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Abstract

This paper discusses chemical synthesis of Cd1�xPbxS (0rxr1) thin film layers and their photo-electrochemical properties with

special reference to PEC parameters. Previously optimized conditions were used for the deposition. The electrode/electrolyte interfaces

were then formed between the Cd1�xPbxS thin film layers and a sulphide/polysulphide (1 M) redox couple and investigated through the

various photo-electrochemical (PEC) properties to assess suitability to convert solar energy into electrical energy.

Increase in short circuit current (Isc) and open circuit voltage (Voc) was observed with increased composition and attain maximum at

x¼0.175. Power conversion efficiency and fill factor were found to be 0.163% and 46.2% respectively for the composition parameter

x¼0.175.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Maximum utilization of solar spectrum and stability
against anodic reactions forms a constraint over PEC cell
formation. The efficiency and stability of PEC cell depends
on the material properties and preparative conditions [1,2].
Recently CdS and PbS thin films have attracted spotlight
in optoelectronic applications owing to the features viz.
high absorption coefficient, ability of band gap engineer-
ing, long-term optoelectronic stability and ease of synthesis
via range of deposition techniques [3–5].

By considering the increasing demands for reliable and
cost-competitive means of thin film synthesis for industrial
escalation we have adopted inexpensive novel route of
chemical deposition for present system. Chemical deposition
is the occurrence of a moderately slow chemical reaction in
solution bath that results into a solid product on the
immersed substrate [4]. Involvement of low processing
temperature, inexpensive equipment and ease of deposition
on any size and shape of substrate mould chemical route as
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an ideal for industrial adaptation. Nevertheless, chemical
route has earned core place in the flexible electronics due to
feasibility of routine deposition of nano-structured films and
owing to above strong advantages. Thus, being promising
candidate for optoelectronic device applications, CdS and
its Pb-doped derivative thin films were obtained by using
chemical deposition route.

2. Experimental details

2.1. Preparation of Cd1�xPbxS thin film electrodes

Cd1�xPbxS, (0rxr1) thin film layers have been pre-
pared on FTO coated glass substrates by inexpensive,
novel chemical deposition route. Optimized parameters
(pH¼10.570.1, temperature¼80 1C, time¼60 min, rota-
tion speed¼65 rpm) were used for chemical synthesis of
Cd1�xPbxS thin film layers [6].

2.2. Fabrication and characterization of PEC cell

PEC cells were fabricated using a classical 3-electrode
system. The as-prepared naked Cd1�xPbxS films were used
ll rights reserved.
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as an active photo-electrode; impregnated graphite and a
saturated calomel electrode (SCE) were used as the counter
and reference electrodes, respectively. Aq. 1 M polysul-
phide (NaOHþNa2SþS) was used as a redox couple. A
100 W tungsten filament lamp was used as an illumination
source. The distance between photo-electrode and counter
electrode was 0.3 cm and the sample area was defined with
a common epoxy resin.

3. Results and discussion

Earlier investigations [6,7] on Cd1�xPbxS (0rxr1)
thin films revealed enhancement in electrical conductivity
with the assimilation of Pb in CdS host lattice up to
x=0.175.

3.1. Current voltage characteristics

The current voltage (IV) measurements are generally
used to focus on the charge transfer mechanism at the
electrode/electrolyte interface. PEC cell formed with gen-
eral configuration Cd1�xPbxS/1 M (NaOHþNa2SþS)/
graphite was used to record IV characteristics for all the
electrodes. Current transport mechanism through elec-
trode/electrolyte interface can be explained on the basis
of Butler–Volmer relation,

I ¼ I0fexp½ð1�bÞVF=RT �exp½bVF=RT �g

where I0 is the equilibrium exchange current density, V is
the over voltage, b is the symmetry factor, R is the
universal gas constant and, F is the Faraday constant.

When symmetry factor is b=0.5, it corresponds to the
presence of a symmetrical barrier height and yields a
symmetrical I–V curve. It has been seen that the junctions
are rectifying in nature with asymmetric nature of I–V plot
(Fig. 1A and B) in forward bias and reverse bias, high-
lighting the Faradiac rectification [8].

The junction ideality factor in dark (nd) and under
illumination (nL) was then determined for all the cells
from the slopes of log I vs. V plots. Fig. 2A and B reveals
Fig. 1. (A) IV characteristics of Cd1�xPbxS/(1 M NaOHþ1 M Na2Sþ1 M

NaOHþ1 M Na2Sþ1 M S)/C PEC cell under illumination.
the linear behaviour of log I vs. V in dark and under
illumination. nd and nL values (Table 1) were found to be
higher than expected indicating the influence of various
recombination mechanisms on current transfer and series
resistance effect as a consequence of surface states [9–11].

3.2. Capacitance voltage characteristics

The most common capacitance measurement on the
PEC cell is capacitance voltage (CV) measurement, which
can be used to estimate the donor concentration (ND) using
the following equation:

1

C2
s

¼
2

e0esqND

� �
V�Vfb�

kT

q

� �� �

where Cs is the space charge capacitance, Vfb is the
flatband potential, e0 is the permittivity of free space, es

is the static permittivity of the semiconductor and q is the
charge on electrons.
The donor concentration can be calculated from the

slope of the 1/C2 vs. V curve. Fig. 3A reveals the Mott–
Schottky plot for Cd1�xPbxS/sulphide/polysulphide elec-
trolyte system in the dark, and the flatband potential can
be determined by extrapolation to Cs¼0.
Flatband potential (Vfb), is a measure of maximum

open-circuit voltage attainable from the cell and it gives
the information on relative position of the fermi level in
terms of the band bending caused by surface interactions
[12].

3.3. Barrier height measurement

The barrier height (^b) is the energy difference between
the edge of conduction band and the redox fermi level of
the electrolyte. The reverse saturation current flowing
through junction is related to temperature by:

I0 ¼AT2expð^ b=kTÞ

where A is the Richardson constant, k is the Boltzmann
constant, ^b is the barrier height.
S)/C PEC cell in dark. (B) IV characteristics of Cd1�xPbxS/(1 M



Fig. 2. (A) Variation of log Id vs. V for Cd1�xPbxS/(1 M NaOHþ1 M Na2Sþ1 M S)/C PEC cells. (B) Variation of log IL vs. V for Cd1�xPbxS/(1 M

NaOHþ1 M Na2Sþ1 M S)/C PEC cell.

Table 1

Various photo-electrochemical (PEC) performance parameters of Cd1�xPbxS (0rxr1) thin films.

Composition parameter (x) nd nL Isc (lA/cm2
) Voc (mV) Rs (X) Rsh (kX) g% ff% ^b (eV)

0 2.18 1.76 224 158 350 2.77 0.049 36.2 0.832

0.05 2.12 1.67 248 173 328 4.62 0.065 38.1 0.787

0.1 2.07 1.61 277 195 309 5.26 0.092 42.3 0.711

0.175 1.89 1.52 368 240 233 7.41 0.163 46.2 0.569

0.3 2.93 1.98 289 203 318 5.17 0.098 41.7 0.681

0.5 3.02 2.06 272 180 332 4.05 0.079 40.4 0.724

1 3.27 2.28 235 155 523 2.61 0.041 36.8 0.843

Fig. 3. (A) Mott–Schottky plots for Cd1�xPbxS/(1 M NaOHþ1 M Na2Sþ1 M S)/C PEC cells. (B) Plot of log (I0/T
2) with 1000/T for Cd1�xPbxS/(1 M

NaOHþ1 M Na2Sþ1 M S)/C PEC cells.
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Barrier height (^b) was determined from the slope of
linear regions of log (I0/T

2) with 1000/T plots (Fig. 3B).
Non-linearity of plots observed in high temperature region
can be attributed to the Pool–Frankel type of mechanism
[11,12].

3.4. Photovoltaic power output

Fig. 4A shows the photovoltaic power output character-
istics under forward bias and constant illumination of
25 mW/cm2. It is found that, both short circuit current (Isc
is the current through the solar cell when the voltage across
the solar cell is zero) and open circuit voltage (Voc is the
maximum voltage across the solar cell when the current
through the solar cell is zero) are increased with increased
Pb concentration and attain a maximum value at x¼0.175.
Performance of the PEC cell can be estimated using

precise values of the fill factor (ff) and the conversion
efficiency (Z)

Z¼
IscVocff

Pinput

� 100



Fig. 4. (A) Power output characteristics for Cd1�xPbxS/(1 M NaOHþ1 M Na2Sþ1 M S)/C PEC cell. (B) Spectral response curves of Cd1�xPbxS/(1 M

NaOHþ1 M Na2Sþ1 M S)/C PEC cells.
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ff ¼
VmaxImax

IscVoc

where, Pinput is the power density of incident radiation,
Imax is the maximum current obtained from PEC cell, Vmax

is the maximum voltage obtained from PEC cell.
The fill factor is directly affected by the values of the

cell’s series (Rs) and shunt resistances (Rsh). To estimate Rs

and Rsh, a straightforward technique is used i.e., by
measuring the slope of power output characteristics.

Photovoltaic efficiency was found to be increased with
the composition parameter ‘x’ up to 0.175. This synchro-
nised increase in efficiency is attributed to the increment in
short circuit current, open circuit voltage and enhanced
flatband potential due to increased grain size and surface
defects [6,7].
3.5. Spectral response characteristics

The spectral response measurement is essential for
understanding efficiency of a PEC cell to convert incident
radiation into current at various wavelengths. The conver-
sion efficiency in units of electron-hole pairs collected per
incident photon is computed from the measured spectral
responsivity as a function of wavelength. Spectral response
(Fig. 4B) of the PEC cell formed with CdPbS thin films is
studied by measuring short circuit current (Isc) as a
function of wavelength (l). It is perceived that, the
photocurrent is at maximum for composition parameter
x¼0.175; indicating low population of surface defects in
the space charge region. Higher photocurrent in this case
can be correlated to the shift of spectral response towards
higher wavelength and reduced series cell resistance.
Whereas, decreased photocurrent on shorter wavelength
side is attributed to the incident radiation absorption in
electrolyte and recombination of the minority carriers
presumably mediated by the electronic states in the band
gap region [13,14].
4. Conclusion
�
 The Cd1�xPbxS (0rxr1) thin films have been depos-
ited using novel chemical deposition route.

�
 Maximum conversion efficiency of 0.163% is feasible

with as-prepared Cd1�xPbxS thin film layers.

�
 Synchronized increase in efficiency is correlated with the

enhanced short-circuit current, open-circuit voltage and
flatband potential.

�
 Highest value of flatband potential (955 mV) was observed

for the cell with electrode composition x¼0.175.
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