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Abstract
This paper aims to investigate the photovoltaic performance of copper indium gallium selenide (CIGS) solar cells using 
SCAPS-1D (Solar Cell Capacitance Simulator in One Dimension) software. The novelty in this research revolves around 
applying lamellar tin sulfide (SnS2) as a buffer layer and tin monosulfide (SnS) as a back surface field (BSF) layer, which is 
noteworthy since few materials have previously been exploited in CIGS solar cell research. The studied solar cell is com-
posed of four layers with different physical parameters: two p-type doped layers, SnS as the BSF layer and the CIGS as the 
absorption layer, as well as two other n-type doped layers, SnS2 as the buffer layer and aluminium-doped zinc oxide (AZO) 
as the window layer. This work covered the role and effect of the BSF (SnS) layer on the photovoltaic parameters of the 
CIGS solar cell device. In addition, the variation of thickness, acceptor concentration, band gap and operating temperature 
of the SnS layer was also optimized and analysed. Adding the BSF (SnS) layer between the absorber layer (CIGS) and the 
metal back contact (molybdenum [Mo]) leads to increased hole tunnelling activity, resulting in a quasi-ohmic contact of 
the Schottky type near the back surface. Thus, this contact improves the electric field region generated at the back interface. 
Also, reducing back surface recombination increases energy conversion efficiency. As a result, the inclusion of a 40 nm 
thin film of BSF layer at the optimum temperature of 300 K significantly enhanced the device’s open-circuit voltage (VOC) 
from 0.73 V to 0.87 V, current density (JSC) from 36 mA/cm2 to 40 mA/cm2, fill factor (FF) from 84% to 86%, and power 
conversion efficiency (PCE) from about of 22% to 30%, for an absorption layer thickness of 1 μm. These findings offer great 
promise for the efficiency and economic viability of CIGS solar cells in the future.
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Introduction

A thin-film solar cell (TFSC) is a highly efficient, cost-
effective, and long-lasting device for meeting the world’s 
demand for renewable energy in the photovoltaic (PV) 
sector. Recently, researchers have been more interested 

in non-silicon semiconductor materials such as cadmium 
telluride (CdTe) and copper indium gallium selenide 
(CIGS) due to their high photo-conversion efficiency and 
suitability for  large-scale commercial manufacturing in 
PV systems technology.1–4 The global research community 
is increasingly interested in polycrystalline CIGS-based 
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materials to manufacture low-cost, high-efficiency solar 
cells. In a typical CIGS cell, an active layer of CIGS 
serves as the main light absorber layer, which absorbs the 
majority of incident photons on the device. To create a 
p–n junction with the absorber layer, an n-type cadmium 
sulfide (CdS) buffer layer, is placed between the p-type 
CIGS active layer and the window layer. A transparent 
conductance oxide (TCO) acting as a window layer AZO is 
interfaced with a CdS layer to collect electrons on the front 
side. The window layer decreases surface defect density 
considerably, resulting in a drop in surface recombination 
velocity.5

At present, the overall efficiency of CIGS-based PV 
cells using conventional CdS buffer is 23.35%6–8 at the 
laboratory scales. In contrast, the main downside of 
CdS buffer is its toxicity, which causes environmental 
and human health problems.9,10 Until now, considerable 
effort has been expended to replace it with a variety of 
alternative buffer layers, such as zinc sulfide (ZnS)11,12 
zinc selenide (ZnSe),13,14  indium(III) sulfide (In2S3).1,14 
Furthermore, tin sulfide (SnS2) is a simple binary IV–VI 
group metal chalcogenide that is safe and inexpensive.15 
As a result, SnS2 has good potential as a non-toxic buffer 
layer in solar cells.16–19 A variety of new semiconductors 
have been proposed in recent years to produce enhanced 
and more efficient solar cells, including organic materials, 
II-VI compounds and perovskites. One of the more promis-
ing materials, without a doubt, is CIGS, which performs 
very well in terms of lifetime and processability while 
maintaining high conversion efficiency.20 Copper indium 
selenium (CIS) and copper gallium selenide (CGS) are 
ternary compounds of a Cu (In1−x, Gax) Se2 solid solu-
tion, belonging to quaternary elements I, III, and VI of 
the periodic table.5,21 Chalcopyrite CIGS is thought to be 
a promising option for future thin-film (PV) technologies 
due to its high absorption coefficient of approximately 
107 m−1,22 and good spectral response over a wide range 
of wavelengths in the solar spectrum.23 As is  known, the 
performance of a PV cell is determined by three elements 
which are charge generation, exciton dissociation, and 
collection of the generated charge carrier, but the back 
surface recombination and semiconductor (CIGS)/metal 
(Mo) contact interface recombination reduce solar cell effi-
ciency.24 A suitable back contact metal with a high work 
function is necessary to improve cell efficiency. Because 
most metals lack sufficient work functions, a Schottky-
barrier contact is created between the metal electrode Mo 
and the CIGS layer interface. This Schottky barrier can 
significantly impact the current–voltage (I–V) character-
istics of a CIGS solar cell, principally by limiting hole 
transport. Hence a better metal with high work function 
is required to create an ohmic contact with CIGS active 
layer. To overcome this barrier, a known strategy is to 

either minimize the barrier height or moderate its breadth 
by strongly doping an additional layer of the back surface 
field (BSF) with appropriate material between the active 
layer and the metal back contact.22

One of the main culprits responsible for the relatively 
low efficiency of CIGS solar cells is the back surface 
recombination, which limits the carrier collection effi-
ciency and reduces the device's overall performance. It 
has been shown that the BSF can play a crucial role in 
reducing the back surface recombination where it creates 
a rear pushing force at the extensively doped backside of 
the structure to push the minority carrier to the depletion 
area, thereby passivating the back surface and reducing 
rear recombination of the solar device, which leads to the 
improvement of the electrical properties, where the cost 
of device manufacture can be decreased due to this phe-
nomenon by lowering the thickness of the absorber layer 
and improving the efficiency of the solar cell.5,21 In this 
work, the proposed thin-layer solar cell structure using tin 
monosulfide (SnS) and SnS2 as BSF and buffer layers is a 
novel approach that can potentially address the back sur-
face recombination issue and improve the device's overall 
performance. We chose SnS and SnS2 based on their elec-
tronic properties and compatibility with CIGS. The band 
gap and band alignment of SnS and SnS2 are well suited 
for use as a buffer and BSF layers in CIGS solar cells. 
The proposed structure has the potential to significantly 
improve the efficiency and stability of CIGS solar cells by 
reducing the back surface recombination and increasing 
the carrier collection efficiency. This can lead to a reduc-
tion in the cost per watt of solar energy and make it more 
competitive with other forms of energy.

Furthermore, using SnS and SnS2 as BSF and buffer 
layers is an attractive option due to their low toxicity and 
low-cost fabrication process. This can help address the envi-
ronmental concerns associated with producing and dispos-
ing of solar cells. Despite the promising performance of 
CIGS solar cells, there is still a need for further research to 
improve their efficiency and stability.

In this study, we evaluate the performance of CIGS solar 
cells using SCAPS-1D (Solar Cell Capacitance Simulator in 
One Dimension, version 3.3.07). The main goal is to insert 
a BSF (SnS) or BSF-P+) using a SnS2 buffer layer in CIGS 
photovoltaic cells. A BSF layer consists of a higher doped 
region at the rear face of the solar cell CIGS. The interface 
between the high and low-doped regions behaves like a p–n 
junction, forming an electric field at the interface, which 
introduces a barrier to minority carrier flow to the rear sur-
face. The new structure that we proposed (Mo/SnS/CIGS/
SnS2/AZO) was numerically analysed to obtain the solar cell 
performance parameters; open-circuit voltage (VOC), short-
circuit current density (JSC), fill factor (FF), and power con-
version efficiency (PCE).
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Physical Parameters and Modelling

Equations and Simulation Methods

The simulation modelling of our CIGS-based solar cell struc-
ture has been carried out using SCAPS (Solar Cell Capaci-
tance Simulator), which is a one-dimensional solar cell simula-
tion program developed at the Department of Electronics and 
Information Systems (ELIS) of the University of Ghent, Bel-
gium,24 that is used for numerical simulation of thin-film solar 
cells (TFSCs). The SCAPS 1-D program solves the equations 
for structures containing a certain number of semiconductor 
layers with an arbitrary doping profile (as a function of posi-
tion) with an arbitrary energy distribution of the deep donor or 
acceptor levels under different types of illumination.

The study of semiconductor devices is based on the simul-
taneous resolution of the Poisson equation (Eq. 1), the con-
tinuity equation for electrons (2) and for holes (3) with the 
appropriate limit conditions.

In these equations, ψ indicates the electrostatic potential, �0 
the vacuum and �

r
 the relative permittivity of the static mate-

rial, e represents the elementary charge (1.6 × 10−19C), n and 
p represent the density of electrons and holes, respectively, 
NA and ND correspond to the densities of ionized acceptors 
and donors. �p∕�n depict the hole and electron distribution, 
Jp/Jn is the hole and the electron current density, and G(x) and 
R(x) are the charge generation and the recombination rates, 
respectively.

Equations 4 and 5 can be used to analytically depict the 
performance fill factor (FF) and power conversion (PCE) of 
photovoltaic systems.

Device Structure and Material Parameters

The suggested solar device’s structure in this research is 
coated on soda-lime glass (SLG). The first layer of Mo 
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is used as a back contact. The second layer is the CIGS, 
which is an active layer that acts as an absorption layer. A 
highly SnS-P + doped layer (BSF) is placed between the 
p-CIGS semiconductor and the back contact metal (Mo). 
The n-type semiconductor material SnS2 is suggested as a 
buffer layer that is a reasonable substitute for CdS due to 
the toxicity of Cd, followed by Al-doped ZnO (AZO) as a 
window layer. Finally, aluminium (Al) serves as the front 
contact of the device. The investigated solar cell structure 
SLG/Mo/SnS/CIGS/SnS2/AZO/Al is illustrated in Fig. 1. 
The following scientific references5,23,26–34 include the 
input's physical parameters that are used in the numerical 
simulation, which are illustrated in Table I.

The quantity of current flowing through the solar device 
SnS/CIGS/SnS2/AZO is ascertained by the band gap align-
ment presented in Fig. 2. A Schottky barrier is created 
between both the absorber layer and the Mo contact, which 
has a metal work function of Φm = 5 eV24 less than Eg + χ 
(Eg + χ > Φm),22,29 where Eg is the band gap and χ indicates 
the electron affinity. Generally, the electron is captured 
when it reaches the back surface Mo and is not able to 
contribute to the current, while the BSF layer between 
CIGS and Mo can decrease the barrier height by creating 
a quasi-ohmic contact and allowing the electron to reach 
the buffer layer and contribute to the photovoltaic effect 
again. The SnS layer provides the supplementary holes 
tunnelling to shape the quasi-ohmic contact and lower the 
recombination rate of the back surface.

Fig. 1   Schematic diagram of the suggested CIGS-based solar device.
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Results and Discussion

We have theoretically investigated a CIGS thin-film solar 
cell with SnS2 emitter layer and SnS BSF layer under AM 
1.5G illumination at a temperature of 300 K, where we 
have changed the BSF layer thickness, acceptor densities, 
and band gap to examine the performance of the solar cell, 
keeping all other parameters unchanged.

Effect of BSF (SnS) Layer Thickness on CIGS Cell 
Performance

In this optimization research, the effect of BSF SnS layer 
thickness on the performance of photovoltaic CIGS cells 
was investigated by varying the thickness of the SnS 
layer from 10 nm to 100 nm, at the same time keeping 

the thickness of the CIGS layer constant (1 μm) and NA 
(SnS) = 3 × 1018 cm−3. The resulting findings of VOC, JSC, 
FF, and PCE are illustrated in Fig. 3. According to the 
results of the findings, it is noticeable that as the BSF 
(SnS) thickness increases, the VOC increases monotoni-
cally from 0.73 V to 0.80 V. On the other hand, JSC (36.25 
mA/cm2 to 39.71 mA/cm2) and FF (83.50% to 85.78%) 

Table I   SCAPS input 
parameters for the initial device 
configuration at 300 K.

Material properties Units CIGS (p) SnS2  (n) AZO (n) SnS (p+)

Thickness µm 125 0.0527 0.0629 0.01–0.1
Eg eV 1.185 1.8527 3.430 1.333

Electron affinity, χ eV 4.265 4.2627 4.523 4.233

Relative dielectric permittivity , ε – 13.625 17.727 931 12.533

CB effective density of states , Nc cm−3 2.2 × 101825 7.32 × 101827 2.2 × 101831 1 × 101933

VB effective density of states , Nv cm−3 1.8 × 101925 1.8 × 101927 1.8 × 101931 4.13 × 101933

Thermal velocities , Vthn, Vthp cm/s 1 × 10725 1 × 10727 1 × 10731 1 × 10733

Electron mobility , µn cm2/Vs 10025 5027 10031 2533

Hole mobility , µp cm2/Vs 2525 2527 2531 1033

Donor density , ND cm−3 0 9.85 × 101827 1 × 101831 0
Acceptor density,  NA cm−3 2 × 101726 0 0 3 × 101833

Defect density , Nt cm−3 1 × 101425 1 × 101628 3 × 101632 1 × 101434

Fig. 2   Band diagram structure of the studied CIGS solar cell with 
BSF.

Fig. 3   The effect of BSF (SnS) layer thickness on solar device per-
formance. (a) Variation of VOC and JSC. (b) Variation of FF and PCE.
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increase almost linearly when the thickness increases from 
10nm to 40 nm. The PCE nearly follows the FF trend, 
increasing from 22.06% to 27.38%. The characteristics of 
current density–voltage (J–V) and quantum efficiency (QE) 
are illustrated in Figs. 4 and 5, respectively. It is found that 
the thickness of the BSF (SnS) layer has a strong influence 
on these curves. In Fig. 4, VOC increases significantly in 
parallel with SnS-P+ layer thickness and then saturates 
at thicknesses greater than 40 nm (0.04 μm). An electric 
field is created due to the formation of a p–p+ junction at 
the interface between SnS-P+ and p CIGS which behaves 
as a potential barrier for electron transport to the back 
surface. Electron backscattering reduces the dark current 
while increasing the JSC.35 The 40 nm width of the SnS-P+ 
layer enables a short-circuit current density of 39.7 mA/
cm2 and an energy efficiency of approximately 27.38%. 
In addition, Fig. 5 shows a rise in the external quantum 
efficiency. The spectra obtained in the long wavelength 
region (780–1100 nm) clearly show the extended optical 
absorption beyond 20 nm thickness. As a result, a BSF 
layer thickness of 40 nm is appropriate, with a similar 
impact on cell performance.

Effect of BSF (SnS) Layer Acceptor Concentration 
on CIGS Cell Performance.

BSF has an essential part in the collection of photo-gener-
ated carriers in the CIGS active layer. The acceptor density 
of the BSF (SnS) material increases from 3 × 1015 cm−3 to 
3 × 1019 cm−3 at 40 nm constant thickness of the SnS-P+ 

Fig. 4   J–V characteristic of CIGS-based solar cells for various thick-
nesses of BSF (SnS) layer.

Fig. 5   Quantum efficiency of CIGS based solar cells for various 
thicknesses of BSF (SnS) layer.

Fig. 6   The effect of BSF (SnS) acceptor density on solar device per-
formance. (a) VOC and JSC variation. (b) FF and PCE variation.
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layer, as depicted in Fig. 6. We observe that the short-circuit 
current density increases from 39.71  mA/cm2 to 39.91 mA/
cm2, FF from 85.78% to 86.10%, and PCE from 27.38 to 
29.66% when the acceptor doping concentration is increased 
from 3 × 1018 cm−3 to 3 × 1019 cm−3. The J–V curve is illus-
trated for various acceptor concentrations in Fig. 7. It can be 
clearly observed that VOC increases from 0.80 V to 0.86 V 
as the SnS-P+ concentration increases from 3 × 1018 cm−3 to 
3 × 1019 cm−3. We also observe that there is a slight increase 
in JSC. For this reason, we have chosen two acceptor density 
values of the SnS-P+ layer as a function of the electric field 
in Fig. 8. We can observe for the two density values that 
when we increase the carrier concentration to 3 × 1019 cm−3, 
the electric field increases near the rear interface Mo/SnS. 
As a result, the quantum efficiency with respect to wave-
length for various acceptor concentrations of the BSF (SnS) 
layer is provided in Fig. 9. It can be seen that the QE for 

a higher NA(SnS) value is superior for long wavelengths. 
Increased acceptor density improves the electron transfer 
mechanism in a photovoltaic cell.5,34 The optimum CIGS 
solar cell performance was acquired at BSF (SnS) carrier 
concentration and thickness of 3 × 1019 cm−3 and 40 nm, 
respectively.

Effect of BSF (SnS) Layer Band Gap on CIGS Cell 
Performance

The following step is to optimize the SnS BSF band gap. 
Figure 10 depicts the variation in VOC, JSC, FF, and PCE 
parameters versus the energy band gap for a BSF (SnS) 
thickness of 40 nm and NA(SnS) = 3 × 1019 cm−3. We can 
see that the cell performance is lower for a small gap 
(Eg = 1.1 eV) and then improves as the gap energy grows 
until it reaches a short-circuit current equal to 39. 92 mA/
cm2 and a maximum efficiency of 29.79% for Eg = 1.32 eV, 
after which the PCE is almost constant. The VOC increases 
until obtaining a maximum voltage of 0.87  V for a 
gap energy of 1.35 eV, but the case is different for FF 
which increases to FF = 86.12% for Eg = 1.3 eV and then 
decreases to reach 84.34% for Eg = 1.35 eV. The electric 
field generated at the back SnS and Mo contact for various 
gaps from 1.1 eV to 1.32 eV is depicted in Fig. 11. We 
can notice that the electric field rises as the BSF (SnS) 
material band gap is 1.32 eV for PCE = 29.79%. The elec-
tric field is higher and generates more energy efficiency 
when the band gap of the BSF layer is large. However, 
beyond 1.3 eV, the fill factor decreases.29,36 This reduction 
in FF is influenced by the barrier height formed for charge 
carrier holes in the valence band diagram. According to 
Eq. 5, the fill factor is expressed as the ratio of theoretical 
power Pth = JSC × VOC to the maximum power available 

Fig. 7   J–V characteristic of CIGS-based solar cells with BSF (SnS) 
for different acceptor density values.

Fig. 8    Electric field for a CIGS solar cell with two values of acceptor 
density.

Fig. 9   Quantum efficiency of CIGS-based solar cells with BSF (SnS) 
for different acceptor density values.
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Pmax = Jmax × Vmax ; when the FF decreases, the VOC and 
JSC increase. In this analysis, we chose 1.32 eV as the 
optimal value for the band gap of the BSF layer.

The Characteristics of the Solar Device 
with and without BSF

The impact of incorporating the SnS-P+ layer on the cur-
rent–voltage characteristics is depicted in Fig.  12. The 
introduction of a SnS-P+ layer on the rear face of the Mo/
SnS/CIGS/SnS2/AZO solar cell design leads to a substantial 
enhancement of the PV performance of the examined cell. 
With the added BSF layer (SnS), the open-circuit voltage 
went up from 0.63 V without to 0.87 V with SnS-P+. The 
correct alignment of the BSF band in the suggested struc-
ture will result in a more significant embedded potential due 
to the larger band offset, which increases the open-circuit 
voltage.37

In the CIGS solar cell, the fill factor increased from 
83.51% for the solar cell without SnS-P+ to 85.68% for the 
solar cell with SnS-P+ layer. This increase of around 2.17% 
can be explained by an increase in the most significant 
power Pm created by the Mo/SnS/CIGS/SnS2/AZO struc-
ture PV cell. This increase in maximum external power is 
the result of the electric field created on the rear face of the 
cell, as shown in Fig. 13, which allows the reduction of the 
recombination rate near the molybdenum back contact as 
shown in Fig. 14. The presence of an electric field near the 
ohmic contact at the back side allows the minority charge 

Fig. 10   The variation of device performance with respect to the band 
gap energy of the BSF layer (SnS). (a) VOC and JSC. (b) FF and PCE.

Fig. 11   Electric field for a CIGS solar cell with different BSF (SnS) 
layer gap energy values.

Fig. 12   J–V characteristic of a CIGS solar cell with and without BSF 
(SnS) layer.
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carriers to be forced toward the area of the depletion region 
for improved collection,38 which is obviously confirmed by 
the QE diagrams as seen in Fig. 15. These modifications led 
to a substantial increase in the performance efficiency of 
solar energy conversion of the CIGS cell, increasing from 
22.13% for a cell without SnS-P+ to 29.79% for the cell 
with the SnS-P+ layer inserted, given the best collection of 
charge carriers and the excellent stability by the existence of 
this back surface layer. Further, we have summarized these 
results in Table II.

In Fig. 15, the CIGS solar cell has high absorption 
that achieves a quantum efficiency of about 100%, which 
results in a strong electron–hole pair creation with little 
reflection at the front surface. For wavelengths shorter 
than 400 nm, the observed losses are clearly caused by 
the reflection on the front side. For lengths > 1100 nm, a 
strong decrease in quantum efficiency is seen as a result 
of the transmission of the low-energy photons that cannot 
be harvested in the solar cell. Typically, the medium-
energy photons are captured at the back contact region, 
and the carrier charges created by this photon energy lead 
to a slight increase in the energy efficiency of the device 
due to their strong possibility for recombination.32

The Effect of Temperature on the Cell Performance

The performance of photovoltaic devices is significantly 
affected by the operating temperature, the optimum value 
of which is 300 K for the studied CIGS solar cell. In 
this work, we increased the temperature from 300 K to 
400 K. The results of the device behaviour with respect 
to the temperature are illustrated in Fig. 16. Because of 
an increase in light absorption, JSC tends to rise slightly 
or exhibits behaviour irrespective of temperature due to 
an increase in photon absorption.39,40 As the tempera-
ture rises, electrons receive more energy, and they are 
extremely likely to recombine with holes before arriving 
at the depletion region. Therefore, the temperature sig-
nificantly impacts the hole and electron mobility, which 
negatively affects the FF, PCE, and VOC.18

(6)VOC =
nkT

q

(

log
JSC

J0
+ 1

)

Fig. 13   Electric field for a CIGS solar cell with and without BSF 
(SnS) layer.

Fig. 14   Recombination rate for a CIGS solar cell with and without 
BSF (SnS) layer.

Fig. 15   Quantum efficiency of a CIGS solar cell with and without 
BSF (SnS) layer.

Table II   The simulation results with and without SnS-P+ layer.

Type of CIGS cell VOC (V) JSC (mA/cm2) FF (%) PCE (%)

Mo/CIGS/SnS2/AZO 0.73 36.09 83.51 22.13
Mo/SnS/CIGS/SnS2/

AZO
0.87 39.92 85.68 29.79
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Equation  6 can be used to explain the relationship 
between VOC and JSC, where T is the working temperature, 
K is the Boltzmann constant, q is the electronic charge, 
n is the ideality factor, and J0 the reverse saturating cur-
rent. When the temperature rises, it causes an exponential 
increase in the reverse saturation current, which lowers 
the VOC. Again, more carriers are produced at high heat, 
resulting in an increase of JSC. However, due to the rise 
in phonon density, the occurrence of phonon scatter-
ing could prevail at this high temperature. Because of 
this scattering effect, the average free path of the car-
riers becomes shorter, resulting in more electron–hole 
recombination and a reduction in VOC. Furthermore, the 
scattering effect provides resistance to the mobility of 
charge transfer, and as a result, FF drops significantly due 
to this resistance. The lowering in device efficiency is 
caused due to the decrease in fill factor and open-circuit 
voltage.22

Comparative Research

The benefit of adding an ultra-thin BSF (SnS) layer in 
CIGS-based TFSCs has been investigated in this research 
employing SnS2 as a buffer layer. This cell is character-
ized by an efficiency of 22.13% with a thin absorber 
layer of 1  μm and a buffer layer of 0.05  μm without 
including the BSF layer. However, the introduction of 
the BSF layer improves the efficiency significantly. A 
wide range of materials, including Si, SiO2, Al2O3, Cu2O, 
CIS, MoSe2, PbS, and SnS were used as the BSF layer 
by other researchers, and their results are presented in 
Table III to compare the energy efficiency values with 
this work. Although the SnS material has already been 
studied as a BSF layer in several works, it has not yet 
achieved higher efficiency than 29.79%.

Conclusion

In this research work, the photovoltaic cell structure 
used for the numerical simulation is Mo/SnS/CIGS/
SnS2/AZO, which has been optimized by SCAPS-1D 
software. The present paper aims to study the charac-
teristics of CIGS-based solar devices for which we have 
optimized parameters such as the thickness, doping den-
sity, and band gap of the back surface field layer SnS-P+ 
to improve energy conversion efficiency. We have also 
investigated the effect of the working temperature on the 
performance of the studied cell. The CIGS cell without 
the BSF (SnS) layer shows a PCE of 22.13%, with FF 
of 83.51, JSC of 36.09 mA/cm2 and VOC of 0.7340 V, 
for an absorber layer with 1 μm thickness. Thus, after 
introducing a 40 nm-thick BSF layer, optimal values of 
3 × 1019  cm−3 and 1.32 eV can be set for doping con-
centration and band gap, respectively. Because of the 
strong electric field generated by the insertion of the 
BSF layer, the power conversion efficiency obtained 
is 29.79%, fill factor of 85.68%, short-circuit current 
density of 39.92 mA/cm2 and an open-circuit voltage of 
0.87 V for an active layer thickness equal to 1 μm. The 
obtained results are interesting because they encourage 
the use of clean, inexpensive and abundant materials for 
obtaining high-efficiency thin-film solar cells: the SnS2 
material as a buffer layer replacing conventional CdS 
which should be avoided due to its toxicity, and the SnS 
material which can be elaborated by a simple, conveni-
ent, and inexpensive chemical bath deposition process 
as a BSF layer. The characteristics of the CIGS solar 
cell suggested in this study have led to more effective 

Fig. 16   Temperature effect on the photovoltaic parameters. (a) VOC 
and JSC variation. (b) FF and PCE variation.
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and efficient results in terms of energy conversion. We 
expect that this research will contribute to the improved 
performance and cost-effectiveness of CIGS solar cells 
in the near future.
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