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estigation of theoretical and
experimental parameters for Al-doped Cu (In, Ga)
Se2 thin film solar cells with and without a back
surface field layer

A. Ashok,a Karthick Sekar, b D. Acosta,c Hind Saeed Alzahrani,d Amani H. Alfaifid

and Talaat A. Hameed *e

Aluminum-doped copper indium gallium selenide/sulfide (CIGAS) is a favorable absorber material for solar

cell applications; however, the number of reports on CIGAS solar cells currently remains limited. In this

study, we therefore employed SCAPS-1D software for the theoretical modeling of CIGAS thin film solar

cells and investigated the effect of material properties and device configurations on solar cell

photovoltaic (PV) parameters. Initially, key parameters such as thickness and charge carrier

concentrations of each layer used in CIGAS PV devices were studied and optimized to obtain suitable

conditions for high device performance. The impact of the various buffer window layers (BWL)—such as

CdS, In2S3, ZnS, ZnSe, In2Se3, V2O5, ZnO, and MgZnO—as well as the back surface field (BSF) layers,

including Sb2Se3, AlSb, CuGaSe2, SnS, BaSi2, MoS2, MoSe2, p-Si, CuS, and WSe2, was systematically tested

to determine a CIGAS solar cell configuration with greater efficiency. After meticulous optimization, CdS

and Sb2Se3 materials were selected as the best BWL and BSF layers for the CIGAS device configuration,

respectively, demonstrating a maximum power conversion efficiency (PCE) of 32.2% compared to other

chosen materials. Finally, an experimentally obtained CIGAS absorber and CdS buffer material properties

were introduced into optimized conditions with and without a BSF layer to further analyze their

influence on solar cell performance. This also confirmed that the BSF layer significantly boosts device

efficiency compared to the conventional CIGAS device.
1. Introduction

Over the past several decades, extensive research has focused on
developing cost-effective and high-efficiency photovoltaic (PV)
devices for harvesting solar energy. Based on semiconducting
materials, PV technology is classied into four main genera-
tions: rst (silicon and III–V), second (CIGS, a-Si, and CdTe),
third (perovskite, dye-sensitized, quantum-dot, and multi-
junction), and fourth (carbon-based materials, nanomaterials,
and hybrid).1–4 In second-generation solar cells (also known as
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thin lm solar cells), the efficiency-to-cost ratio of PV devices
has improved by using novel and inexpensive growth tech-
niques and materials.

Polycrystalline copper indium gallium aluminum selenide/
sulde (CIGAS) thin lm solar cells have the potential to ach-
ieve high efficiency at a lower device cost and are suitable for
portable, terrestrial, and space applications.5,6 These solar cells
are potentially attractive in PV technology because of various
characteristics, such as direct and exible bandgap, high
absorption coefficient, ease of manufacturing, exibility and
versatility in device design, and high stability. To date, many
research groups have manufactured CIGAS-based thin lm
solar cells with efficiency greater than 20% on a laboratory
scale.7–10

CIGAS-based solar cells reached the highest efficiency of
23.6% for a single solar cell in an area of approximately 1 cm2 by
the Evolar/UppsalaU group and 20.3% efficiency for 100 cells in
an area of 527 cm2 by Avancis.11,12 This record efficiency for
CIGAS-based thin lm solar cells is comparatively less than that
of rst-generation solar cells. However, the performance of
CIGAS-based PV devices can be further enhanced by under-
standing the material properties and device structures,
RSC Adv., 2025, 15, 31899–31916 | 31899
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exploring novel and inexpensive materials, analyzing the effect
of defects (i.e., grain boundaries and vacancies), doping the
CIGAS material with different elements, and other strate-
gies.13,14 A signicant challenge for the commercialization of
CIGS-based PV devices is their reliance on the use of rare and
more expensive elements (i.e., indium and gallium).

Modifying the properties of materials and structures of
CIGAS PV devices can resolve earlier problems, for example, by
introducing aluminum in the CIGAS absorber material.
Aluminum, a group III element, exhibits properties similar to
those of indium and gallium. Aluminum is lightweight, easy to
manipulate, cost-effective, non-toxic, fully recyclable without
loss of properties, and highly conductive, making it a versatile
and promising choice for CIGAS absorber materials.15 In addi-
tion, using Al in CIGS signicantly impacts the bandgap of the
CIGAS absorber material, carrier transport properties, density
of defects, and recombination centers at the interface and in
bulk materials.15 The bandgap of the CIGAS material can be
tuned from 1.04 eV (for CuInSe2) to 2.7 eV (for CuAlSe2), relying
on the gallium and aluminum content in the material.16,17

Because efficient CIGS PV devices have been obtained within
a specic absorber bandgap range (1.1–1.5 eV), doping CIGS
with Al enables better utilization of the solar spectrum by
optimizing light absorption for the corresponding CIGAS
bandgap. The application of Al in III–V solar cells has signi-
cantly improved two main parameters—the open-circuit voltage
(Voc) and short circuit current density (Jsc)—and consecutively
enhanced the power conversion efficiency (PCE) of solar
cells.18,19

Our group extensively reviewed the effect of Al on the struc-
ture, as well as optical and mechanical properties of CIGS.20,21

We found that the optical band gap of CIGS prepared by a one-
step sputtering process reached 1.68 eV with Al doping at 7
atomic percent (at%) for 200-nm-thick lms. In our related
research, we were interested in the impact of thickness,
bandgap, and carrier concentration of CIGS, and determined
that the theoretically optimum bandgap for CIGS absorber
material was 1.4 eV.22 Although Al can be readily incorporated
into the CIGS matrix using various facile methods and tech-
niques, and while its material properties have been
investigated,23–25 there is a notable lack of information
regarding the solar cell conguration for Al-doped CIGS,
including buffer layers, back surface eld layer, and upper and
lower electrodes. Therefore, performing theoretical modeling
before beginning experimental activities can be helpful in
optimizing the properties of materials and designing efficient
novel devices.

Theoretical modeling plays a vital role in interpreting the
physical behaviors and circumstances of semiconductor devices
for rapid improvement in design and efficiency. Many simula-
tors are available for modeling various PV devices in three
different dimensions (i.e., 1D, 2D, and 3D).26–28 The one-
dimensional solar cell capacitance simulator (SCAPS-1D) is
freely available windows-oriented soware that can provide
useful information related to the properties of materials and PV
devices. SCAPS-1D soware was originally developed to analyze
CIGAS-based thin lm solar cells.29,30
31900 | RSC Adv., 2025, 15, 31899–31916
Recently, the study area of SCAPS-1D has increased to
simulate different types of PV devices, such as c-Si, the III–V
family, a-Si, CdTe, CZTS, perovskite, organic, tandem, multi-
junction, and others.31–41 Because of these advancements in
the features of SCAPS-1D soware, it is procient in modeling
and optimizing PV devices. Various properties, such as thick-
ness, bandgap, electron affinity, dielectric constant, carrier
density, carrier mobility, absorption coefficient, and defect
density of materials used in solar cells, can be thoroughly
examined using SCAPS-1D soware.

In the current study, newly proposed materials and struc-
tures (CIGAS with and without back surface eld (BSF) mate-
rials) for CIGS-based solar cells were proposed and investigated
using SCAPS-1D soware. The properties of the CIGAS absorber,
CdS buffer, ZnO window, and BSF layers were graded to obtain
maximum efficiency for the CIGAS thin lm solar cells. The
numerical analysis not only focused on the optimization
process to achieve the maximum efficiency possible but also on
the impact of the BSF layer on device performance. In addition,
theoretical modeling was performed for different types of buffer
materials and BSF materials to determine the most optimal
alternative materials for CIGAS PV devices. Furthermore, to
compare the results between theoretical and experimental
parameters, the experimentally obtained parameters of the
CIGAS absorber and the CdS buffer layers were introduced to
the theoretically optimized conditions. This simulation study
supports the comparison of results for theoretical and experi-
mental parameters and then determining their optimal condi-
tions for high-efficiency PV devices.

2. Simulation details

The SCAPS-1D soware was initially developed by researchers
from the University of Ghent—Marc Burgelman, Koen Decock,
and Alex Niemegeers—for the theoretical modeling of CIGAS-
based PV devices. A Gummel iteration scheme with Newton–
Raphson sub-steps is normally used in this soware.42 This
assists in solving the Poisson and continuity equations for
charge carriers, which are crucial for understanding the electric
eld distribution of solar cells. This soware is a windows-
oriented program that allows the theoretical design of effi-
cient PV devices by exploring material properties, performance
characteristics, and device architectures.

Apart from front and back contacts, SCAPS-1D soware is
designed for up to 7 layers of solar cells.43 This soware can also
provide various characteristics, including solar cell parameters,
quantum efficiency (QE), recombination proles, band
diagrams, tunneling mechanism, and admittance measure-
ments.44 In the current study, SCAPS-1D soware was utilized to
analyze the effect of material properties and solar cell structures
on device performance. In addition, the theoretical and exper-
imental parameters of materials used in CIGAS thin lm solar
cells with and without a BSF layer were also explored. Four solar
cell parameters, namely Voc, Jsc, ll factor (FF), and PCE, were
estimated to understand the device performance under
different conditions. Fig. 1 displays the structure of CIGAS thin
lm solar cells introduced in SCAPS-1D, where the BSF layer is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic of the CIGAS solar cell structures used in the SCAPS-
1D simulator.
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employed between the CIGAS absorber layer and the back
contact.

During the simulation process, standard conditions with
a working temperature of 300 K and a solar spectrum of AM 1.5
G were used. The theoretical parameters of the CIGAS absorber
layer, CdS buffer layer, ZnO window layer, and BSF layer were
obtained from various studies29,30,45–47 and are presented in
Table 1. The thickness and carrier concentration (bandgap only
for CIGAS) for these materials were graded to obtain the
maximum efficiency possible. The inuence of different types of
Table 1 Parameters of each material used in CIGAS solar cells29,30,45–47,57

Material parameters CIGAS absorber BSF m

Thickness (nm) 200–6000 20–40
Bandgap (eV) 1.00–1.50 1.4
Electron affinity (eV) 4.5–4.0 4.1
Dielectric permittivity 13.6 13.6
CB density of states (cm−3) 2.2 × 1018 2.2 ×
VB density of states (cm−3) 1.8 × 1019 1.8 ×

Electron thermal velocity (cm s−1) 1 × 107 1 × 1
Hole thermal velocity (cm s−1) 1 × 107 1 × 1
Electron mobility (cm2 V−1 s−1) 100 100
Hole mobility (cm2 V−1 s−1) 25 25
Donor density (cm−3) 0 0
Acceptor density (cm−3) 1012–1020 1012–

Table 2 Parameters of different buffer materials and BSF materials48–56

Buffer Material
Parameters Bandgap (eV) EA (c) (eV) DC (3)

CdS 2.45 4.20 10.00
In2S3 2.82 4.50 13.50
ZnS 3.68 3.50 10.00
ZnSe 2.9 4.10 10.00
In2Se3 2.40 4.00 13.6
V2O5 2.40 4.50 10.00
ZnO 3.25 4.55 9.00
MgZnO 3.33 4.05 10.50
— — — —
— — — —

© 2025 The Author(s). Published by the Royal Society of Chemistry
buffers and BSF materials on the solar cell parameters was also
thoroughly investigated (see Table 2).48–56 Finally, the experi-
mental parameters for CIGAS absorber materials (obtained by
pulsed laser deposition and magnetron sputtering) and CdS
buffer materials (synthesized by chemical bath deposition) were
addressed in theoretically optimized CIGAS PV devices with and
without a BSF layer. All these variations in solar cells were
generated to identify cost-effective designs and materials with
improved device performance.
3. Simulation results and discussion
3.1 Properties of the CIGAS absorber material

Initially, the thickness of the CIGAS absorber layer was varied
from 200 to 6000 nm, while keeping other layer parameters
constant. Fig. 2 demonstrates the curves of current–voltage and
solar cell parameters for CIGAS solar cells for CIGAS thick-
nesses. At a higher thickness of CIGAS absorber material, more
incident photons can interact with the absorber material
(according to the Beer–Lambert Law), which enhances the
absorption of photons.30 This ensures more complete absorp-
tion across the high-energy photons from the solar spectrum
due to the greater depth of absorber materials.

The increase in photon absorption with increasing CIGAS
thickness can produce more photogenerated charge carriers
and, as a result, increase the Jsc value. With increased
aterial CdS buffer ZnO window ZnO : Al TCO

0 20–300 20–500 50
2.45 3.25 3.5
4.2 4.55 4.5
10 9 9

1018 2.2 × 1018 2.2 × 1018 2.2 × 1018

1019 1.8 × 1019 1.8 × 1019 1.8 × 1019

07 1 × 107 1 × 107 1 × 107

07 1 × 107 1 × 107 1 × 107

100 100 100
25 25 25
1015–1019 1015–1019 1017

1020 0 0 0

Parameters
BSF Materials Bandgap (eV) EA (c) (eV) DC (3)

Sb2Se3 1.62 4.00 7.08
AlSb 1.60 3.60 10.90
CuGaSe2 1.70 3.80 13.60
SnS 1.25 4.20 12.50
BaSi2 1.30 3.30 11.17
MoS2 1.62 4.20 13.60
MoSe2 1.10 3.80 14.30
p-Si 1.12 4.05 11.90
CuS 1.55 4.10 6.50
WSe2 1.62 3.80 13.80

RSC Adv., 2025, 15, 31899–31916 | 31901
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Fig. 2 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different CIGAS thicknesses.
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production of photogenerated charge carriers, a greater proba-
bility of charge carrier collection can occur, which can improve
the Voc of solar devices. Because all solar cell parameters (i.e., Jsc,
Voc, FF, and PCE) are interconnected, the elevated Jsc and Voc
values lead to a higher FF and efficiency of the PV device. Several
publications have also reported improvements in solar cell
parameters with increasing absorber material thickness.58–60

The results indicate that by varying the CIGAS thickness
from 200 to 6000 nm, the Jsc and Voc values changed from 35 to
38.5 mA cm−2 and 651 to 731 mV, respectively. Hence, the PCE
of CIGAS PV devices increased from 19.01 to 23.82%. However,
the PCE values obtained for CIGAS solar cells with CIGAS
thickness greater than 4000 nm showed very slight variation,
indicating an insignicant increase in solar cell parameters at
very high thicknesses. In contrast, reduced efficiency was
observed for CIGAS PV devices at a very low CIGAS thickness due
to the back-contact recombination.61 Hence, the optimization of
CIGAS thickness is a critical trade-off between performance and
production cost of devices.

As mentioned earlier, the bandgap of CIGAS is tunable from
1.04 eV (for CuInSe2) to 2.7 eV (for CuAlSe2) by adjusting the
gallium and aluminum content in the CIGAS material. There-
fore, understanding its effect on the PV parameters is vital for
optimizing the process. Because increased efficiency of PV
devices is noted for the absorber material whose bandgap
values are lower than 1.5 eV, the CIGAS bandgap was varied
from 1.0 to 1.5 eV; however, the bandgap values for CIGAS
material can be conrmed up to 1.74 eV for 10 at% of Al.20

Fig. 3 displays the current–voltage curves and solar cell
parameters for CIGAS solar cells at different CIGAS bandgaps.
With an increase in CIGAS bandgap values, all parameters were
31902 | RSC Adv., 2025, 15, 31899–31916
signicantly varied. The Voc value increased from 526.8 to
1013.1 mV when the CIGAS bandgap changed from 1.0 to 1.5 eV.
The increase in Voc at higher bandgap values is related to the
result of higher potential differences across the solar cell, which
reduces the recombination of generated electron–hole pairs.62 A
larger bandgap requires high-energy photons to generate elec-
tron–hole pairs or excite electrons from the valence band (low-
excited state) to the conduction band (high-excited state).63

Therefore, few photons are absorbed in higher bandgap
absorber materials because the energy of photons should be
equal to or greater than the bandgap of the semiconducting
material. As a result, the Jsc value decreased from 47.85 (for
a bandgap of 1.0 eV) to 28.40 mA cm−2 (for a bandgap of
1.50 eV).

It was also observed that the FF of CIGAS PV devices was
enhanced at higher bandgap values, which is associated with
the increase in Voc values, even though Jsc is reduced to lower
values. The PCE of devices is correlated to FF, Jsc, and Voc values,
which maintain higher efficiencies with an increase in the
absorber's bandgap. However, at a higher bandgap greater than
1.4 eV, the PCE began to decrease from 25.77 to 25.10%. This
phenomenon is due to very low Jsc values at a higher bandgap,
which reduces the efficiency of CIGAS PV devices. Various
research works demonstrated similar outcomes when changing
the PV parameters of solar cells at different bandgaps of
absorber materials.62–65

The simulation study then focused on optimizing the carrier
concentration of the CIGAS absorber layer. Initially, the CIGAS
carrier concentration was examined between 1012 and 1020

cm−3 (see Fig. 4), and the other parameters were xed. All PV
parameters drastically changed at different CIGAS carrier
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different CIGAS bandgaps.

Fig. 4 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at CIGAS carrier concentrations ranging
from 1012 to 1020 cm−3.
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concentrations. This variation in PV parameters is based on the
deviation in electric eld intensity, as well as the space charge
region of CIGAS solar cells.64 When the CIGAS concentrations
increased from 1012 to 1020 cm−3, the open-circuit voltage was
enhanced from 655 to 1174 mV, and the short circuit current
© 2025 The Author(s). Published by the Royal Society of Chemistry
density was diminished from 33 to 6 mA cm−2. Higher CIGAS
carrier concentrations drive a larger Voc value by decreasing the
emitter saturation current density and providing a greater built-
in electric eld. Conversely, the semiconducting material at
a higher carrier concentration can shi into a metallic
RSC Adv., 2025, 15, 31899–31916 | 31903
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conductive state, which decreases the space charge region of the
PV device.30

This phenomenon supports band-to-band recombination,
interface recombination, and coulombic interactions of gener-
ated charge carriers. As a result, the efficiency of charge carrier
extraction and the Jsc value degrade at greater CIGAS carrier
concentrations. Finally, the FF and the efficiency of CIGAS PV
devices are greatly inuenced. The PCE initially increased from
17.4 to 25.8% when the carrier concentration of CIGAS was
augmented from 1012 to 1016 cm−3. Beyond 1016 cm−3, the
efficiency sharply declined to 3.8%, driven by the collapse of the
Jsc value.

This theoretical modeling was then focused on CIGAS carrier
concentration from 1016 to 1017 mA cm−2 to determine the best
conditions for achieving the highest efficiency for CIGAS PV
devices. Fig. 5 shows the curves of current–voltage and solar cell
parameters of CIGAS thin lm solar cells at CIGAS carrier
concentrations ranging from 1016 to 1017 cm−3. Similar results
were obtained with an increase in CIGAS carrier concentration
from 1016 to 1017 cm−3. The highest PCE of 26.5% was observed
at 4 × 1016 cm−3; thereaer, the efficiency begins to decrease to
a lower value through the reduction of the Jsc value. Similar
effects of the absorber's carrier concentration on PV parameters
have been widely reported in the literature.66–68
3.2 Properties of CdS buffer material

The properties of CdS were simulated, as it is considered a vital
material in p–n junction formation for CIGAS PV devices. CdS
buffer material has a direct bandgap of 2.45 eV that allows the
incident photons to pass through to the absorber layer. First,
Fig. 5 Schematic of (a) current–voltage curves and (b) curves of PV par
from 1016 to 1017 cm−3.

31904 | RSC Adv., 2025, 15, 31899–31916
the CdS thickness was varied from 20 to 300 nm. Fig. 6 displays
the curves of current–voltage and solar cell parameters for
CIGAS thin lm solar cells at different CdS thicknesses. The
simulation results showed that there is only a minor impact of
CdS thickness on the solar cell parameters. Because the CdS
thickness is increased from 20 to 300 nm, the open-circuit
voltage drops from 953.7 to 952.9 mV, while the short circuit
current density remained constant.

Despite the slight drop in Voc, these results suggest a notable
increase in the FF from 83 to 87% and PCE from 25.6 to 26.8%,
which is attributed to the improvement in the quality of CdS
material at a higher thickness. However, a very high thickness of
the CdS buffer layer in the CIGSe solar cell negatively affected
the PCE by absorbing photons that would otherwise be absor-
bed by the CIGAS layer, which increases the series resistance of
the device.69 The reduced efficiency at lower CdS thicknesses
(less than 80 nm) was attributed to a decrease in the shunt
resistance value, which directly affects the FF and, conse-
quently, the PCE of the CIGAS PV devices.70,71 Therefore, the CdS
buffer layer must be sufficiently thin without defects to obtain
high device performance. Herein, a CdS thickness of 80 nm was
considered an optimized condition, where performance gains
began to saturate when the thickness was greater than 80 nm.

Aer that, the CdS concentration was changed from 1015 to
1019 cm−3, while other parameters remained constant. The
curves of current–voltage and solar cell parameters for CIGAS
thin lm solar cells are presented in Fig. 7. From the simulation
results, all PV parameters except short circuit current density
were profoundly inuenced aer varying the carrier concen-
tration of CdS. A slight improvement in efficiency from 15 to
17% was observed when the CdS carrier concentration
ameters for CIGAS solar cells at CIGAS carrier concentrations ranging

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different CdS thicknesses.

Fig. 7 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different CdS concentrations.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
25

 3
:5

1:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
increased from 1015 to 1016 cm−3. For CdS carrier concentra-
tions greater than 1016 cm−3, the efficiency of CIGAS PV devices
signicantly increased from 17 to 26.8%.

Progressive efficiency at carrier concentrations greater than
1016 cm−3 is related to a higher CdS carrier concentration as
compared to the CIGAS carrier concentration (i.e., 4 × 1016
© 2025 The Author(s). Published by the Royal Society of Chemistry
cm−3). The collection of created charge carriers is advanced at
higher CdS concentrations by increasing the space-charge
region toward the CIGAS absorber layer.30 Therefore,
increasing the CdS carrier concentration reduces the barrier
potential at the CdS/CIGAS junction, as a result of lowering the
interface recombination.72 However, the CdS carrier
RSC Adv., 2025, 15, 31899–31916 | 31905
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concentration is less than the CIGAS carrier concentration and
has the ability to absorb incident photons at the CdS layer. This
decreases the amount of incident photons absorbed in the
absorber layer and lowers the PCE. The identical and highest
PCE of 26.8% was observed at the CdS carrier concentration of 5
× 1017 cm−3 and above. Various studies reported similar
outcomes related to solar cell parameters aer varying CdS
buffer layer carrier concentrations.72–74
3.3 Properties of ZnO window material

Similar to CdS buffer material, ZnO material is considered very
suitable for achieving high performance of CIGAS PV devices
due to its characteristics, such as high n-type conductivity and
mobility, excellent thermal and mechanical stability, wide
bandgap, and low cost. ZnO also allows light to pass towards the
absorber layer, thereby enabling efficient generation and
collection of charge carriers.

As a part of the optimization process, we systematically
varied ZnO layer thickness from 20 to 500 nm and the carrier
concentration from 1015 to 1019 cm−3 to investigate their effects
on PV parameters. The curves of current–voltage and solar cell
parameters for CIGAS PV devices at different thicknesses and
carrier concentrations of ZnO material are displayed in Fig. 8
and 9, respectively.

By analyzing the simulation results, all the PV parameters
remained unchanged for both cases. It was noted that the
properties of ZnO do not signicantly affect the PV parameters
because ZnO is situated far from the p–n junction. Several
studies have reported the effects of the properties of ZnO on the
PCE of CIGAS PV devices.75–77 However, a thick ZnO layer or
a ZnO carrier concentration lower than that of the absorber
Fig. 8 Schematic of (a) current–voltage curves and (b) curves of PV par

31906 | RSC Adv., 2025, 15, 31899–31916
layer can reduce the device performance by enhancing the
series resistance, which directly inuences the FF and the
absorption of light in it. Therefore, thin high-quality ZnO
material and high ZnO carrier concentration are preferred to
achieve greater efficiency for CIGAS thin lm solar cells.
3.4 Properties of BSF material

The BSF material is an extra layer placed between the CIGAS
absorber layer and back contact. Most of the metals used as
a back contact in CIGAS PV devices form Schottky-barrier
contact that can impede the transportation of charge carriers.
The use of the BSF layer is intended to create an ohmic contact
with the CIGAS absorber layer, thereby minimizing the back-
contact recombination.78 The BSF layer can enhance charge
carrier collection, which signicantly increases the PCE of
CIGAS PV devices compared to conventional solar cells.

The suitable properties of the BSF layer must be optimized to
realize this layer's benet to the solar cell structure. Initially, the
inuence of BSF thickness on the PV parameters was investi-
gated. Fig. 10 shows the current–voltage curve and solar cell
parameters for CIGAS thin lm solar cells at different BSF layer
thicknesses. It was observed that increasing the BSF thickness
from 20 to 400 nm led to an increase in open-circuit voltage
from 912 to 923 mV at a carrier concentration of 1016 cm−3. The
short circuit current density remained unchanged with an
increase in BSF thickness.

The thicker BSF material promotes the absorption of more
photons in the devices, which allows the generation and
collection of additional charge carriers. Conversely, a thinner
BSF material reduces the collection of charge carriers and
advances the rear recombination by decreasing the shunt
ameters for CIGAS solar cells at different ZnO thicknesses.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different ZnO concentrations.

Fig. 10 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different BSF thicknesses.
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resistance.79,80 As a result, the PCE of CIGAS PV devices is
improved with an increase in BSF thickness. These results are in
accordance with several published research works.51–56 The
efficiency value remained constant for BSF thicknesses greater
than 80 nm, and hence, it is considered as an optimized BSF
© 2025 The Author(s). Published by the Royal Society of Chemistry
thickness with an efficiency of 25.8% for CIGAS thin lm solar
cells.

We then concentrated on the carrier concentration of the
BSF layer, which varied from 1012 to 1020 cm−3. The curves of
current–voltage and solar cell PV parameters for CIGAS solar
RSC Adv., 2025, 15, 31899–31916 | 31907
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Fig. 11 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells at different BSF concentrations.

Fig. 12 Schematic of current–voltage curves inserted with quantum-
efficiency curves and PV parameters for optimized CIGAS solar cells
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cells at different BSF carrier concentrations are presented in
Fig. 11. It was noted that all PV parameters except short circuit
current density were signicantly improved. Increasing the BSF
carrier concentration from 1012 to 1020 cm−3 enhanced the
open-circuit voltage from 942 to 1093 mV and the PCE from 26
to 32% in CIGAS solar cells.

This substantial increase in PV parameters, particularly Voc
and PCE, at higher carrier concentrations of the BSF layer is due
to the strong electric eld induced in the layer, which repels the
minority charge carriers (i.e., electrons in p-type semi-
conductors) away from the back-contact surface. Thus, the
higher BSF carrier concentrations facilitate the collection of
charge carriers by reducing the recombination losses and series
resistance of solar cells.81 Conversely, lower BSF carrier
concentrations provide weaker eld effects that can decrease
the band bending and built-in potential of PV devices.82

Consequently, the open-circuit voltage is reduced due to higher
back-contact recombination. Herein, the highest efficiency of
32% was observed for a BSF carrier concentration of 1020 cm−3

and is considered as an optimized condition. Therefore, this
study complies with the previously published literature.51–56
with and without BSF materials.
3.5 Optimized results

In this section, the optimized properties of CIGAS absorber
material, CdS buffer material, ZnO window layer, and BSF
material were employed to obtain the maximum efficiency
under these idealized conditions. Fig. 12 shows the current–
voltage curves for optimized CIGAS PV devices, with an inset
displaying quantum-efficiency curves with and without BSF
materials. For the CIGAS absorber material, the most optimal
31908 | RSC Adv., 2025, 15, 31899–31916
results were found at a thickness of 4000 nm, bandgap of 1.4 eV,
and carrier concentration of 4 × 1016 cm−3.

A thickness of 80 nm and carrier concentration of 5 × 1017

cm−3 for CdS provide maximum efficiency for the CIGAS thin
lm solar cells. The properties of ZnO did not show signicant
deviation in PV parameters; however, the properties of ZnO that
enable the achievement of high-efficiency devices are
© 2025 The Author(s). Published by the Royal Society of Chemistry
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compatible with the properties of CdS. Moreover, the BSF
material's optimized thickness and carrier concentration were
50 nm and 1020 cm−3, respectively. Aer using the BSF layer, the
PV parameters, such as Voc, Jsc, and FF, were enhanced from 953
to 1049 mV, 32 to 33 mA cm−2, and 87 to 88.7%, respectively.

Finally, optimum efficiencies of 26.8 and 30.7% were
observed for CIGAS PV devices with and without BSF material,
respectively. Higher efficiency for CIGAS PV devices with a BSF
layer was correlated with a decrease in back surface recombi-
nation by the formation of an ohmic contact to transport the
generated charge carriers. This statement is also supported by
the QE curve with almost a square nature (ideal quantum effi-
ciency), indicating that the BSF layer in CIGAS PV devices can
improve the absorption of long-wavelength photons and diffu-
sion length.
3.6 Different buffer materials

Aer the optimization of the CIGAS PV devices, the theoretical
modeling was extended to analyze the effects of different types
of buffer materials whose properties are completely different.
The materials, such as CdS, In2S3, ZnS, ZnSe, In2Se3, V2O5, ZnO,
and MgZnO, are introduced as buffer window layers in CIGAS
PV devices.48–50 The thickness and carrier concentration values
are the same as previously optimized properties of buffer
materials. The other properties, namely bandgap, electron
affinity, and dielectric permittivity, were assigned according to
the respective values of each buffer material.
Fig. 13 Schematic of (a) current–voltage curves and (b) curves of PV pa

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fig. 13 displays the curves of current–voltage and PV
parameters for CIGAS thin lm solar cells for different buffer
windowmaterials. These results showed that PCE values greater
than 25% were observed for CIGAS PV devices using all buffer
materials. The highest Voc of 953.8 mV was observed for the
MgZnO buffer material, and the highest efficiency of 26.78%
was observed for the CdS buffer material. Therefore, all these
buffer materials except MgZnO can offer more than 26% effi-
ciency and are suitable to use as buffer layers in PV devices.
However, properties of buffer materials, such as lattice
mismatch, conductivity, mechanical and chemical stability,
availability, stability against photocorrosion, and cost-
effectiveness, must be considered to increase our under-
standing of their effects on solar cell parameters.83,84

3.7 Different BSF materials

The inuence of different types of BSF materials on the PV
parameters was also simulated. Various materials, such as
Sb2Se3, AlSb, CuGaSe2, SnS, BaSi2, MoS2, MoSe2, p-Si, CuS, and
WSe2, are promising as back surface eld layers for CIGAS thin
lm solar cells.51–56 The graphs of current–voltage and PV
parameters for CIGAS solar cells for different BSF materials are
displayed in Fig. 14. Similarly, the optimized thickness and
carrier concentration from the above results of the BSF layer
were used for all BSF materials.

From the results, the lowest and highest Voc of 727 and
1145 mV were observed for p-Si and Sb2Se3 BSF materials,
respectively. The Jsc value varied from 32.3 (for SnS) to 37.3 mA
rameters for CIGAS solar cells for different buffer materials.

RSC Adv., 2025, 15, 31899–31916 | 31909
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Fig. 14 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells for different BSF materials.
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cm−2 (for MoSe2). With the exception of BSF materials such as
SnS, MoSe2, and p-Si, all tested BSF materials achieved greater
than 30% efficiency for CIGAS PV devices, with the highest
efficiency of 32.2% for the Sb2Se3 BSF layer.

These results demonstrated that many of the above-
mentioned BSF materials are favorable for CIGAS solar cells.
However, various properties of these materials can be studied
for further optimization processes. The application of a BSF
layer enhanced the PCE of CIGAS PV devices by up to 32%. This
outcome also veried the advantage of utilizing BSF to increase
efficiency by more than 5% compared to normal solar cells.
Therefore, aer comparing the solar cell PV parameters to other
BSF materials, Sb2Se3 was considered the best BSF material for
CIGAS thin lm solar cells.
Table 3 Experimental parameters obtained for CIGAS and CdS material

Parameters samples Thickness (nm) Bandgap (eV)

CIGAS 1 ∼200 1.22
CIGAS 2 ∼200 1.35
CIGAS 3 ∼200 1.37
CIGAS 4 ∼200 1.45
CIGAS 5 ∼200 1.47
CdS 1 ∼40 2.49
CdS 2 ∼80 2.54
CdS 3 ∼130 2.55
CdS 4 ∼160 2.58
CdS 5 ∼170 2.64

31910 | RSC Adv., 2025, 15, 31899–31916
3.8 Analysis of experimental parameters

All the above results were obtained by analyzing the theoretical
parameters of each layer used in CIGAS PV devices. Herein, the
experimentally obtained parameters of materials were intro-
duced in the SCAPS soware. Because the PV parameters are
strongly affected by the properties of the absorber and buffer
layers, only the experimental parameters of these layers were
considered. Table 3 presents the experimentally obtained
parameters for CIGAS materials (i.e., thickness and bandgap)
and for CdS materials (i.e., thickness, bandgap, mobility, and
carrier concentration). These parameters were replaced in
theoretically optimized conditions of CIGAS PV devices, which
were obtained from previously published literature.85,86 The
s20,85,86

Mobility (cm2 V−1 s−1) Carrier concentration (cm−3)

— —
— —
— —
— —
— —
116.00 4.5 × 1014

15.00 1.9 × 1016

31.00 7.2 × 1015

16.00 5.6 × 1014

74.00 1.0 × 1016

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells, fitting the experimental parameters for
CIGAS without BSF materials.
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CIGAS and CdS were synthesized from pulsed laser deposition
and chemical bath deposition, respectively.

3.8.1 Experimental parameters of CIGAS. Herein, the
experimental parameters of the CIGAS absorber material, such
Fig. 16 Schematic of (a) current–voltage curves and (b) curves of PV para
with BSF materials.

© 2025 The Author(s). Published by the Royal Society of Chemistry
as thickness and bandgap, were introduced. The bandgap of
CIGAS was varied from 1.22 to 1.47 eV, but the thickness of the
CIGAS thin lm remained constant. Thus, the CIGAS PV devices
with and without a BSF layer were specically analyzed at
meters for CIGAS solar cells, fitting experimental parameters for CIGAS

RSC Adv., 2025, 15, 31899–31916 | 31911
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Fig. 17 Schematic of (a) current–voltage curves and (b) curves of PV parameters for CIGAS solar cells, fitting experimental parameters for CIGAS
and CdS without BSF materials.
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different bandgaps of CIGAS, as shown in Fig. 15 and 16,
respectively. The simulation results conrmed that all the PV
parameters were inuenced.

As mentioned earlier, the bandgap of the CIGAS absorber
layer enhances the Voc by forming higher potential differences
Fig. 18 Schematic of (a) current–voltage curves and (b) curves of PV para
and CdS with BSF materials.

31912 | RSC Adv., 2025, 15, 31899–31916
across the solar cells.62 The Jsc value is reduced by decreasing
the generated charge carriers at higher band gaps.63 However,
the bandgap of CIGAS showed two different results for the FF
and PCE. The FF increased from 82 to 86% and decreased from
87.8 to 82% for CIGAS thin lm solar cells without and with
meters for CIGAS solar cells, fitting experimental parameters for CIGAS

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a BSF layer, respectively. There was no signicant variation in
the efficiency of CIGAS PV devices without a BSF layer (i.e.,
approximately 21%). Conversely, the efficiency was reduced
from 29.5 to 21.6% for CIGAS thin lm solar cells with a BSF
layer.

The efficiencies of CIGAS PV devices with BSF are compara-
tively higher than PV devices without a BSF material.51 This
result conrms that absorber material properties inuence the
PV parameters, while the BSF material also plays a signicant
role in altering the outcomes compared to standard conditions.
Maximum efficiency will be achieved with CIGAS material with
a thickness of 200 nm and bandgap of 1.22 eV (i.e., CIGAS 1).

3.8.2 Experimental parameters of CIGAS and CdS. Finally,
the experimentally obtained properties of CIGAS and CdS were
simulated to understand their effect on the solar cell parame-
ters. The CdS thin lms were synthesized using the chemical
bath deposition technique with different deposition times and
a constant temperature of 80 °C. Therefore, the thickness of CdS
increased from 40 to 170 nm. The curves of current–voltage and
PV parameters for CIGAS PV devices without and with a BSF
layer are correspondingly displayed in Fig. 17 and 18. For both
cases, the efficiencies of CIGAS PV devices are relatively lower
when experimental parameters are applied to both CIGAS and
CdS materials, than when applied only to CIGAS.

It was observed that the properties of CdS directly impacted
the FF and PCE of CIGAS thin lm solar cells. When the
deposition time of CdS thin lms increased from 20 min to
60 min, the efficiency of PV devices without and with the BSF
layer was independently reduced from 14.4 to 2.2% and from
27.1 to 21.9%, respectively. The use of a BSF layer in CIGAS thin
lm solar cells achieved higher efficiency as compared to the
structure without one.51 This result conrmed that the BSF layer
is a vital material to improve the PCE for CIGAS PV devices.

Although there is variation in the properties of CdS thin
lms with deposition time, the decrease in efficiency at a higher
deposition time is related to the thickness of the CdS buffer
layer. A higher thickness of CdS can reduce the passing of
incident photons toward the CIGAS absorber layer and increase
the series resistance that directly inuences the ll factor of PV
devices.87 Therefore, the rst two conditions (i.e., CIGAS + CdS 1
and CIGAS + CdS 2) are suitable to employ in CIGAS thin lm
solar cells based on their performance.

4. Conclusions

CIGAS PV devices with novel materials and structures were
effectively investigated through the SCAPS-1D soware in this
work. Initially, the numerical analysis was carried out for the
optimization process for the CIGAS PV device by analyzing the
properties (i.e., thickness and carrier concentration) of the
CIGAS absorber, CdS buffer, ZnO window, and BSF materials.
The thickness of materials drastically inuenced the PV
parameters by varying the absorption of photons as well as the
series resistance of solar cells. However, the carrier concentra-
tion of each material can assist in understanding the carrier
lifetime and diffusion length of the carriers through recombi-
nation mechanisms. These parameters were adjusted for each
© 2025 The Author(s). Published by the Royal Society of Chemistry
material in such a way that the efficiency of CIGAS devices was
as high as possible.

The simulation results showed that the optimized efficiency
was comparatively higher for CIGAS devices with a BSF layer
(i.e., 30.7%) than without a BSF layer (i.e., 26.8%). This increase
in the performance of CIGAS devices with a BSF layer was
related to the decrease in the back-contact recombination by
favoring ohmic contact with the CIGAS absorber layer. Aer
analyzing the various types of buffers and BSF materials, CdS
and Sb2Se3 demonstrated their suitability as materials for
a buffer layer and a BSF layer for obtaining efficient CIGAS PV
devices, respectively. At last, the properties of the experimen-
tally obtained CIGAS absorber and CdS buffer materials were
inserted into theoretically optimized conditions to understand
the CIGAS device performance. It evidently conrmed that the
thickness of CdS and the use of the BSF layer can signicantly
enhance the PCE of CIGAS PV devices.

In this simulation study, we designed CIGS-based solar cells
with new CIGAS absorber materials, and also studied the
properties of each material used in CIGAS solar cells. Hence,
this investigation can assist in the design of novel solar cell
congurations by reducing cost and time, thus providing a base
for experimental activities.
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1 J. Pastuszak and P. Węgierek, Photovoltaic cell generations
and current research directions for their development,
Materials, 2022, 15, 5542.

2 N. Kant and P. Singh, Review of next generation photovoltaic
solar cell technology and comparative materialistic
development, Mater. Today: Proc., 2022, 56, 3460–3470.
RSC Adv., 2025, 15, 31899–31916 | 31913

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03970c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
25

 3
:5

1:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3 C. A. Buckner, R. M. Lafrenie, J. A. Dénommée, J. M. Caswell
and D. A. Want, Relation of Trace Elements on Dental Health
Chapter, Trace Elem., 2016, 11, 13.

4 K. Sekar, R. Manisekaran, O. M. Nwakanma and
M. Babudurai, Signicance of formamidinium
incorporation in perovskite composition and its impact on
solar cell efficiency: A mini-review, Adv. Energy
Sustainability Res., 2024, 5, 2400003.

5 A. Ashok, D. Acosta and S. Velumani, Review on the
developments in copper indium gallium diselenide
(CIGSe)-based thin lm photovoltaic devices, J. Mater. Sci.:
Mater. Electron., 2024, 35, 1016.

6 S. M. Sivasankar, C. de Oliveira Amorim and A. F. Cunha,
Progress in thin-lm photovoltaics: A review of key
strategies to enhance the efficiency of CIGS, CdTe, and
CZTSSe solar cells, J. Compos. Sci., 2025, 9, 143.

7 R. Kamada, T. Yagioka and S. Adachi, New world record
Cu(In, Ga)(Se, S)2 thin lm solar cell efficiency beyond
22%, IEEE 43rd Photovoltaic Specialists Conference, 2016,
pp. 1287–1291.

8 J. Chantana, Y. Kawano and T. Nishimura, Effect of alkali
treatment on photovoltaic performances of Cu(In, Ga)(S,
Se)2 solar cells and their absorber quality analyzed by
urbach energy and carrier recombination rates, ACS Appl.
Energy Mater., 2020, 3, 1292–1297.

9 J. Chantana, B. Ergashev and Y. Kawano, Flexible and
lightweight Cu(In, Ga)(S, Se)2 solar cell on a stainless steel
substrate with different structures for improving band
alignment, Sol. Energy Mater. Sol. Cells, 2023, 263, 112589.

10 M. Nakamura, K. Yamaguchi and Y. Kimoto, Cd-Free Cu(In,
Ga)(Se, S)2 thin-lm solar cell with record efficiency of
23.35%, IEEE J. Photovoltaics, 2019, 9, 1863–1867.

11 J. Keller, K. Kiselman and O. Donzel-Gargand, High-
concentration silver alloying and steep back-contact
gallium grading enabling copper indium gallium selenide
solar cell with 23.6% efficiency, Nat. Energy, 2024, 9, 467–
478.

12 M. A. Green, E. D. Dunlop and M. Yoshita, Solar cell
efficiency tables (Version 65), Prog. Photovoltaics Res. Appl.,
2024, 3–15.

13 T. Feurer, P. Reinhard and E. Avancini, Progress in thin lm
CIGS photovoltaics – Research and development,
manufacturing, and applications, Prog. Photovoltaics Res.
Appl., 2017, 25, 645–667.

14 D. S. Kim and B. K. Min, Strategies to enhance the
performance of Cu(In,Ga)(S,Se)2 thin-lm solar cells by
doping approaches, Korean J. Chem. Eng., 2024, 41, 3771–
3781.

15 S. Ishizuka and N. Taguchi, Aluminum-based chalcopyrite
thin lms and solar cells, Adv. Energy Mater., 2024, 14,
2400087.

16 A. Ashok, G. Regmi, and S. Velumani, Numerical
optimization of materials properties for high-efficiency
CISe thin lm solar cells using the SCAPS-1D simulator,
2021 18th International Conference on Electrical Engineering,
Computing Science and Automatic Control (CCE), IEEE, 2021,
pp. 1–6.
31914 | RSC Adv., 2025, 15, 31899–31916
17 L. Barkat, M. Morsli and C. Amory, Study on the fabrication
of n-type CuAlSe2 thin lms, Thin Solid Films, 2003, 431, 99–
104.

18 J. F. Geisz, M. A. Steiner and N. Jain, Building a six-junction
inverted metamorphic concentrator solar cell, IEEE J.
Photovoltaics, 2018, 8, 626–632.

19 R. S. Ibrahim, K. Sekar and T. A. Hameed, Synthesis of
thermochromic CdHgI4 thin lm: Insight into the
thickness-dependent structural, morphological, linear, and
nonlinear spectroscopic properties, Surf. Interfaces, 2024,
51, 104660.

20 T. A. Hameed, W. Cao, B. A. Mansour and I. K. Elzawaway,
Properties of Cu(In, Ga, Al)Se2 thin lms fabricated by
magnetron sputtering, J. Vac. Sci. Technol., A, 2015, 33,
031201.

21 T. A. Hameed, M. A. A. Mamun,W. Cao, H. E. Elsayed-Ali and
A. A. Elmustafa, Structural and nanomechanical properties
of Cu (InxGa1−x)Se2 thin lms fabricated by one-step
sputtering, JOM, 2021, 73, 2790–2797.

22 S. Alotaibi, A. H. Alfai, K. Sekar, T. A. Hameed and
H. S. Alzahrani, In-depth investigation of thickness-
dependence of structural, linear, and nonlinear
spectroscopic properties of Al-doped Cu (In, Ga) Se2 grown
by a one-step sputtering process, Opt. Mater., 2025, 160,
116707.

23 W. Chen, W. Cao, T. A. Hameed, S. MarsillaC and
H. E. Elsayed-Ali, Properties of Cu(In, Ga, Al)Se2 thin lms
fabricated by pulsed laser deposition, J. Mater. Sci.: Mater.
Electron., 2025, 26, 1743–1747.

24 T. A. Hameed, W. Cao, E. M. Abdelrazek, I. K. El Zawawi,
B. A. Mansour and H. E. Elsayed-Ali, Effect of substrate
temperature on properties of Cu(In, Ga, Al)Se2 lms grown
by magnetron sputtering, J. Mater. Sci.: Mater. Electron.,
2016, 27, 3209–3216.

25 A. Kowsar, M. Billah, and S. Dey, Comparative study on solar
cell simulators, 2nd International Conference on Innovation in
Engineering and Technology (ICIET), IEEE, 2019, pp. 1–6.

26 S. K. Reichmuth, G. Siefer and M. Schachtner, Measurement
uncertainties in I-V calibration of multi-junction solar cells
for different solar simulators and reference devices, IEEE J.
Photovoltaics, 2020, 10, 1076–1083.

27 A. Shakoor, G. A. Nowsherwan andM. F. Aamir, Performance
evaluation of solar cells by different simulating sowares,
Solar PV Panels–Recent Advances and Future Prospects,
IntechOpen, 2023, 469–491.

28 A. Ashok, O. Reyes-Vallejo and J. E. Conde-Diaz, A
computational study for understanding the effect of
various parameters on the performance of three different
CI(G)Se-based thin lm solar cells, J. Opt. Lasers Technol.,
2024, 169, 110102.

29 A. Ashok, F. J. Cano and S. Velumani, Analysis of hybrid-
deposited CI(G)Se thin lms and theoretical modeling of
their properties through SCAPS-1D soware, Mater. Today
Commun., 2023, 34, 105338.

30 T. Shawky, M. H. Aly and M. Fedawy, Performance analysis
and simulation of c-Si/SiGe-based solar cells, IEEE Access,
2021, 9, 75283–75292.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03970c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

0/
3/

20
25

 3
:5

1:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
31 K. Kim, J. Gwak and S. K. Ahn, Simulations of chalcopyrite/c-
Si tandem cells using SCAPS-1D, Sol. Energy, 2017, 145, 52–
58.

32 M. A. Sha, S. Bibi and M. M. Khan, A numerical simulation
for efficiency enhancement of Czts-based thin-lm solar cell
using SCAPS-1D, East Eur. J. Phys., 2022, 5, 52–63.

33 A. Rahman, E. Hossain and S. Hussain, An insight analysis
of In0.7Ga0.3N based on homo-junction solar cells using
SCAPS-1D simulation soware, Appl. Sol. Energy, 2023, 59,
818–827.

34 B. Z. Bhari, K. S. Rahman and P. Chelvanathan, Numerical
simulation of ultrathin CdTe solar cells by SCAPS-1D, IOP
Conf. Ser.:Mater. Sci. Eng., 2023, 1278, 012002.

35 A. T. Ngoupo, F. X. A. Abega and A. M. N. Abena, Theoretical
simulation of a-Si:H-based p–i–n ultrathin-lm solar cell
using ZnO as a back reector layer (BRL) via SCAPS-1D, J.
Comput. Electron., 2023, 22, 423–438.

36 S. Mushtaq, S. Tahir and A. Ashfaq, Performance
optimization of lead-free MASnBr3-based perovskite solar
cells by SCAPS-1D device simulation, Sol. Energy, 2023,
249, 401–413.

37 W. Abdelaziz, A. Zekry and A. Shaker, Numerical study of
organic graded bulk heterojunction solar cell using SCAPS
simulation, Sol. Energy, 2020, 211, 375–382.

38 N. Singh, A. Agarwal and M. Agarwal, Numerical simulation
of highly efficient lead-free perovskite layers for the
application of all-perovskite multi-junction solar cell,
Superlattices Microstruct., 2021, 149, 106750.

39 K. Sekar, S. Velumani and J. Bouclé, Experimental and
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