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Günther Leicht and Francis Levy

This contribution deals with some principles and problems of photoelectrochemical solar 
energy conversion and their influence on current semiconductor materials research. Can 
hydrogen production by photoelectrolysis be expected to become of any importance in the 
future? We outline the physical principles governing the behaviour of illuminated semicon­
ductor electrodes in aqueous electrolytes. As an example characterization of the p-type, 
single crystal, ternary chalcopyrites CdSiAs2 and ZnSnP2 is presented.

1. Introduction
Increasing air pollution and its conse­

quences, and in the long run limited reser­
ves demand the investigation of substi­
tutes for the fossil fuels. Hydrogen as a 
fuel has many attractive features such as 
the possibility of either clean combustion

in engines or the direct conversion to elec­
tricity in fuel cells[1]. Today hydrogen gas 
is used in large quantities in the chemical 
industry and is produced by reaction of 
natural gas (CH4) with water or by the 
gasification of coal. Future large-scale hy­
drogen production might not depend on 
fossil fuels as a raw material. But the 
splitting of water into hydrogen and oxy­
gen by conventional electrolysis needs a 
tremendous quantity of electrical energy 
which has to be produced first. Since the 
production of electricity by nuclear power 
has become a highly politicized topic, for 
the future great emphasis has to be put 
on the investigation of renewable energies 
like solar energy121.

There are several methods in using so­
lar energy for water splitting. One of it is 
the photoelectrolysis by semiconductor 
electrodes. In this paper we would like to
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show some basic principles and problems, 
and how they affect our semiconductor 
materials research.

2. Principles and Problems
For simplicity let us look at an electro­

lyte containing only one potential-con­
trolling redox couple, e.g. Cr3®/Cr2®. The 
electrochemical potential is determined by 
the standard potential of this redox cou­
ple, the ratio between the concentrations 
of the reduced and the oxidized compo-



FORSCHUNG/TECHNOLOGIE 131
CHIMIA « (1988) Nr.4 (April)

nent, and the temperature. The electro­
chemical potential of a semiconductor 
(i.e. the Fermi level) depends on its kind, 
the temperature, and the doping (Fig. 1). 
Upon immersing the semiconductor in 
the electrolyte an electrical charge ex­
change occurs across the interface by dif­
fusion (diffusion current), due to the pre-
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Fig. 1. Energy levels for a n-type semicon­
ductor and an aqueous electrolyte contain­
ing the redox couple Cr^jCr29 before 
electrode immersion. The following abbre­
viations were made: Ec = lower conduction 
band edge, Ev = upper valence band edge, 
Ed = energy level of the donors, 
Ef = Fermi level in the semiconductor. The 
relation between the energy scale used in 
solid state physics and the electrochemical 
scale is approximately given by the for­
mula: E[eV] = -q- VNnE — 4.5.

Fig. 2. Illustration of the charge distribu­
tion, the electric potential, and the band 
scheme (from top) after the thermody­
namical equilibrium between a n-type semi­
conductor and an aqueous electrolyte (with 
Cr3®ICr2^) has been reached.

viously different electrochemical poten­
tials. Thermodynamical equilibrium be­
tween the two phases is reached when the 
electrical field inside the semiconductor 
resulting from this charge transfer intro­
duces a drift current which will compen­
sate the diffusion current. The energy 
band scheme resulting from this semicon- 
ductor/electrolyte configuration is com­
parable to that one for a semiconductor/ 
metal interface and may be treated in first 
order by the simple Schottky theory.

Fig. 2 illustrates the above mentioned 
process for a n-type semiconductor. As 
long as no thermodynamical equilibrium 
is reached, electrons diffuse from the 
semiconductor into the electrolyte reduc­
ing the oxidized component Cr3®. Since 
some of the ions in the semiconductor are 
no longer compensated a positive space 
charge is left near the interface (space 
charge layer or depletion layer) while in 
the electrolyte a negative counter charge 
of solvated nagative ions occurs (Helm­
holtz layer). Since the cell resistance 
should be small relatively high concen­
trated electrolytes (Im) are used and so 
the potential drop in the electrolyte is 
nearly totally localized in the Helmholtz 
layer.

The consequence of this charge distri­
bution is an electrical field, correlating 
with the depicted potential drop and 
energy band scheme. Since the electrodes 
are not metals but semiconductors the 
Fermi level lies between the valence band 
and the conduction band in the forbidden 
zone, called energy gap. In the case of a 
n-type semiconductor the Fermi level is si­
tuated near the lower conduction band 
edge (Fig. 1) indicating the presence of 
donor centers inside the energy gap near 
the conduction band (giving up electrons 
to the latter). In the case of p-type semi­
conductors the Fermi level lies near the 
upper valence band edge indicating accep­
tor centers near the valence band. Once 
all acceptors or donors are ionized addi­
tional charge carriers can only be gen­
erated by interband transition like the 
photogeneration of an electron-hole pair. 
This means that an electron in the valence 
band is excited by an incident photon to

WB ELECTROLYTE

ILLUMINATED 
P-TYPE 

SEMICONDUCTOR

H+/H2

1.23 V
I HgOZOg 

—*— ------e

hv

Fig. 3. Photoelectrolysis cell with a p-type semiconductor under illumination. In an ideal 
cell, without any external bias, the H^/H. redox level lies below the conduction band edge 
and the H2O/O2 level lies above the valence band edge.

the conduction band leaving behind a 
positively charged hole. But the energy of 
the photon has to be at least of the same 
size as the energy gap.

As we have seen the band bending de­
pends on the inner electrical field and can 
therefore be influenced more or less by 
the choice of the redox couple.

In a photoelectrochemical solar cell 
consisting of a semiconductor with an 
ohmic back contact, an electrolyte with a 
redox couple, a metallic counter elec­
trode, and a resistive load the electrical 
field in the space charge layer is used to 
separate optically generated electron-hole 
pairs. In the case of a n-type semiconduc­
tor the minority carriers, the holes, drift 
to the semiconductor/electrolyte interface 
where they oxidize the reduced compo­
nent of the electrolyte while the electrons 
move through the bulk, the back contact, 
and the load to the counter electrode 
where the inverse process takes place. 
Since the maximal achievable photo­
voltage depends on the band bending in 
the dark a redox potential near the va­
lence band is desirable.

The function of a photoelectrolysis cell 
is nearly the same. But there is not just 
one redox couple which can be chosen 
more or less at will. Instead we have two 
redox couples (H®/H2 and H2O/O2) with 
fixed redox potentials (at fixed pH). In 
the case of a p-type semiconductor in 
contact with an aqueous electrolyte opti­
cally generated minority carriers (elec­
trons) reduce H® to H2 while at the coun­
ter electrode the holes oxidize the water 
(Fig. 3).

2 H® + 2 ee-»H2

H2O + 2 h®-*2 H® + 7z O2

3. Semiconductor Materials
For the design of a photoelectro­

chemical solar cell or a photoelectrolysis 
cell we have to know some basic parame­
ters of the semiconductor/electrolyte in­
terface, such as the quantum efficiency, 
the size and kind of the energy gap, the
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flatband potential, corrosion behaviour, 
etc.

Quantum efficiency:
The quantum efficiency shows the ca­

pability of a semiconductor to convert 
light to electricity. It is defined as the ra­
tio between the number of incident pho­
tons and the number of produced and 
separated electron-hole pairs which con­
tribute to the photocurrent.

Energy gap:
The optimal bandgap of a semiconduc­

tor in a photovoltaic device lies around 
1.5 eV. An older reference gives a range 
of about 1.3 to 1.6 eV for a cloudy day131. 
A new one shows that a large part of the 
infrared spectrum is absorbed under spe­
cial conditions like covered sky what 
would shift the ideal bandgap to a higher 
value141. Incident light with an energy 
smaller than the bandgap does not con­
tribute to the photocurrent since it cannot 
lift an electron to the conduction band. 
On the other hand maximal band bending 
in the dark and hence the achievable pho­
tovoltage is higher the larger the gap. In a 
photoelectrolysis cell where 1.23 V for the 
splitting of water are required at zero cur­
rent the gap energy would have to be 
larger than 2.3 eV with only one absorber 
material and without an external bias due 
to the large overvoltages, especially for 
O2-generation|s|. A direct optical transi­
tion (no phonons involved) is preferable 
since then the absorption is higher and 
thin film solar cells are possible.

Flatband potential:
The flatband potential is the potential 

which has to be applied to the semicon­
ductor in order for the initial band bend­
ing to vanish. If this value is known, the 
energetics (like band bending under dif­
ferent redox couples) of the semiconduc- 
tor/electrolyte interface can be estimated 
and eventually optimized by the choice of 
the redox couple.

Corrosion behaviour:
A main problem in semiconductor pho­

toelectrochemistry is the photocorrosion. 
Specially the n-type semiconductors suffer 
under the selfdestroying by photo­
oxidation while the p-type semiconduc­
tors seem to be more stable.

Good results in photoelectrochemical 
solar cells were achieved with semicon­
ductors of zincblende structure like InP 
or GaAs which both have a direct optical 
fundamental but relatively small gap (1.3 
eV and 1.4 eV). The close relationship be­
tween the bandstructures of zincblende 
and chalcopyrite semiconductors have led 
us to expect similar properties for the 
latter. In this paper we report some re­
sults of our investigations on the p-type, 
single crystal, ternary chalcopyrites 
CdSiAs2 and ZnSnP2. Crystal growth and 
preparation is described elsewhere and 
has not to be repeated here16'71.

4. Experimental, Results and Discussion
Measurements were made using the 

standard three-electrode configuration 
with working electrode, platinum counter 
electrode, and saturated calomel reference 
electrode. Photovoltage, capacity, and 
electro reflection measurements were 
made using lock-in techniques. Mono­
chromatic light was provided by a halo­
gen lamp (100 W) and a double-prism 
monochromator.

Quantum efficiency:
Fig. 4 shows the quantum efficiency for 

CdSiAs2 and ZnSnP2 in Im H2SO4 uncor­
rected for reflection and electrolyte ab­
sorption losses. CdSiAs, has an efficiency 
between 50 and 60% over a broad 
spectral range for the polarization direc­
tion ,E||c where c is the tetragonal axis. In 
the case of ZnSnP2 the efficiency for non­
polarized light is in the same order but 
with a slower increase for energies above 
the energy gap.

Energy gap:
The energy gap can be measured e.g. 

optically by an absorption measurement 
or by electrolyte electroreflectance (EER). 
In the latter the reflection is measured un­
der the influence of the modulated elec­
trical field in the space charge region. In

Fig.4. Quantum yield spectra of CdSiAs2 andZnSnP, in Im H2SO4. The CdSiAs2 spec­
trum was measured with polarized light and E\\c, where c is the tetragonal axis.

PHOTON ENERGY [eV]
Fig.5. Electrolyte-electroreflectance spectrum of CdSiAs2 in Im H2SO4for Ê\\c. Modula­
tion: 100 mVpp and 115 Hz. Electrode potential: —0.2 VSCE.

practice this is accomplished by modulat­
ing the electrode potential. The easiest 
way to apply this technique is based on 
the validity of the low-field approxi­
mation™.

In the low-field limit the electroreflec­
tance signal can be described by the for­
mula

JR/R^(2-e-NA'Vsc/S)-L(hv) (1)

where

L(hv)xRe(C-eafhv-Eg + iFff) (2)

Vsc is the fundamental harmonic compo­
nent measured by phase-sensitive detec­
tion of the time-dependent potential V(t). 
L(hv) is a line-shape function describing 
the spectral dependence of the signal. As 
it can be seen in Equation (2) the electro­
reflectance signal depends among other 
things on the gap energy E^ Aspnes has 
introduced a simple 3-point graphical 
technique for the determination of Eg 
from the EER spectrum™. Applying this 
method for CdSiAs2 a gap energy of 1.55 
eV was found, while Eg = 1.68 eV in the 
case of ZnSnP2. Both values are in good 
accordance with the literature where 
E/CdSiAsJ = 1.55 eV and EB(ZnSnP2) 
= 1.66 eV171. Fig. 5 shows an EER-spec-
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trum of CdSiAs2 in Im H2SO4. The peri­
odic change of the electric field was 
achieved by modulating the electrode po­
tential with 100 mVpp around the bias of 
— 0.2 VSCE. The modulation frequency 
was 115 Hz.

Flatband potential:
The flatband can be measured by dif­

ferent methods like impedance measure­
ment or EER measurement. The capacity 
of the space charge layer follows from 
complex impedance measurements after 
the analysis with a more or less simple 
equivalent circuit. The intersection of the 
1/C2 vs. potential plot with the potential 
axis leads to Fa according to the Mott- 
Schottky theory1’1:
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Fig. 6 shows Mott-Schottky plots for a 
CdSiAs, and a ZnSnP, electrode in Im 
H2SO4 and a modulation frequency of 50 
kHz. The modulation amplitude was 20 
mVpp. For freshly etched CdSiAs, a flat­
band value of +0.22 VSCE was found by 
extrapolation of the curves. A fast ca­
thodic shift for the flatband to —0.2 VSCE 
could be observed after the etching. Per­
fectly linear Mott-Schottky plots were ob­
tained for frequencies from 700 Hz up to

ELECTRODE POTENTIAL CVsceJ

Fig.6. Mott-Schottky plots in Im H2SO4for a ZnSnP2 and a freshly etched CdSiAs 2 
electrode. Modulation frequency was 50 kHz and the modulation amplitude 20 m Ppp.

ELECTRODE POTENTIAL LVscel
Fig. 7. Electrolyte-electroreflectance flatband plot in Im H2SO4 for CdSiAs2 at 
EphM = 1-575 eV for È\\c. Modulation: 50 mVpp and 110 Hz.

70 kHz. Though the plots do show some 
frequency dependence which is mainly 
visible in the variation of the slopes, at 
steady state conditions the deduced flat­
band value remains nearly constant tend­
ing towards —0.2 VSCE for frequencies 
higher than 5 kHz. The measurement for 
ZnSnP2 over the same frequency range 
shows again a slight variation in the 
slopes but also no dependence in the eval­
uated «flatbands» which lie at +0.72 
^SCE-

Due to the obvious shortcomings of 
this technique an additional method for 
the determination of the flatband is pre­
ferable. This technique is again based on 
the EER measurement. Since the EER 
signal detected by the lock-in technique 
changes phase by 180 degrees compared 
with the modulation reference at the mo­
ment of flatband transition, a change of 
sign occurs1101. In the point-by-point 
method EER flatband determination was 
performed by measuring the EER spectra 
at different electrode potentials. The 
value of the highest peak in each spec­
trum was plotted as a function of the po­
tential. In the other method, £ hot was set 
to the highest peak in the spectra and 
then the potential was swept slowly to­
wards the flatband. Since the flatband 
condition could not be reached due to ex­
cessive anodic current, the resulting curve

did not exhibit a sign change. Approxi­
mate values for the flatband potential 
were found in both methods by extrapo­
lating the decreasing part in the plots giv­
ing V^x + 0.3 VSCE for CdSiAs2 (Fig. 7). 
First measurements for ZnSnP, with the 
second method resulted in an approxi­
mate value of Ftl,« +0.7 VSCE which cor­
roborates again the value determined 
from the impedance measurements.

5. Conclusions and Outlook
In conclusion we can state that both 

materials CdSiAs2 and ZnSnP2 are attrac­
tive for further investigation for their sui­
tability for photovoltaic devices. The di­
rect bandgaps lie near the value for op­
timal conversion efficiency. The quantum 
efficiency exceeds 50% but with a slow 
increasing at the band edge in the case of 
ZnSnP2. Flatband shift after etching the 
surface specially seen by CdSiAs2 has to 
be inhibited perhaps by specific adsorp­
tion of positive ions. Due to this and the 
size of the gap which lies very near the 
optimum CdSiAs2 is better suited for dry 
applications. The larger gap and the rela­
tively high flatband potential make 
ZnSnP2 to a promising candidate for pho­
toelectrochemical energy conversion. It 
could be used, e.g. as a photocathode in a 
two-electrode photoelectrolysis cell (with 
an additional photoanode) or as a single 
photocathode with an additional external 
bias in photoassisted electrolysis.

The question whether photoelectrolysis 
will ever cover a significant part of the 
world energy needs still hinges upon the 
crucial problem to find efficient and sta­
ble electrode materials which can be 
manufactured at sufficiently low costs.
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