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Abstract
In this research article, the performance of the solar cell having the structure (Ag/ZnO:Al/CdS/SnS/p+-
SnS/Mo/Glass) is investigated in detail using SCAPS-1D software. The main motive of this work was to
study the performance parameters of SnS based solar cell having p+-SnS layer as Back Surface Field
(BSF). It is found that with the addition of p+-SnS BSF layer and after performing all the optimization of
the different parameters, the e�ciency (η) of the solar cell improved and enhanced to 7.11%. The open
circuit voltage (Voc) and the short circuit current (Jsc) of the designed solar cell enhanced up to 359 mV

and 27 mA/cm2 after adding p+-SnS BSF layer. It is observed that the performance of the heterojunction
solar cell is dependent on several factors like thickness of the buffer, absorber and the BSF layer, carrier
concentration, defect density, series and shunt resistance of the device. Also fabricating a p+-SnS layer is
of low cost and the lattice mismatch is less with the SnS layer. All these �ndings reveal that p+-SnS layer
could be a promising BSF layer to enhance the performance of SnS based heterojunction solar cell.

Introduction
In recent days, thin�lm solar cell is getting utmost interest among the research community. However, with
this dynamic market scenario, developing a commercially viable thin �lm solar cell is a challenge.
Different types of solar cells and solar cell materials are available in the market to develop thin �lm based
solar cells [1]. SnS, a IV-VI semiconductor, based thin �lm solar cell is one of the most promising type of
solar cell due to the direct bandgap (1.3 eV – 1.5 eV), high absorption coe�cient (>104 cm-1) of SnS
material which allows SnS to absorb the solar spectrum in an e�cient manner [2]. Apart from the above
properties, the earth abundance of SnS, low cost and non-toxic nature also considered as important
parameters for choosing SnS as a suitable absorber material. SnS and its constituent elements are
widely used in different photo-electrochemical cells, energy storage devices, gas sensing elements etc [3].
SnS can be deposited through easy vacuum and non-vacuum based techniques like spray pyrolysis [4],
spin coating [5], dip coating [6], sputtering [7], thermal evaporation [8], chemical vapor deposition [9] etc.

Recently, a number of researchers have developed SnS based solar cell practically having ZnS/SnS,
ITO/SnS, TiO2/SnS, CdS/SnS structures [10][11]. The maximum e�ciency of SnS based solar cell

achieved is 4.36% [12] which is quite low as compared to the solar cell e�ciency achieved for CuInGaSe
or Cu2ZnSnS based solar cells. To improve the e�ciency of SnS based solar cell, it is very important to
understand the device mechanism and its behavior. Theoretical analysis of the solar cell helps us to
understand the device mechanism and its behavior in a better manner. Also, in theoretical analysis we
can optimize a number of parameters and understand their impact on the solar cell, which is not possible
experimentally. So, theoretical analysis in parallel with experimental studies are important to understand
the device physics and engineering in depth.  

The recombination loss of the photo generated carriers plays a signi�cant role in governing the e�ciency
of the solar cell. Back contact layer contributes a lot in the recombination process as the contact area is
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more with the absorber layer of solar cell [13]. Generated and recombined carrier need to be collected at
metal contacts to provide power to the load. Surface recombination velocity also plays a critical role in
carrier recombination at the back contact. Adding another layer to create an electric �eld near to the back
contact will help to reduce the surface recombination process. To generate the strong electric �eld,
heavily doped semiconductor layer can be added at the rear end to improve the e�ciency [14]. 

Till now, few researchers have studied theoretically the impact of adding a highly doped layer near the
back contact of CdTe, CZTS, CZTSe, CIGS, Sb2S3 based solar cells [15][16]. The addition of heavily doped
layer is showing improved e�ciency of solar cell. But impact of the same on SnS based solar cell is not
studied till now. In this manuscript, the e�ciency of the SnS based solar cell is analyzed thoroughly with
the presence of p+-SnS back surface �eld layer using SCAPS-1D software. One of the main reason for
using p+-SnS layer is to make a homojunction which will reduce the lattice mismatch among the layers.
Different parameters  like thickness of the buffer, absorber layer and BSF layer, radiative recombination,
defect density, carrier concentration, series and shunt resistance, ambient temperature of operation are
optimized and their impact on the performance of solar cell are thoroughly studied. It is found that after
optimizing all the parameters the photo conversion e�ciency (η) is around 7.22% with an open circuit
voltage (Voc) of 359 mV, short circuit current (Jsc) of 27 mA/cm2 and Fill Factor (FF) of 73.5%. 

Solar Cell Structure And Material Properties
The schematic diagram of the of the proposed heterojunction solar cell is shown in �gure 1. In the
structure Ag, ZnO:Al, CdS, SnS, p+-SnS and Mo were de�ned as front contact/ transparent conducting
oxide, window layer, absorber layer, BSF layer and back contact respectively. 

Figure 2 shows the energy band diagram of the Ag/ZnO:Al/CdS/SnS/p+-SnS/Mo/Glass heterojunction
solar cell. It is found from �gure 2 that the valance and conduction band of p+-SnS absorber layer is
higher than the SnS absorber layer and the valance band offset (VBO) between them is almost nil.
Another added advantage is that the conduction band offset (CBO) between the SnS absorber layer and
p+-SnS BSF layer is suitably high to block the �ow of electrons from SnS to back contact which in turn
reducing the surface recombination process in the back electrode [17]. By blocking the electrons, BSF layer
can improve the Jsc, proving as an effective way to improve the solar cell e�ciency. After adding the BSF
layer, the absorber and BSF layer acts as an absorber layer altogether which improves the absorption of
photon and increases the generation of electron-hole pair [18]. 

Simulation Model
To study the impact of the different parameters on the performance of the solar cell SCAPS-1D software
was used to develop the simulation model. Though SCAPS was widely investigated for CZTS, CIGS, CdTe
and kesterite thin �lm solar cell, but the simulation environment of SCAPS can be extended to analyze the
performance of solar cell other than the above solar cells. The results extracted from the SCAPS
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environment containing results of current as well as some more data with detailed analysis. The analysis
of SCAPS-1D is based upon Poisson’s equation, hole continuity, electron continuity as given below
(Benami et al., 2019):

  (1)

  (2)

  (3)
Where, ε is known as the dielectric constant, q is termed as electron charge, ND and NA are donor and
acceptor density respectively, Ψ is electrostatic potential, p, n, are hole and electron concentration, ρp, ρn,
are hole and electron distribution, Jp, Jn are current densities of hole and electron respectively. In the
second equation, Gop is termed as optical generation rate, R is de�ned as net recombination from direct
and indirect sources. All of above parameters are the function of the position, x.

SCAPS has the capability to represent the recombination pro�le, steady state band diagram, and
transport carrier properties in 1D. SCAPS software gives the GUI to represent the J-V, C-V, Q-V and C-f
spectral responses visually.

For the simulation in SCAPS-1D the materials properties are needed to be included in the platform. For the
same, the parameter of different layers used in this device structure are extracted from other reported
articles. The work function of front and back metal contacts (Ag = 4.73 eV and Mo=5eV) are included in
the simulation to obtain the proper device output results. The parameters used for the simulation work
are tabulated in Table 1.
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Table 1
Materials parameters used for the current simulation [][]

Material Properties ZnO:Al SnS p+-SnS CdS

Thickness (nm) 200 Variable Variable Variable

Bandgap (eV) 3.3 1.34 1.34 2.4

Electron A�nity (eV) 4.4 4.2 4.2 4.2

Dielectric Permittivity 9 13 13 10

CB Effective Density of State (1/cm3) 2.2 × 1018 1.8×1018 1.8×1018 2.2 × 1018

VB Effective Density of State (1/cm3) 1.8 × 1019 4.76×1018 4.76×1018 1.8 × 1019

Electron Thermal Velocity (cm/s) 107 107 107 107

Hole Thermal Velocity (cm/s) 107 107 107 107

Electron Mobility (cm2/V.s) 102 15 15 102

Hole Mobility (cm2/V.s) 25 100 100 25

Donor Density (ND) (cm−3) 1020 0 0 1.1 × 1017

Acceptor Density (NA) (cm−3) 0 4.76×1015 4.76×1018 0

Result And Discussion
This simulation study was conducted by optimizing the different parameters of the designed solar cell in
SCAPS-1D software. First, the buffer, absorber and BSF layer thickness was optimized. To optimize the
buffer, absorber and BSF layer thickness, the effect of other parameters like radiative recombination,
acceptor density, defect density, series-shunt resistances were taken as null at 300K.

4.1 Impact of variation of thickness of CdS buffer layer
The impact of the thickness of CdS layer on the performance of SnS based thin-�lm solar cell is analyzed
by properly varying the buffer thickness from 50 nm to 120 nm and keeping thickness of other layers
constant. Figure 3 showed the impact of thickness variation of CdS layer on the performance of p+-
SnS/SnS based solar cell. It is found that with the variation of CdS layer thickness, the e�ciency (η) is
almost constant upto 80 nm and then a slight change is observed, as shown in �gure 3(a). The short
circuit current (Jsc) as well as the open circuit voltage (Voc) is showing modi�cation with the change in
the buffer layer thickness whereas �ll factor (FF) is showing a slight decrease with the increase in the
thickness after 80 nm as per �gure 3 (b)-(d). So the impact of varying the thickness of buffer layer is
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negligible on the e�ciency of a solar cell having a BSF layer over an absorber layer. The same
phenomenon has been observed by some other researchers also [21]. The path covered by the photo-
generated carriers to reach the active region increases with the increase in the thickness of buffer layer.
With the slight increase in the travel path the recombination increases which in turn reduces the Jsc and

Voc [22].  

4.2 Impact of variation of SnS absorber layer and p+-SnS
BSF layer thickness
The major challenge in the solar cell technology is to fabricate e�cient but cost effective solar cell with a
thin absorber layer. BSF layer plays a very signi�cant role in reducing the overall thickness of the absorber
layer, hence minimizing the cost [18]. To analyze the effect of SnS and p+-SnS layer on the performance
of solar cell, the thickness was varied from 1000 nm to 3000 nm and 200 nm to 1000 nm for SnS and p+-
SnS respectively as shown in �gure 4. It is observed that with the increase in the p+ SnS layer thickness,
the e�ciency (η) is increasing and the highest e�ciency (η) is obtained 9.20% for the thickness of SnS
~1800 nm and p+-SnS~900 nm having all the other parameters like radiative recombination, defect
density, series and shunt resistance at zero value. Any further change in the thickness gives a negligible
improvement in the e�ciency as the recombination of carriers dominates with the increase in the
thickness of absorber and BSF layer [23]. The value of short circuit current (Jsc) and open circuit voltage

(Voc) is also increasing with the increase in the thickness of p+-SnS whereas for the variation of thickness
of SnS the change is almost constant. The maximum Jsc and Voc obtained for the device was 29.11

mA/cm2 and 0.41 volt respectively. The �ll factor (FF) is decreasing with the increase in the thickness of
the p+ SnS layer [24]. With the increase in the thickness of absorber and BSF layer, more number of
carriers is generated with the same amount of incident photon. As reported by other researchers, with the
increase in thickness of absorber layer, the spectral response is also improved [25]. Now the amount of
material consumption of the absorber layer can be reduced by adding a BSF layer which in turn reduce
the back contact recombination and improves the e�ciency. Hence with the inclusion of BSF layer helps
us to optimize the absorber layer thickness at lower value, thus the overall cost of the solar cell is also
optimized [26].  

4.3 Impact of variation of radiative recombination
coe�cient of p+-SnS/SnS layer
Recombination is one of the most common device phenomenon and majorly responsible in determining
the photo conversion e�ciency of solar cell. The radiative recombination rate, mainly occurring in direct
bandgap semiconductors, should be at its lowest level to get an enhanced e�ciency. The value of
radiative recombination is mainly dependent on the atomic structure and carrier density of the �lms
which directly affects the Voc of the device [27]. In this work, the radiative recombination coe�cient was

varied from 10-19 cm3/s to 10-1 cm3/s for both SnS and p+ SnS layer. It is found from �gure 5(a) that for
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both the layers, the optimum range for radiative recombination is in between 10-19 cm3/s to 10-9 cm3/s
having e�ciency (η) of 8.84%. It is also found that �ll factor (FF) is almost constant for the change in the
radiative recombination for p+-SnS as it has very less impact on the same [�gure 5(b)]. The short circuit
current (Jsc) and open circuit voltage (Voc) is showing maximum value in the range between 10-19 cm3/s

to 10-9 cm3/s with a value of 28.50 mA/cm2 and 0.398 volt respectively, [�gure 5(c,d)]. With the increase
in the recombination rate, the generated carrier collection decreases rapidly. Due to which the Voc reduces

[28]. For the above performance analysis, previously obtained optimized results are considered and the
defect density, series and shunt resistance were taken as zero. 

4.4 Impact of variation of carrier concentration of p+-
SnS/SnS layer
To study the impact of carrier concentration or acceptor density on the performance of solar cell, the
concentration was ranged from 1010 cm-3 to 1018 cm-3. It is observed from �gure 6(a) that the maximum
photo conversion e�ciency (η) is obtained for p+-SnS with a carrier concentration of 1018 cm-3 whereas
the same for SnS can be kept at 1016 cm-3. The �ll factor (FF), open circuit voltage (Voc) and short circuit

current (Jsc) are also showing a variation with the change in the carrier concentration of SnS and p+-SnS

as shown in �gure 5(b-d). The same analogy was reported by several other researchers [29]. Change in the
carrier concentration is responsible to produce the built-in potential at the interface which in turn reduces
the recombination and enhances the e�ciency upto a certain limit [30]. To determine the effect of carrier
concentration, the previously obtained optimized results were taken into consideration.  

4.5 Impact of variation of defect density of p+-SnS/SnS
layer
A major parameter in�uencing the photovoltaic performance of the solar cell is defect density of the
layers. With the increase in the defect density, the recombination increases which modi�es the e�ciency.
Hence the value of the defect density needs to be taken care of in a very signi�cant manner [31]. In this
work, the value of defect density was varied from 1010 cm-3 to 1018 cm-3 to study the impact on the
photovoltaic performance of the SnS based solar cell. It is found from �gure 7 that the e�ciency (η), �ll
factor (FF), short circuit current (Jsc) and open circuit voltage (Voc)  is dependent on the defect density of

SnS and not of p+-SnS. Also it is found from �gure 7(a) that the maximum e�ciency of 7.52% is obtained
for the defect density within the range of 1010 cm-3 to 1016 cm-3 for SnS. The same type of phenomenon
is observed for �ll factor (FF), short circuit current (Jsc) and open circuit voltage (Voc) also as shown in
�gure 7 (b-d).  

4.6 Impact of the variation of series (Rs) and shunt (Rsh)
resistance
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Series and shunt resistance is a very important parameter to determine the photo conversion e�ciency of
a solar cell. Mainly the short circuit current (Jsc) and open circuit voltage (Voc) is dependent on the series
(Rs) and shunt (Rsh) resistance []. To study the effect of device resistance on the performance of solar

cell, it is varied from 5-10 Ω.cm−2 and 200-2000 Ω.cm−2 for series and shunt resistance respectively. It is
observed that maximum e�ciency (η) is observed 7.22% for series resistance of 3 Ω.cm−2 and shunt
resistance of 1000 Ω.cm−2 [�gure 8(a)]. It is also observed that the e�ciency (η), �ll factor (FF) and short
circuit current (Jsc) is mainly dependent on the series resistance, Rs and very mild effect is observed with
the variation of shunt resistance, Rsh, [�gure 8(b,c)]. On the other hand, the open circuit voltage (Voc) is
totally dependent on shunt resistance, Rsh which is increasing with the increase in shunt resistance, Rsh.

4.7 Effect of temperature on the performance of solar cell
The working temperature of the solar cell plays an important role on the performance of the cell. As the
solar cells are exposed in open environment, the ambient temperature is always a parameter to in�uence
the e�ciency of the cell. The relationship between open circuit voltage (Voc), photo current and
temperature is given as,

Voc =
Ea
q − n. kB.

T
q ln

J00
Jl

4
where, n is the ideality factor, Ea is activation energy, J00 is reverse saturation current, Jl is photo-current,
kB is Boltzmann constant, q is the charge, and T is operating temperature.

To study the effect of the operating temperature on the performance of solar cell, it is varied from 283 K
to 323 K. as shown in �gure 9. It is found that with the increase in solar cell operating temperature the
e�ciency (η) decreases along with open circuit voltage (Voc) and �ll factor (FF). But the short circuit
current (Jsc) increases with the increase in operating temperature. With the increase in the temperature
different defect states are getting activated and the recombination also get enhanced with the increase in
the ambient temperature. This effect reduces the saturation current while increasing the reverse
saturation current [33]. The carrier concentration, mobility and bandgap get affected by the ambient
temperature, which in turn reduces the e�ciency with the increase in the temperature. The reverse
saturation current increases with the increase in the solar cell temperature which reduces the Voc. With the
increase in the temperature, the electrons become excited and the movements of the free carriers get
obstructed due to lattice vibrations. Hence the e�ciency reduced due to thr collision with the heavily
energized electrons [34].  

( ) ( )
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Table 2
Optimized device parameter for the p+-SnS/SnS based solar cell.

Optimized Parameter SnS p+-SnS

Absorber layer and BSF layer thickness 1800 nm 900 nm

Buffer layer thickness 80 nm

Radiative recombination coe�cient 10−10 cm3/s

Shallow Acceptor density 1016 cm−3 1018 cm−3

Defect density 1015 cm−3

Series and Shunt Resistance 3 Ω.cm−2

1000 Ω.cm−2

Optimized solar cell parameters η = 7.22%;

FF = 73.5%;

Jsc = 27 mA/cm2 ;

Voc = 0.359 volt

Table 2 shows the optimized device parameters for p+-SnS/SnS based solar cell as obtained from this
simulation study and Table 3 shows the comparison of e�ciency and other device parameters for SnS
based solar cell reported in different literature with this simulated work. From the comparison it was
found that the maximum e�ciency for SnS based solar cell obtained was 5.24%. The reason for having
the less e�ciency was mainly due to non-uniform junction in between buffer and absorber layer, high
series resistance and carrier recombination which in turn reduces the Jsc in comparison with conventional
CZTS/Se solar cells [35][12]. The previously reported simulated works [41][42] concentrate mainly on the
different device parameter of SnS only whereas in our research work we have considered a separate p+-
SnS BSF layer to reduce the back surface recombination which in turn improved the Jsc.

Table 3 Comparison of e�ciency and device parameters for SnS based solar cell reported in literature
compared with this work.
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Device Structure E�ciency
(%)

Jsc

(mA/cm2)
Voc
(V)

FF
(%)

Reported experimental work

TiO2/n-SnS/SnS/Ag/SnS/p-SnS/ITO (Nguyen et al.,
2021) [35]

5.24 17.13 0.450 68

Glass/Mo/SnS/SnO2/Zn(O,S):N/ZnO/ITO
(Sinsermsuksakul et al., 2014) [12]

4.36 20.2 0.372 58

SLG/Mo/SnS/CdS/iZnO/AZO (Yadav et al., 2021) [36] 3.50 18.9 0.334 55.5

SLG/Mo/SnS/CdS/i-ZnO/AZO/Ni/Ag (Cho et al., 2019)
[37]

3.05 19.4 0.297 52.8

Glass/Mo/SnS/CdS/i-ZnO/Al:ZnO/Ni/Al (Reddy et al.,
2019) [38]

2.28 20.3 0.280 40

SLG/Mo/SnS/CdS/i-ZnO/ZnO:B/Ni/Ag (Kang et al.,
2017) [39]

1.61 13.28 0.269 45.07

TCO/CdS/SnS-Cubic/SnS-Orth/Contact (González-
Flores et al., 2019) [40]

1.38 6.96 0.488 41

Reported simulated work

Contact/n-ZnO/n-CdS/p-SnS/Contact (Boubakri et al.,
2021) [41]

15.62 33.29 0.752 62.0

Contact/p-SnS/CdS/ZnO/Contact (Ullah et al., 2014)
[42]

10.6 13.4 0.920 86.3

Glass/ITO/ZnO/CdS/SnS/Contact (Garain et al., 2021)
[20]

8.92 20.75 0.732 36.89

Glass/Mo/SnS/SnO2/Zn(O,S):N/ZnO/ITO (Minbashi et
al., 2018) [44]

7.68 27.99 0.419 67.97

This simulated work

Ag/ZnO:Al/CdS/SnS/p+-SnS/Mo/Glass 7.22 27 0.359 73.5

Conclusion
Numerical study to determine the optimized parameters of solar cell helps to determine the insight of
different device parameters and its impact on the solar cell. This work was mainly intended to study the
impact of variation of thickness of buffer and absorber layer, recombination coe�cient, acceptor density,
defect density, series-shunt resistance, and operating temperature on the performance of solar cell having
back surface �eld (BSF) layer to reduce the back contact recombination. Research study available on the
in�uence of these parameters of absorber and BSF layer on solar cell performance is very rare. The
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device structure, Ag/ZnO:Al/CdS/SnS/p+-SnS/Mo/Glass was simulated using SCAPS-1D software. The
reason for using p+-SnS BSF layer is to create a homojunction which in turn provides a very less lattice
mismatch with SnS layer. It was clearly observed from the obtained results that the optimum thickness
for CdS, SnS and p+-SnS is coming 80 nm, 1800 nm and 900 nm respectively. The optimized results
shows that by controlling of recombination, acceptor and defect density the e�ciency can be improved.
Also the series and shunt resistance plays an important role for the device performance. Hence a proper
controlling of all these parameters are very important to obtain a highly e�cient photovoltaic device
having e�ciency of 7.22% with FF, Jsc and Voc of 73.5%, 27 mA/cm2 and 0.359 volt respectively. This

numerical modelling and analysis of the SnS-based solar cell having p+-SnS as a BSF layer will help the
researchers to develop an solar cell with high e�ciency based on non-toxic, earth abundant SnS material.
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Figures

Figure 1

Schematic structure of the simulated device. 

Figure 2
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Energy band diagram of the simulated device. 

Figure 3

Effect of variation of thickness of buffer layer on the performance of SnS based solar cell.

Figure 4

Effect of variation of thickness of absorber and BSF layer on the performance of SnS based solar cell.

Figure 5

Effect of variation of radiative recombination on different parameters of SnS based solar cell.
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Figure 6

Effect of variation of carrier concentration on the performance of SnS based solar cell.
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Figure 7

Effect of variation of defect density on the performance of SnS based solar cell.
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Figure 8

Effect of variation of series (Rs) and shunt (Rsh) resistance on the performance of SnS based solar cell.
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Figure 9

Effect of operating temperature on the performance of SnS based solar cell.


