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a b s t r a c t

Cd1−xZnxSe photoelectrode have been synthesized by chemical bath deposition method. (CdZn)Se
photoelectrode acts as photoanode. The cell configuration is n-CdZnSe|NaOH (1 M) + S (1 M) + Na2S
(1 M)|C(graphite). It is found that fill factor and efficiency are maximum for Cd0.9Zn0.1Se. This is due to
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low resistance, high flat band potential, maximum open circuit voltage as well as maximum short cir-
cuit current. The lighted ideality factor was found to be minimum for Cd0.9Zn0.1Se photoelectrode. A cell
utilizing photoelectrode showed a wider spectral response.

© 2010 Elsevier B.V. All rights reserved.
pectral response

. Introduction

In last decade, construction of PEC cells with the aid of active
emiconductor–electrolyte junction has been advanced as an alter-
ative to well-known method of energy conversion involving the
se of solid state semiconductor solar cells. The alternative method
as searched because the usual solar cells are manufactured from
ighly pure and perfect crystalline materials and p–n junction is
btained using sophisticated technology. For this reason they are
uite costly [1–2]. Simple in construction, absence of lattice mis-
atch, possibility of adjustment of Fermi level by suitably choosing

edox electrolyte, no requirement of coating are the advantage of
hese cells. Semiconductor–electrolyte interface may be used for
hotoelectrolysis, photocatalysis and photoelectrochemical power
eneration [3–5]. The direct conversion of solar energy into elec-
rical current using semiconductor–electrolyte interface was first
emonstrated by Gerischer [6] and Eills et al. [7]. Since then a large
umber of metal as well as mixed chalcogenide and oxides have

een used as photoelectrode in PEC cells. The stability and efficiency
f PEC cells are mainly dependent on preparation conditions for
hotoelectrode, electrolyte and experimental conditions set dur-

ng the experiment [8]. Determination of electronic parameters of

∗ Corresponding author. Tel.: +91 0231 2692258.
E-mail addresses: pachate04@rediffmail.com, pachate09@rediffmail.com (P.A.

hate).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.07.040
these semiconducting thin films is essential in testing their suitabil-
ity. The basic requirements of good thin film photoelectrode for PEC
cells are low resistivity and larger grain size. Large grain size leads to
reduction of grain boundary area of the thin film leading to an effi-
cient energy conversion. The low resistivity of the photoelectrode
required to minimize the series resistance of the PEC cell which
leads to lower the short circuit current [9,10]. In PEC cells, the use is
made of the interface which is formed on merely dipping the semi-
conductor into electrolyte solution and liquid junction potential
barrier can be easily set up. Polycrystalline semiconductor film can
be used without any drastic decrease in efficiency. This is because
of the intimate and perfect contact of liquid electrolyte within crys-
talline grains. Thus PEC cell provide an economical chemical route
for trapping solar cells. It consists of a photosensitive n-or-p- type
semiconductor electrode and a counter electrode dipped in a suit-
able electrolyte. Binary and ternary chalcogenide semiconductors
of II–VI have received widespread interest in the field of PEC. Sin-
gle crystals as well as polycrystalline thin films are giving good
response.

In previous communication, we reported the successful depo-
sition of polycrystalline CdZnSe thin films by chemical bath
deposition technique. Growth mechanism, structural, morpho-

logical, compositional, optical, electrical and thermoelectrical
properties are studied [11]. This paper deals with photo-
electrochemical performance of (CdZn)Se thin film. I–V, C–V
characteristics in dark, power output curves, barrier height mea-
surements, photoresponse, spectral response study.

dx.doi.org/10.1016/j.jallcom.2010.07.040
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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it decreases. The plot suggests the presence of two regions, which
are attributed to the defect structure and surface states present
in the Cd1−xZnxSe thin film. It also suggests that the junctions are
graded type. The plot of flat band potential with composition is
shown in Fig. 4. The increase in flat band parameter at x = 0.1 is due
74 P.A. Chate et al. / Journal of Alloy

. Experimental details

.1. Preparation of Cd1−xZnxSe photoelectrode

Cd1−xZnxSe (0 < x < 1) was deposited onto the smooth polished stainless steel
ubstrate, which acts as photoelectrode. The deposition of a typical Cd0.5Zn0.5Se
hotoelectrode was made in a reactive solution obtained by mixing of, 5 mL(0.2 M)
admium sulphate octahydrate, 5 mL(0.2 M) zinc sulphate, 2.5 mL (1 M) tartaric acid,
5 mL (2%) hydrazine hydrate and 10 mL (0.2 M) sodium selenosulphate. Sodium
elenosulphate was prepared by the following the method reported earlier [12]. All
he chemicals used were of AR grade. The total volume of the reaction mixture was

ade to 150 mL by adding double distilled water. The beaker containing reactive
olution was transferred to ice bath of 278 K. The pH was found to be 12.00 ± 0.05.
our-stainless steel substrate were kept vertically in a reaction mixture and rotated
ith a speed of 50 ± 2 rpm. The temperature of the solution was allowed to rise

lowly to room temperatures. The substrates were removed from the beaker after
40 min.

Similar procedure was adapted to synthesis Cd1−xZnxSe (0.1 ≤ x ≤ 0.9) thin films.
he solutions of cadmium sulphate, zinc sulphate, sodium selenosulphate were
ixed in the required stoichiometric ratio of (1 − x):x:1. The pH of the reactive

olution was kept in the range 11.75–12.50.

.2. Fabrication of PEC Cell

It consists of H-shaped glass tube. One of the arm of the tube was made from
ard glass having diameter of size 2.7 cm and length 7 cm and other is ordinary test
ube of inner diameter 1.5 cm and length 7 cm. This H-shaped glass container was
tted in a copper pot. A window having the dimension of 2 cm × 1.5 cm was made
vailable for illumination of the photoelectrode. The cell can be represented as:

-CdZnSe|NaOH(1 M) + S(1 M) + Na2S(1 M)|C(graphite)

ounter electrode is constructed using a graphite rod sensitized in a medium con-
aining concentrated CoS solution for 24 h. A rubber cork was used to make the cell
ir tight and to support both the counter and photoelectrode. The active area of the
ize 1 cm × 1 cm was exposed to light. The remaining part of the film was masked
y the use of common epoxy resin.

.3. Characterization of PEC Cell

To study the charge transfer mechanism occurring across the
emiconductor–electrolyte interface, the electrical characterization of the
EC cell was tested. I–V, C–V characteristics in dark, measurement of built-in-
otential and power output characteristics under illumination were studied. A
ire wound potentiometer was used to vary the voltage across the junction and

urrent flowing through the junction was measured with a current meter. The
ame circuit was used to determine the capacitance of the junction. The barrier
eight was examined from temperature dependence of reverse saturation current
t different temperature; the lighted ideality factor was calculated. The junction
deality for all the cells were determined by plotting the graph of log I versus V.
hotoelectrochemical activities were studied under 30 mW/cm2 light illumination.
he illumination intensity was measured with Meco Lux meter.

Photoresponse for all the samples were measured to determine the light ideality
actor. The short circuit current and open circuit voltage were measured as a function
f incident light intensity. Spectral response was determined by measuring the short
ircuit current as well as open circuit voltage as a function of incident wavelength
400–900 nm).

. Result and discussion

The nature of contact of the photoelectrode with substrate was
xamined for all samples. The nature of contact of the photoelec-
rode with substrate was examined for all samples.

.1. Electrical properties

.1.1. I–V characteristics in dark
Current–voltage (I–V) characteristics of the PEC have been stud-

ed at 303 K. The polarity of this dark voltage was negative towards
he semiconductor electrode. After illumination of the junction, the

agnitude of voltage increases with increase in negative polarity

owards the thin film. The sign of this photovoltage gives the con-
uctivity type of Cd1−xZnxSe. This indicates that Cd1−xZnxSe is a
-type conductor. In the present investigation, symmetrical factor
as found to be greater than 0.5 for all compositions suggesting the

ectifying nature of the interface [13]. The dynamic current–voltage
Fig. 1. Current–voltage characteristics of Cd1−xZnxSe photoelectrode (in dark).

characteristics are shown in Fig. 1. The junction ideality factor (nd)
can be determined from the plot of log I with voltage (V) and the
variation is shown in Fig. 2. Linear nature of plot was used for the
estimation of junction ideality factor. The junction ideality factor
was found to be minimum for x = 0.1 composition. The higher val-
ues of nd suggest the dominance of series resistance as well as the
structural imperfection induced by dissimilarity in the Cd and Zn
atomic size and their resulting arrangement in the solid during lat-
tice construction. Defect levels, introduced in this manner inside
the valance band and energy gap acts as carrier traps or recombina-
tion centers. The junction ideality has a minimum value for x = 0.1
suggesting lowest trap density at the photoelectrode–electrolyte
interface [14].

3.1.2. C–V characteristics in dark
The measurements of capacitance as a function of applied dc

bias provided useful information such as type of conductivity and
values of flat band potential (Vfb) and donor density, band bend-
ing depletion layer width position of bond edges, etc. The charge
space layer capacitance was measured under reverse biased condi-
tion and the flat band potential is obtained from the Mott–Schottky
plot. The variation of C−2 with voltage for representative samples is
shown in Fig. 3. Intercepts of plots on voltage axis determine the flat
band potential value of the junction. The flat band potential value
enhanced negativeness up to zinc concentration x = 0.1, thereafter
Fig. 2. Plot of log I with voltage of Cd1−xZnxSe cells.
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Fig. 3. 1/C2 versus d.c. bias voltage of Cd1−xZnxSe cells.
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Fig. 5. Plot of log(Io/T2) with 1000/T Cd1−xZnxSe cells.

0.138% [17]. Similarly, for ZnSe photoelectrode it was 0.13% [18].
Cd0.9Zn0.1Se is better photoelectrode than CdSe and ZnSe photo-
electrode. The variation of Isc and Voc with composition parameter
is shown in Figs. 7 and 8. At x = 0.1, the flat band potential value is
Fig. 4. Plot of Vfb against composition parameter (x).

o decrease electron affinity on addition of Zn2+ ions in the lattice
f CdSe, an increased amount of surface adsorption and creation of
ew donor level which shits the Fermi level increasing the amount
f band bending.

.1.3. Barrier-height measurement
The barrier-height was determined by measuring the reverse

aturation current (Io) through the junction at different temper-
ture from 363 to 303 K. The reverse saturation current flowing
hrough junction is related to temperature as [15,16]:

0 = AT2 exp

(
˚ˇ

kT

)
(1)

here A is Richardson constant, k is Boltzmann constant, ˚ˇ is
he barrier-height in eV. To determine the barrier-height of the
hotoelectrode, a graph of log(Io/T2) with 1000/T was plotted. The
lot of log(Io/T2) with 1000/T for representative sample is shown

n Fig. 5. From the slope of the linear region of plots, the barrier-
eight was determined. The barrier-height value increases up to
= 0.1 (0.192 eV) then decreases.

.1.4. Power output characteristics
Fig. 6 shows the photovoltaic power output characteristics of

arious cells were recorded under 30 mW/cm2 illumination inten-
ity. The various cell parameters like open circuit voltage (Voc),

hort circuit current (Isc), fill factor (ff), series resistance (Rs), shunt
esistance (Rsh) and conversion efficiency (�) was determined.

The open circuit voltage, short circuit current, fill factor and effi-
iency increase up to x = 0.1, but decrease thereafter. The series
esistance and shunt resistance decreases up to x = 0.1, but increases
Fig. 6. Power output curves for Cd1−xZnxSe photoelectrode.

thereafter. The open circuit voltage and short circuit current are
found to be 270 mV and 181 �A, respectively. The calculations show
that the fill factor is 37.99% and conversion efficiency is 0.61%
at x = 0.1.The efficiency of CdSe photoelectrode was found to be
Fig. 7. Plot of Voc with composition parameter.
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Fig. 8. Plot of Isc with composition parameter.
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Fig. 10. Plot of % efficiency with compositional parameter.

give a straight line and from the slope of the line the lighted ideality
factor can be determined. The plot of log Isc with Voc for represen-
tative Cd1−xZnxSe photoelectrode is shown in Fig. 13. The lighted
ideality factor was calculated for all the photoelectrodes and found
Fig. 9. Plot of %fill factor with compositional parameter.

ore negative as well as comparative band gap, results in enhance-
ent in power efficiency. The high short circuit current was due to

ecreased photoelectrode resistance and increased the absorbance
y the material. The improvement in open circuit voltage was due
o increase in flat band potential. The low efficiency in the present
nvestigation might be due to the high series resistance of the PEC
ell, low thickness of the film and interface states which are respon-
ible for the recombination mechanism [19]. The series resistance
nd shunt resistance were calculated from the slope of the power
utput characteristics using the relation:

dI

dV

)
I
= 0 = 1

Rs
(2)

dI

dV

)
V=0

= 1
Rsh

(3)

he values of Rs and Rsh were found to be 770 and 500 �, respec-
ively. The main drawback in utilizing PEC cell is the absence of
pace change region at the photoelectrode–electrolyte interface. In
his situation, the photogenerated charge carriers can move in both
he direction. Lu and Kamat [20] reported that the photogenerated
lectrons in n-type material either recombine readily with holes
r leak out into the electrolyte, instead of flowing through external
ircuit. The variation of fill factor and efficiency with compositional
arameter (x) is shown in Figs. 9 and 10, respectively.
.2. Optical characterization

.2.1. Photoresponse
The open circuit voltage and short circuit current were mea-

ured as function of light intensity. Fig. 11 shows variation of Isc as
Fig. 11. Plot of Isc with light intensity of Cd1−xZnxSe photoelectrode.

a function of light intensity, whereas, Fig. 12 shows the variation
of Voc as a function of light intensity. The photoresponse measure-
ments showed a logarithmic variation of open circuit voltage with
the incident light intensity. However, at higher intensities, satura-
tion in open circuit voltage was observed, which can be attributed
to the saturation of the electrolyte interface, charge transfer and
non-equilibrium distribution of electrons and holes in the space
charge region of the photoelectrode. But short circuit current fol-
lows almost a straight-line path. A plot of log Isc against Voc should
Fig. 12. Plot of Voc with light intensity of Cd1−xZnxSe photoelectrode.
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Table 1
Various performance parameter of Cd1−xZnxSe photoelectrode.

Composition Voc (mV) Isc (�A) �% ff% Ф� (eV) Vfb (V) Rsh (�) Rs (�) nL nd

Cd0.9Zn0.1Se 270 181 0.61 37.99 0.192 0.725 500 770 3.91 2.94
Cd0.8Zn0.2Se 252 160 0.54 36.03 0.188 0.680 542 825 4.12 3.05
Cd0.7Zn0.3Se 240 139 0.48 35.50 0.185 0.664 583 872 4.26 3.15
Cd0.6Zn0.4Se 228 111 0.42 34.82 0.181 0.641 616 928 4.53 3.23
Cd0.5Zn0.5Se 215 91 0.38 34.00 0.178 0.623 674 1026 4.95 3.33
Cd0.4Zn0.6Se 202 71 0.32 33.10 0.
Cd0.3Zn0.7Se 193 53 0.27 32.26 0.
Cd0.2Zn0.8Se 180 34 0.22 31.60 0.
Cd0.1Zn0.9Se 167 13 0.17 30.50 0.

Fig. 13. Plot of log Isc with Voc for Cd1−xZnxSe photoelectrode.
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Fig. 14. Plot of Isc with wavelength for Cd1−xZnxSe photoelectrode.

o be minimum for Cd0.9Zn0.1Se composition. The observed value
eing 2.94 for x = 0.1 photoelectrode.
.2.2. Spectral response
The spectral response of a cell has been recorded in 400–900 nm

avelength range. The photocurrent action spectra were exam-
ned and are shown in Fig. 14 It is seen that spectra attains

[

[

[
[

176 0.601 726 1126 5.19 3.46
174 0.583 829 1359 5.57 3.59
173 0.560 992 1532 5.79 3.68
172 0.539 1159 1783 6.12 3.78

maximum value of current at � = 650 nm for Cd0.9Zn0.1Se photo-
electrode decreases with increase in wavelength. The decrease of
current on shorter wavelength side may be due to absorption of
light in the electrolyte and high surface recombination of photo-
generated minority carriers [21]. The decrease in current on longer
wavelength side may be attributed to non-optimized thickness
and transition between defect levels [9]. The maximum current is
obtained corresponding to � = 650 nm gives band gap value 1.90 eV
for Cd0.9Zn0.1Se agreeing with the results of optical absorption
studies [11].

The various cell characteristics such as Voc, Isc, �%, ff%, ˚ˇ, Vfb,
Rs, Rsh, nL, nd are cited in Table 1 for Cd1−xZnxSe photoelectrode.

4. Conclusions

The PEC cell can be easily fabricated using Cd1−xZnxSe photoan-
ode sulphide-polysulphide as electrolyte, CoS treated graphite rod
as a counter electrode. A saturated calomel electrode was used
as reference electrode. The various performance parameters were
determined with respect to the composition parameter (x). It is
found that the fill factor and efficiency is maximum for Cd0.9Zn0.1Se
composition.
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