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In this work, the current-voltage (I-V) characteristic curve of heterojunction solar cells based on pure
ZnS and doped ZnS solid films have been studied. The films of pure and doped ZnS samples were
deposited onto silicon substrates using the low-cost spray pyrolysis technique. Different weight ratios
of Pb, Mn and Cu species were used for doping the ZnS films. The four-point probe electrical
resistance technique has been used to measure thin films resistance, to evaluate the electrochemical
performance of the hybrid solar cells. The photovoltaic properties and the forward I-V characteristics
of the doped films were studied at room temperature. The solar cell efficiency, ideality factor, and
other parameters were estimated. The results revealed that the efficiency, as well as the ideality factor,
depends on the dopant concentration in the hybrid cells. The maximum power efficiency achieved was
3.5% at x=4% for Zn1-xS:Pbx, 1.84% at x=10% for Znx-1S:Mnx, and 3.06% at x=8% for Znx-1S:Cux
structure.

Keywords: Photovoltaic properties; ZnS/n-Si; heterojunction solar cells; spray pyrolysis technique;
efficiency; ideality factor.

1. INTRODUCTION
Among the various wide band-gap semiconductor materials zinc sulfide (ZnS) is an important
II-VI group compound semiconductor, with a direct band-gap of 3.72 eV at ambient temperature, is
regarded as one of the most promising materials for optoelectronic applications [1]. It is particularly
suitable for use as a host material for a large variety of dopants because of its wide band gap [2]. As a
wide band gap semiconductor, ZnS is a promising candidate for replacement of toxic cadmium sulfide

Int. J. Electrochem. Sci., Vol. 13, 2018

1473

(CdS) in the buffer layer for Cu(In,Ga)Se2 (CIGS) thin film solar cell application [3]. ZnS is an
important material for diverse optoelectronic device applications such as sensors, electro-optic
modulators, light-emitting diodes, n-type window layers in photovoltaic cells, and electroluminescent
devices [2, 4-6].
Photovoltaics (PV) investigation attracted the attention of many researchers which is a direct
means for detection and conversion of solar light into electrical energy at the atomic level [7, 8].
Alternative window materials layers have also been used as an effort to decrease the absorption loss in
the window layer [9]. Various materials like ZnS, ZnxCd1−xO, Cd1−xZnxS, and ZnO1−xSx are among the
alternative window layers that have been used instead of CdS [10]. A literature review reveals that the
p-type semiconductors Cu2ZnSnS4 (CZTS) and Cu2ZnSnSe4 (CZTSe) have received much attention
from researchers, and been considered as one of the most promising photovoltaic materials due to their
small direct band gap [11, 12]. The CZTS and CZTSe thin-film solar cells with an absorber layer
possess a bandgap in the range ~1 to ~1.5 eV [13, 14]. The highest values of power conversion
efficiencies (PCEs) reported for pure CZTS, pure CZTSe and their mixture based solar cells have
reached 8.4, 12.6 and 11.6%, respectively [15, 16]. Whereas, the maximum efficiency recorded for
copper indium sulfide (CuInS2) thin-film based solar cell is 12.5% for cells with the structure
Mo/CuInS2/CdS/ZnO, and in the case of using ZnS the best efficiency of about 7.8%, was recorded for
the cell structure Mo/CuInS2/ZnS/ZnO [17]. Many researchers have reported that ZnS is one of the
most efficient luminescent (phosphor) materials for solar cell applications in both the undoped and
doped forms.
The extensive survey of the literature reveals that there are many methods for fabricating ZnS
thin films such as spray pyrolysis, pulsed-laser deposition, spin coating, sputtering, sol-gel process,
molecular beam epitaxy, and chemical bath deposition [18-21]. Among these techniques, spray
pyrolysis is the best one suited for the preparation of ZnS thin films because of its simplicity and
inexpensive experimental arrangement, vacuum less, high growth rate, ease of adding various doping
materials, and the capability for homogeneous large-area coatings, which are desirable for the
photovoltaic industries [22, 23]. Zhang et al. [24] theoretically investigate the influence of
incorporation different divalent transition metals on the electronic structures of ZnS thin films. They
found that the addition of dopant in ZnS films caused the increase of light absorption in the visible
region, indicating the ability of preparation of a new solar cell prototypes [25]. In this study, to
understand the importance of solid state parameter we deposited ZnS:Pb, ZnS:Mn and ZnS:Cu thin
films onto glass substrates by an inexpensive, simple and easy deposition method, using spray
pyrolysis technique. The main objective of this work is to investigate the dopant dependent currentvoltage (I–V) characteristics of ZnS thin films experimentally.

2. EXPERIMENTAL
Solid films of pure ZnS and doped ZnS [Pbx ZnS(1-x), Mnx ZnS(1-x) and Cux ZnS(1-x) (0.2 ≤ x ≤
1)] were grown onto silicon substrates by spray pyrolysis method at a fixed substrate temperature of
275 oC. The spraying solution was prepared by mixing the suitable quantity of dissolved zinc acetate
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Zn(CH3COO)2.2H2O with thiourea CS(NH2)2. To prepare doped ZnS films different amounts of
Pb(CH3COO)2, MnCl2.4H2O and CuCl2.2H2O were dissolved in distilled water separately as starting
materials. The molar concentration of the solution was 0.1 Mole/Liter. The total solution (100 cm3)
was sprayed and controlled by a flow meter.
The compressed purified ambient air was used as the carrier gas with a pressure of 105 Pa. The
solution sprays on a glass substrate for 2 seconds, and then the glass substrate left for 5 seconds until
they return to their original temperature. This procedure was repeated several times for a preferred
thickness. The substrates were heated using a simple electrical heating source, and the substrate
temperature was controlled at 275 oC using an iron-constantan thermocouple. The thicknesses of the
prepared thin-films were measured by Filmetrics (F20) equipment. The dark current at room
temperature as a function of reverse-bias and forward-bias voltage in the range 3.0 to -3.0 V was
measured for pure ZnS and doped ZnS structures using Keithley (typed 2425) programmable
connected with Philips computer. From the plot of the forward current ( I f ) versus applied forwardbias voltage (V f ) , the values of ideality factor (  ) have been calculated using the following equation
[24]:



dV f
q
k BT d lnI f / I s 





(1)

where q is carrier charge, k B Boltzmann constant, T absolute temperature, and I s is the
saturation current which can be obtained by extrapolating the forward current curves to zero voltage.
All of these should be defined for particular illumination condition. The illuminated I-V characteristics
at room temperature were performed with intensities measured by solar meter using Kaiser Halogen
lamp.

3. RESULTS AND DISCUSSION
3.1 Current-Voltage characteristics
The fabricated samples are tested for application as solar cell based materials. For this purpose,
the deposited ZnS, PbxZn1-xS, MnxZn1-xS and CuxZn1-xS (0.2 ≤ x ≤ 1) thin films were studied for
current-voltage (I-V) characteristic curves for the range of ± 2 V, in the dark and under illumination.
Figures (1, 2 and 3) show the variation of ( ln(I ) ) versus voltage ( V ) for pure ZnS, PbxZn1-xS, MnxZn1xS

and CuxZn1-xS /n-Si heterojunction forward-bias voltage for different dopant content within the
voltage range (0-2) Volt. It is obvious that the maximum I-V characteristic curve for Pb doping was
achieved at 8 wt.%, while the maximum I-V curve for Mn doping is obtained at 2 wt.%, on the other
hand, the for Cu doping the maximum was recorded at 4 wt.%.
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Figure 1. l n(I ) versus V of the forward bias for pure ZnS and Pbx Zn1-xS/n-Si Heterojunction for
different Pb content.

Figure 2. ln(I ) versus V of the forward bias for pure ZnS and Mnx Zn1-xS/n-Si Heterojunction for
different Mn content.
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Figure 3. ln(I ) versus V of the forward bias for pure ZnS and Cux Zn1-xS/n-Si Heterojunction for
different Cu content.

The current-voltage (I-V) characteristics of solar cells are an essential technique for the
characterization of solar cells. It gives a good idea about the junction characteristics and different cell's
parameters. Various models have been proposed to explain the solar cell experimentally observed
behavior [27]. In general, the forward dark current is generated due to the flow of majority carriers
where the applied voltage injects majority carriers lead to a decrease of the built-in potential and the
width of the depletion region. When the concentration of majority and minority carrier are much
2
higher than the intrinsic carrier concentration (i.e n p  ni ) causes the generation of recombination
current at low voltages (0-0.4) V. This is because the excited electrons from the valence band (V.B.) to
the conduction band (C.B.) will recombine with the holes in the V.B., caused a little increase in the
recombination current at low voltage region. While the tunneling current occurs in the higher voltages
(  0.4 Volt ) , where the current increases exponentially as the voltage increase. This current is known
as the diffusion current, which dominates the process [28].
The initial part of Figures (1, 2 and 3) could be approximated by an expression of the type
I ~ expqV / kBT  . Thus the ideality factor (  ) could be calculated from the slope of the initial linear
region of the forward bias ln(I ) - V curve. It might be noted here that the ideality factor gives an
indication of defects in the junction. In general, the ideality factor increase with an increase in the
dopant content due to increasing of the structural defects accompanying the addition of Pb, Mn and Cu
to ZnS as shown in Table 1.
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Table 1. The values of ideality factor (  ) for PbxZn1-xS, MnxZn1-xS and CuxZn1-xS /n-Si
Heterojunction.
PbxZn1-xS

MnxZn1-xS

CuxZn1-xS

x%
slope

Β

slope

β

slope

Β

0

14.89

2.69

14.89

2.69

14.89

2.69

2

17.13

2.33

11.58

3.45

12.60

3.18

4

17.12

2.34

11.35

3.52

10.52

3.80

6

15.89

2.52

10.79

3.71

14.71

2.72

8

13.34

3.00

9.93

4.03

13.72

2.92

10

15.10

2.70

18.07

2.21

9.63

4.15

The measured values of these parameters are slightly greater than their theoretical values which
are a common fact found for many materials [29]. The I-V characteristics under illumination of the
prepared thin films with different dopant content are presented in Figures (4, 5 and 6). The
measurements were carried out in the dark and under illumination intensity equal to 30 mW/cm2.
Clearly, the photocurrent increases with an increase in the bias voltage. It is worth noting that the
photocurrent in the reverse bias is larger than that in the forward bias. This is related to the fact that the
width of the depletion region increases with increasing in reverse biased voltage, this leads to the
formation of the electron-hole pairs across the interface. Thus the generation and diffusion of carriers
increases. Consequently, the photocurrent which is a function of diffusion carriers is also increased
[30].

3.2 Power output characteristics
The major crucial solar cell parameter is the maximum output power which is denoted by ( Pm )
as appeared in Eq. (2) [31]. The maximum output power is a crucial parameter because it has a
significant effect on fill factor ( F .F ) . The F.F of the solar cell is defined as the ratio of the maximum
output power ( Pm ) to the product of the open circuit voltage (Voc ) , and the short-circuit current ( I sc ) ,
as can be seen from the following equation:
F .F 

Pm
V oc I sc

(2)
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Figure 4. I-V characteristic for pure ZnS and PbxZn1-xS/n-Si heterojunction for different Pb content.

Int. J. Electrochem. Sci., Vol. 13, 2018

Figure 5. I-V characteristic for MnxZn1-xS/n-Si heterojunction for different Mn content.
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Figure 6. I-V characteristic for CuxZn1-xS/n-Si heterojunction for different Cu content.
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The major weakness of these type of solar cells is the very low F.F values. The improvement
in F.F values is a major challenge [32]. Another important parameter in determining the performance
of photovoltaics is the power conversion efficiency (PCE). Photovoltaic (PV) devices with high
conversion efficiency and low cost are expected for an extensive utilization of the solar energy in
future [33]. The energy conversion efficiency ( %) of the solar cell is defined as the ratio of the
output power delivered to the operating point to the incident light power ( Pin ) . Its value was estimated
from this equation:



Voc I sc F .F
Pin

(3)

These four quantities: I sc , Voc , F.F , and  are the critical performance characteristics of a
solar cell [34].

Table 2. I-V parameters for PbxZn1-xS, MnxZn1-xS and CuxZn1-xS /n-Si heterojunctions at difference
dopant content.
x%
0
2
4
6
8
10
x%
0
2
4
6
8
10
x%
0
2
4
6
8
10

PbxZn1-xS
Isc (mA)
0.94
1.24
1.00
1.02
1.00
1.20
MnxZn1-xS
Isc (mA)
0.94
0.90
1.00
1.00
1.00
1.00
CuxZn1-xS
Isc (mA)
0.940
1.00
1.00
1.10
1.00
1.00

Voc (V)
1.20
1.05
1.50
1.10
0.75
1.02

Im (mA)
0.52
0.65
1.00
0.90
0.70
0.90

Vm(v)
0.60
0.50
1.05
0.52
0.50
0.40

F.F
0.28
0.25
0.70
0.42
0.47
0.29

η%
1.04
1.08
3.50
1.56
1.17
1.20

Voc (V)
1.20
0.55
0.55
0.65
0.65
1.05

Im (mA)
0.52
0.58
0.70
0.55
0.55
0.85

Vm(v)
0.60
0.35
0.38
0.50
0.40
0.65

F.F
0.28
0.41
0.48
0.42
0.34
0.53

η%
1.04
0.68
0.89
0.92
0.73
1.84

Voc (V)
1.200
0.70
0.80
0.58
1.58
1.00

Im (mA)
0.520
0.85
0.88
0.90
0.85
0.82

Vm(v)
0.600
0.48
0.50
0.40
1.08
0.59

F.F
0.277
0.58
0.55
0.56
0.58
0.48

η%
1.040
1.36
1.47
1.20
3.06
1.61
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All of these parameters should be defined for particular illumination conditions [35]. Table 2
summarizes the I-V characteristic parameters for all the fabricated solar cell devices. The power
conversion efficiency (PCE) of the devices improved significantly from 1.04 % to 3.5% for ZnS film
incorporated with 4 wt.% of Pb. This value is very close to that reported by Wen Ji et al. [36] for ZnS
annealed at 250 oC. The maximum efficiency of 1.8 % was achieved for ZnS doped with 10 wt.% of
Mn salt. As well as the high efficiency of about 3.06% was recorded for ZnS containing 8 wt.% of Cu.
The observed improvement in both photocurrent and photopotential response mainly attributed to the
decreased series resistance, and increased photosensitivity.

4. CONCLUSION
The following conclusions were achieved for the fabricated solar cell devices. The doped ZnS
films were deposited onto a silicon substrate using simple and inexpensive chemical spray method.
The photovoltaic properties of the thin films have been analyzed. The photocurrent increases with
increasing the positive bias voltage, and the photocurrent in the reverse bias is larger than that in the
forward bias. This can be attributed to the fact that the depletion region width increases with increasing
the reverse-bias voltage which causes the generation of the electron-hole pairs. The observed
enhancements in the photopotential and photocurrent were attributed to the decreased series resistance
and increased photosensitivity. The maximum efficiency for Zn1-xS:Pbx was 3.5% at x=4%, for Znx1S:Mnx was 1.84% at x=10%, and for Znx-1S:Cux was 3.06% at x=8%.
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