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Abstract
The wide band gap II–VI group materials have been extensively studied for optoelectronic applications. The polycrystal-
line zinc sulphoselenide (ZnSxSe1−x) thin films have been spray deposited onto FTO coated glass substrates at temperature 
of 275 °C. PEC cells were formed with n-ZnSxSe1−x thin films/1 M (NaOH + Na2S + S)/C configuration to study various 
photoelectrochemical properties. The study signifies n-type conductivity of ZnSxSe1−x thin films. Significant photoelectro-
chemical response has been witnessed for the films deposited with x = 0.2 composition. The flat band potential of − 1.09 V 
has been observed for ZnS0.2Se0.8 thin film. The junction ideality factors in dark and under radiance are found to be 1.37 
and 1.32 respectively. ZnS0.2Se0.8 thin films produces 268 mV open circuit voltage and 816 µA cm−2 short circuit current 
subsequent to efficiency and fill factor of 1.27% and 0.58 respectively. Spectral response characteristics display a sharp peak 
at 425 nm for x = 0.2, resulting in a band gap of 2.92 eV. These results imply that change in composition ‘x’ has substantial 
effect on the photovoltaic properties.

1  Introduction

Binary compounds of group IIB and VIA elements, com-
monly referred to as II–VI compounds, have technologically 
important applications. With the exception of HgSe and 
HgTe (semimetals), they are direct band gap semiconduc-
tors with high optical transition probabilities for absorption 
and emission. They have higher band gap energy than the 
corresponding III–V compounds due to the larger ionic-
ity in II–VI compounds [1–4]. Among these compounds, 
only cadmium telluride (CdTe) and zinc selenide (ZnSe) 
can be prepared in both n- and p-type forms [5]. Thus, the 
use of thin film II–VI compounds is an economically viable 
approach to the terrestrial utilization of solar energy [6–8]. 
In recent times there has been substantial interest in the 
field of semiconductor electrodes to photoelectrochemi-
cal (PEC) solar cell applications [9]. PEC (i.e. solar–liquid 
junction) has become an economic method for conversion 
of solar energy into electrical energy, mostly due to the 
simplicity of formation and quality of the polycrystalline 

semiconductor–electrolyte junction and hence research into 
PEC solar cells has gained momentum [10–12].

The interest in the field of II–VI class of semiconducting 
materials has grown dramatically in recent years owing to 
their excellent optoelectronic properties and applications in 
the field of laser diodes, blue light emitting diodes, sensors 
and photovoltaic devices [13, 14]. Zinc based binary and 
ternary compound semiconductors ZnSe, ZnS, Zn(O, OH), 
Zn(O, S), Zn1−xMgxO and ZnSxSe1−x are important members 
of II–VI semiconductors [15–17]. In literature the solar cell 
devices using ZnSSe has shown an increased photocurrent as 
well as efficiency. ZnSxSe1−x is an important ternary mate-
rial due to their less toxicity, variable band gap from 2.70 
to 3.67 eV, which makes it better candidate as a buffer layer 
for CIS and p-CdTe solar cells [17].

In literature, it has been shown that Zn-based buffer lay-
ers of ZnSe, Zn1−xMgxO, Zn(O, S), Zn(O, OH), ZnSxOyHz 
are the best alternate layers. Subbaiah and co-workers [18] 
reported 1.6% power conversion efficiency for ZnS0.5Se0.5 
buffer based thin film prepared using close-spaced evapora-
tion technique [18]. Ojo and Dharmadasa [19] incorporated 
electrodeposited ZnS, CdS and CdTe thin layers in a graded 
bandgap solar cell structure of glass/FTO/n-ZnS/n-CdS/n-
CdTe/Au with an average conversion efficiency of 14.18%.

Zinc selenide (ZnSe), zinc sulphide (ZnS) and zinc sul-
phoselenide (ZnSxSe1−x) thin films have twofold benefits 
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such as non-toxicity and increase the response towards 
shorter wavelength making them most suitable materials as 
buffer layer for CIGS solar cells. The performance of thin 
film solar cells is decided by surface morphology, optical 
band gap and structure of the thin films. It is possible to tune 
the optical band gap, the lattice constant and electron affinity 
of the ZnSxSe1−x thin films simply by changing composition 
of S to Se. ZnSxSe1−x thin films can be grown using a variety 
of techniques such as molecular beam epitaxy, laser abla-
tion, physical vapour deposition, chemical vapour deposi-
tion, chemical bath deposition, electrodeposition, sputtering, 
brush plating, and spray pyrolysis [20–23]. Amongst these, 
spray pyrolysis is an attractive technique to grow semicon-
ducting thin films for photovoltaic applications because it is 
simple, low cost, does not need high quality targets and/or 
substrates, vacuum free, large area coatings, non-wet, mini-
mum loss of material during deposition, capable of depos-
iting uniform layers [24, 25]. In the present investigation, 
PEC properties of spray deposited ZnSxSe1−x thin films with 
various compositions have been studied and results obtained 
are discussed.

2 � Experimental details

2.1 � Preparation of ZnSxSe1−x thin film electrodes

The AR grade zinc chloride (ZnCl2), thiourea ((NH2)2CS), 
and selenourea ((NH2)2CSe) were used as sources of Zn, S 
and Se ions respectively. The ZnSxSe1−x (x = 0.0, 0.2, 0.4, 
0.6, 0.8 and 1.0) thin films are deposited onto the FTO coated 
glass substrates via computerised chemical spray pyrolysis 
technique described elsewhere [26, 27]. All the deposition 
conditions were kept constant at their optimized values (dep-
osition temperature 275 °C; solution concentration 0.05 M; 
spray rate 3 cc min−1; deposition time 13–14 min; air as 
carrier gas with pressure 176,520 N m−2 and the distance 
between substrate and nozzle 30 cm) [28]. However the 
stock solution was prepared by mixing zinc chloride, thio-
urea and selenourea together in appropriate proportion to 
get the Zn:(S + Se) ratio as 1:1. The final spraying solution 
was prepared by mixing 20 cc of stock solution with 20 cc of 
isopropyl alcohol. In different set of experiments values of 
composition parameter (x) were adjusted by varying propor-
tion of thiourea (S) and selenourea (Se). ZnSxSe1−x thin films 
are uniform and adhesion of the films onto the substrate was 
quite good as confirmed using scotch tape test [29].

2.2 � Fabrication of ZnSxSe1−x thin film PEC solar cell

Figure 1 shows the experimental setup used for fabricating 
ZnSxSe1−x thin film PEC solar cell. The 1 M polysulphide 
(Na2S + S + NaOH) is used as a redox electrolyte. PEC cell 

was made-up in typical three-electrode configuration, Active 
photo-anodes: n-ZnSxSe1−x, counter electrode: graphite and 
reference electrode: SCE. The study of the power output 
and I–V characteristics were carried out at fixed breaks after 
waiting for adequate time to equilibrate the system (both 
in the dark as well as under radiance). Plots of log I ver-
sus V were used to calculate the junction ideality factors 
in dark and under radiance. Mott–Schottky (M–S) graphs 
were obtained using a LCR (Aplab Model 4912) at built-in 
frequency of 1 kHz. Power output characteristics for various 
cell configurations were recorded under a constant illumi-
nation intensity of 10 mW cm−2. For estimation of barrier 
height, the reverse saturation current at various temperatures 
was noted.

3 � Results and discussion

The crystal structures of the as deposited ZnSxSe1−x thin 
films have been determined by X-ray diffraction technique. 
The diffractogram have been depicted elsewhere [28]. 
X-ray diffraction study confirmed that the polycrystalline 
ZnSxSe1−x thin films having a cubic zinc blende structure 
with a preferential ⟨111⟩ orientation. The shift in the peak 
⟨111⟩ direction towards higher 2θ values with increasing 
sulfur concentration confirmed the formation of a solid 
solution. The crystallite size is observed to be in the range 
18–28 nm. Using energy dispersive X-ray spectroscopy, 
the formation of nearly stoichiometric ZnSxSe1−x thin films 
is confirmed. The optical band gap increased from 2.84 to 
3.57 eV when the composition of the ZnSxSe1−x is changed. 
The thin films are found to be semiconducting in nature 
from electrical resistivity measurement [28]. To study the 

Fig. 1   Experimental setup of n-ZnSxSe1−x (0.0 ≤ x ≤ 1.0)/1  M 
polysulphide/C PEC cell
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influence of composition variation in ZnSxSe1−x thin film 
based electrodes in PEC solar energy conversion, photo-
electrochemical measurements were carried out for x = 0.0, 
0.2, 0.4, 0.6, 0.8 and 1.0 respectively underneath dark and 
illumination of white light of intensity 10 mW cm−2.

3.1 � Type of conductivity

The PEC cells with configuration of ZnSxSe1−x/1 M polysul-
phide/graphite are designed in order to test the type of con-
ductivity revealed by ZnSxSe1−x thin films. When ZnSxSe1−x 
semiconductor electrode is in contact with redox electrolyte 
(polysulphide) in dark, electronic equilibrium is developed 
between the ZnSxSe1−x electrode and electrolyte. Even in 
dark, ZnSxSe1−x thin film based PEC cells showed small dark 
voltage (open circuit voltage) due to difference between two 
half potentials in ZnSxSe1−x thin film based PEC cell. When 
this junction is illuminated with white light the open circuit 
voltage is found to enhance with negative polarity towards 
ZnSxSe1−x thin films indicating n-type of conductivity [30].

3.2 � Capacitance–voltage (C–V) characteristics

The semiconductor/electrolyte junction has significant role 
in the applications of solar energy conversion. The detailed 
analysis of semiconductor/electrolyte interface can be 
obtained from the review by Pandey and co-workers [31] 
and mechanism of charge transfer across this active interface 
can be properly understood in literature [32–35]. The C–Vs 
offer important evidence about the type of conductivity, 
flat band potential (Vfb) and the donor concentration (ND). 
In present investigation, n-ZnSxSe1−x/polysulphide inter-
faces are formed for a series of PEC cell configurations and 
the Schottky capacitance at a 1 Vpp–1 kHz ac signal was 
measured as a function of the applied dc bias from − 0.6 to 
0.6 V. The unpinned band edges move with applied bias, 
making the n-ZnSxSe1−x electrode behave similar to a metal 
electrode in that changes in applied bias occur across the 
Helmholtz layer rather than across the n-ZnSxSe1−x space 
charge layer. Thus the potential drop across the Helmholtz 
layer is important to the biasing requirements of a PEC 
and is directly affected by the chemisorption of ions at the 
n-ZnSxSe1−x/polysuphide interface [33]. Figure 2 displays 
the M–S graphs for n-ZnSxSe1−x/polysulphide/C system in 
dark. The Vfb, was determined on the voltage-axis (at 1/
Cs2 = 0) according to familiar M–S relation [35],

where Cs is the space charge capacitance, Vfb is the flat band 
potential, V is electrode potential, ε0 is the permittivity of 
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free space, εs is the static permittivity of the semiconduc-
tor, ND is donor concentration and q is the charge on elec-
tron. The variation of Vfb as a function of composition ‘x’ 
is shown in Fig. 3. It is observed that the Vfb increases from 
− 0.95 to − 1.09 V with increase in composition ‘x’ from 
0.0 to 0.2, and decreases further to − 0.75 V with increase in 
composition from 0.2 to 1.0. The Vfb is typically determined 
by the properties of the n-ZnSxSe1−x/polysuphide junction 
and of the space-charge layer, at x = 0.0 and 0.2 the varia-
tion of Vfb could in principle be caused by changes in the 
Helmholtz layer capacitance [36]. The different parameters 
including non-planar interface, surface roughness, and ionic 
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Fig. 2   Mott–Schottky plots of n-ZnSxSe1−x (0.0 ≤ x ≤ 1.0)/1  M 
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adsorption on the n-ZnSxSe1−x surface also play a crucial 
role in determination of Vfb [35]. The values of ND are given 
in Table 1.

3.3 � Current–voltage (I–V) characteristics

Figure 4 exhibits I–V curves for n-ZnSxSe1−x thin films/1 M 
polysulphide/C PEC cells in dark and under illumination. 
All the electrodes had similar characteristics in the dark 
and one of the representative characteristics obtained with 
x = 0.2 in ZnSxSe1−x is shown in Fig. 4. When n-ZnSxSe1−x 
thin films/1 M polysulphide/C junctions are illuminated 
the currents and voltages are developed by the generating 
excessive mobile charge carriers through light absorption. 
An efficient separation of electron–hole pairs happens in the 
space charge layer underneath the n-ZnSxSe1−x/polysulphide 
contact. After illumination of the junction, I–V curve shifts 
in the IVth quadrant suggesting that the PEC cell can work 
as electricity generator.

The graphs of logI versus V under illumination for 
n-ZnSxSe1−x (0.0 ≤ x ≤ 1.0) thin films show linear behavior 
(figures are not given). The junction ideality factors in dark 
and under illumination are estimated from the slope of the 
linear regions of the logI versus V curves using well-known 
diode equation given elsewhere [37]. The estimated junction 
ideality factors nd and nL are given in Table 1. It is observed 
that these values are close to 1 suggesting formation of good 
quality junction. The higher values of nL is suggestive of the 
impact of series resistance and the carrier recombination at 
the n-ZnSxSe1−x/polysulphide interface [38, 39].

3.4 � Barrier‑height measurements

The barrier-height also known as built-in-Potential (Φb), 
was obtained by measuring the reverse saturation cur-
rent ‘I0’ flowing through the n-ZnSxSe1−x thin films/1 M 
polysulphide/C junction in the temperature range 
363–303 K. Figure 5 is a current–temperature profile of 

Table 1   Important PEC parameters of spray deposited ZnSxSe1−x (0.0 ≤ x ≤ 1.0) thin films

nd junction ideality factor in dark, nL junction ideality factor under illumination, Isc short circuit current, Voc open circuit voltage, η efficiency, FF 
fill factor, Φb barrier height, Rs series resistance, Rsh shunt resistance, ND donor concentration, D crystalline size, Eg band gap energy

Composition nd nL Isc (µA cm−2) Voc (mV) η (%) FF Φb (eV) Rs (Ω) Rsh (kΩ) ND 
(× 1019 cm−3)

D (nm) Eg (eV)

ZnSe 1.52 1.36 688 258 1.01 0.57 0.55 70 4.00 2.58 22 2.76
ZnS0.2Se0.8 1.37 1.32 816 268 1.27 0.58 0.54 57 3.43 2.87 28 2.92
ZnS0.4Se0.6 1.63 1.41 566 254 0.77 0.54 0.60 76 4.50 2.35 26 3.10
ZnS0.6Se0.4 1.74 1.46 472 228 0.55 0.51 0.63 99 5.02 2.21 23 3.31
ZnS0.8Se0.2 1.86 1.54 390 206 0.39 0.48 0.65 108 5.75 2.07 21 3.42
ZnS 2.03 1.65 311 188 0.27 0.47 0.67 118 6.50 1.89 18 3.54
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ZnSxSe1−x electrode in polysulfide electrolyte. The reverse 
saturation current was observed to increase with increase 
in temperature of PEC cell. This may be due to the fact 
that with increased temperature of PEC cell provides more 
charge carriers resulting in increased reverse saturation cur-
rent. Figure 5 shows a graph of log I0/T2 versus 1000/T for 
ZnSxSe1−x electrode. The observed nonlinearity of plots 
in high temperature regions is accredited to Pool-Frankel 
type of conduction mechanism. Similar behavior has been 
witnessed by Mahapatra and Dubey [40] for CdS–CdSe 
electrodes. The reverse saturation current flowing through 
junction depends on the temperature and relation between 
temperature and this reverse current is [39],

where A denotes Richardson constant, k is the Boltzmann 
constant, and Φb is the junction barrier height (in eV). The 
values of barrier height are given Table 1. It is noted that the 
junction barrier height value decreases from 0.55 to 0.54 eV 
as the composition ‘x’ increased from 0.0 to 0.2 and it was 
minimum 0.54 eV for x = 0.2, which further increased to 
0.67 eV for x = 1.0.

3.5 � Photovoltaic power output characteristics

Figure  6 displays the photocurrent density (µA  cm−2) 
against photovoltage (mV) characteristics i.e. power output 
characteristics curve of the cell fabricated with ZnSxSe1−x 
(0.0 ≤ x ≤ 1.0) thin films. The PEC cell performances as a 
function of composition of ZnSxSe1−x films are presented in 
Table 1. Figure 7 displays the variation curve of Isc and Voc as 
a function of composition ‘x’ for spray deposited ZnSxSe1−x 
thin films. As can be seen from Table 1 and Fig. 7, Isc and Voc 
values are both increasing with the increase in composition 

(2)I0 = AT2 exp(Φb/kT )

from 0.0 to 0.2. The measured Isc value of 688 µA cm−2 for 
the cell with x = 0.0 increases to 816 µA cm−2 for x = 0.2. 
Similarly, the Voc value also increases from 258 to 268 mV. 
This enhancement is due to the structural rearrangement and 
higher degree of crystallinity obtained in the samples with 
x = 0.2. Consequently, the charge scattering at grain bounda-
ries falls and Isc is improved. The Voc on the other hand 
upsurge with the increase in composition as a mixture of 
two effects, i.e. greater hole diffusion velocity and decreased 
recombination of charge carriers between the photo-reduced 
polysuphide and injected holes [41]. The former is probably 
due to better connection between the particles and the lat-
ter is due to the lowered surface defects; both arise simply 
because of improved crystallinity for x = 0.2. Further incre-
ments in the composition from x = 0.2 in ZnSxSe1−x pro-
duce dramatically downfall in both Isc and Voc because the 
increase of the recombination processes and trapping effects 
into ZnSxSe1−x, subtracting electrons to the external circuit. 
For higher values of ‘x’ pinning of Fermi level may decrease 
Voc. The lower magnitudes of short circuit current for higher 
values of ‘x’, on the other hand, can be correlated to the 
increased recombination mechanism not only at the grain 
boundaries but also at the electrode–electrolyte interface. At 
higher ‘x’ values, the role of surface states may also become 
dominant causing a decrease in both open circuit voltage and 
short circuit current. These findings revealed that composi-
tion x = 0.2 produces better films which can be utilized as 
electrodes in PEC cells.

The performance of a PEC cell is described with param-
eter fill factor (FF) and photovoltaic efficiency η (%), which 
can be calculated from photovoltaic power output charac-
teristics using relation given elsewhere [42]. The FF values 
obtained are listed in Table 1. It shows that fill factor is 
maximum 0.58 for ZnS0.2Se0.8 thin film. From Table 1, it 
is clear that the FF of the cells increases with increasing 
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composition upto x = 0.2 and decrease further. The increase 
in FF could be ascribed to the reduction in the penetration 
of the redox couple into the pores of photocathode layer due 
to higher densification of the films at x = 0.2.

From Table 1 it is clear that efficiency is maximum 1.27% 
for ZnS0.2Se0.8 thin film due to large grain sizes as com-
pared to other films deposited with different compositions. 
The overall efficiency is larger for ZnS0.2Se0.8, since a wider 
range of visible light is absorbed in that case. The differ-
ences in efficiency between the other compositions were 
more pronounced in the case of ZnS. The overall low power 
conversion efficiency of PEC cell is probably due to large 
series resistance and interface states which are responsible 
for recombination mechanism [43].

The series resistance (Rs) and shunt resistance (Rsh) for 
n-ZnSxSe1−x thin films/1 M polysulphide/C PEC cells were 
assessed from the slopes of power output characteristics at 
I = 0 and V = 0, respectively using the following relation 
[42],

The series and shunt resistances for ZnSxSe1−x thin film 
deposited with different compositions ‘x’ were listed in 
Table 1. The minimum values of series and shunt resistance 
are found to be 57 Ω and 3.43 kΩ respectively for ZnS0.2Se0.8 
thin films (x = 0.2).

3.6 � Spectral response studies

The photoresponse was further studied with the spectral 
response measurements in the PEC cells, as shown in Fig. 8. 
The spectral response shows that only an n-type photocur-
rent is produced in the entire spectral range (300–600 nm) 
indicating formation of good ZnSxSe1−x electrode based PEC 
cell. From Fig. 8 it is seen that for all the prepared samples 
Isc rises with λ and attain maximum value at a particular 
wavelength and diminishes afterwards with further increase 
in λ. It is noticed that the Isc reaches maximum at different 
wavelengths according to the composition (x) in ZnSxSe1−x. 
Out of all the prepared samples only ZnS0.2Se0.8 thin films 
possesses high spectral sensitivity at wavelength 425 nm 
giving an optical energy gap of 2.92 eV. This value is adja-
cent to the band gap energy 2.98 eV for ZnS0.2Se0.8 exam-
ined at room temperature in optical absorption studies [28] 
using UV–Vis spectrophotometer (SHIMADZU UV-1700). 
The decay in photocurrent value on the longer wavelength 
side of may be accredited to the transition between defect 
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levels and non-optimized thickness. The optical energy gap 
values obtained are given in Table 1.

4 � Conclusion

In summary, we have successfully synthesized polycrystal-
line ZnSxSe1−x electrodes onto conducting FTO coated glass 
substrates via simple, convenient and cost effective chemical 
spray pyrolysis technique. The effects of composition vari-
ations in ZnSxSe1−x thin films on the photoelectrochemical 
features of PEC cells are also explored. All the electrodes are 
of n-type. The flat band potential Vfb changes from − 0.75 to 
− 1.09 V and is reached its maximum for the PEC cell with 
ZnS0.2Se0.8 photoelectrode. From I–V characteristics the 
higher values of nL is suggestive of the influence of series 
resistance and the carrier recombination at the n-ZnSxSe1−x/
polysulphide interface. The barrier height is observed to be 
in the range of 0.54–0.67 eV. The maximum photo con-
version efficiency and FF are found to be 1.27% and 0.58 
respectively for ZnS0.2Se0.8 PEC cell. The series and shunt 
resistance are found to be 57 Ω and 3.43 kΩ respectively for 
ZnS0.2Se0.8 based PEC cell. All prepared samples showed a 
high spectral sensitivity. These resulting performances of 
ZnSxSe1−x thin films electrodes are paving the way for the 
improvement of a new generation of PEC cells with analo-
gous efficiencies.
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