solar energy absorption, limit the cell
current, i.e., max. I1 (difficulty (1)). I-V relations of ideal
photoanode and cathode are shown in Fig. 6.23, i.e., the photocurrent
at very negative potential for photoanode and that at very positive
potential for photocathode with high absorption of solar energy. In
the ideal photoanode/solution/Pt cell, maximum current is I6 and in
the ideal photoanode/solution/photocathode cell, it is 18 (Fig. 6.23).
However, the results reported so far suggest an improvement in effic-
iency is often coupled with a decrease in stability, and also an
improvement in the position of I-V relation is often coupled with a
higher energy gap (lower absorption of solar energy).

Recently, several workers are trying to overcome these difficulties,.
especially (1) and (2), i.e., to find a low energy gap semiconductor
with sufficient stability, by adding a redox couple so that a redox
reaction takes place instead of decomposition of the material itself.
Some stable photoelectrochemical cells have been reported in this way
[ 55,56] .

However, the most important advantage of this process, the direct
production of hydrogen, is no longer applicable to this redox type

photoelectrochemical cell. As an electricity generator from solar
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energy, one must compare the wet redox cell with a photovoltaic cell
and, in this respect, the latter is more convenient because of the
absence of an involvement of the solution. Therefore, there is no
advantage in the wet redox cell, in the present author's opinion, and
one should concentrate on the photoelectrochemical decomposition of
water, as far as this process is concerned.

Now, are there any possible solutions to the problems stated
above except the use of a wet redox cell?

One solution may be coating the electrodes, and this method should
be examined more closely. If one can prevent decomposition of the
material without much loss of quantum efficiency at a given wavelengti
by the coating, the choice of material becomes significant.

What about the requirement of an auxiliary external potential?

This difficulty may be solved by using a photocathode and photo-
anode together and by illuminating both electrodes as mentioned above.
However, in this way, solar energy must illuminate both electrode
effectively and that would involve the use of further optical construc-
tion. As far as illumination of the electrode is concerned, a photo-
voltaic electrode is easier than this electrode, because the former
case no solution is involved and the electrode itself can face the :un
directly. In the latter case, since the cathode and anode in soluticn
should be illuminated, beam splitting and mirror are needed to illurin-
ate the electrodes.

Considering the advantage of the direct production of hydroger.,
compared with electrolysis using electricity from photovoltaic cells,
and involvement of solution in the photoelectrochemical cell, the prusent

author opines that unless a big breakthrough, e.g., the finding of =z
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very cheap, stable and highly absorbingAmaterial, is achieved or a
similar result can be achieved by cladding, this process is unlikely to
become as economic as the combination of photovoltaic and improved,

modern water electrolysis*.

* But note that the efficiency of the photoelectrochemical plant can
be acceptably less than that of the combination of the photovoltaics
with water electrolysis. This is because of the reduced capital

cost (one plant, not two) offered by the photoelectrochemical method.
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6.14 SUMMARY OF CHAPTER SIX

The theory given in chapter three was applied to analyse the
quantum efficiency-potential relations.

The energy of electrons arriving at the surface and the.barrier
height were modified. The potential drop in the electric double
layer at the flat band potential was estimated and its important
role was shown.

The calculated results of the quantum efficiency-potential
relation with this model was in fair agreement with experimental
results.

The critical potential at which the quantum efficiency becomes
significant was defined and it was related to the values of the
flat band potential and the energy gap.

The shift of the quantum efficiency-potential relation with a

‘change of solution was explained by the difference of the energy

level of the acceptor in NaOH and in H2504.
The potential effect on the quantum efficiency-wavelength relation
was analysed in terms of the absorption coefficient, field in

the semiconductor, and surface recombinatiom.

The transient behaviour was analysed by considering the reduction
of adsorbed species.

The mechanism of prevention of anodic dissolution of CdS by
coating with Ti0, film was briefly interpreted.

The effect of film thickness on the quantum efficiency-wavelength

relation at TiO, electrodes was theoretically interpreted.
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