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Achieving 38.27 % Efficiency in CIGS Solar Cells Using V205 Back-Surface Field and Dual

Window Layers: A Simulation Approach
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This study explores the performance enhancement of Copper Indium Gallium Selenide (CIGS) solar cells
using a novel AZO/Sn02/ZnS/CIGS/V205/Ag heterostructure. Simulations with SCAPS-1D (Solar Cell Capac-
itance Simulator in One Dimension) software, compared three configurations: without a back-surface field
(BSF) layer, with a BaSi2 BSF layer, and with a V205 BSF layer. Incorporating the V205 BSF layer improved
efficiency to 30.63 %. Optimization of key parameters, including absorber thickness (1 pm), defect density
(102 cm -3), acceptor density (10!® cm-3), electron affinity (4.2 eV), series resistance (0 Q), and operating
temperature (310 K), elevated performance, achieving an open-circuit voltage (Vi) of 1.02 V, short-circuit
current density (Js) of 43.01 mA/cm?, fill factor (FF) of 86.68 %, and an efficiency (7) of 38.27 %. These im-
provements are attributed to the synergy between the dual window layers and the V205 BSF layer, which
together reduced recombination losses and enhanced charge collection. The findings provide valuable in-
sights into the design and development of cost-effective, high-performance, and sustainable CIGS solar cells,
positioning this approach as a promising solution for advancing renewable energy technologies.
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1. INTRODUCTION

The rapid growth of global population and industri-
alization has significantly increased greenhouse gas
emissions and fossil fuel consumption, leading to critical
issues such as global warming and resource depletion.
To combat these challenges, the world urgently needs
new, clean, and sustainable energy sources to replace
fossil fuels. Among these alternatives, solar energy
stands out as an abundant and renewable resource with
immense potential [1].

Photovoltaic (PV) technology is central to harnessing
solar energy, directly converting sunlight into electricity
through the photovoltaic effect. This involves the absorp-
tion of photons by a semiconductor, creating electron-hole
pairs that generate a potential difference when separated
by a p-n junction, ultimately producing electric current [2].
To meet global energy demands, it is crucial to develop PV
systems that are both cost-effective and efficient [3].

Among various PV technologies, copper indium gal-
lium diselenide (CIGS)-based thin-film solar cells
(TFSCs) have emerged as a promising solution due to
their high conversion efficiency and excellent perfor-
mance in outdoor conditions [4]. Although CIGS cells are
more expensive to manufacture compared to other thin-
film technologies like cadmium telluride (CdTe) or hy-
drogenated amorphous silicon (a-Si) [5], they offer supe-
rior efficiency. However, the scarcity and high cost of
rare metals such as gallium (Ga) and indium (In) pre-
sent significant challenges. Researchers are therefore
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focused on reducing the thickness of the CIGS absorber
layer to decrease material costs while maintaining per-
formance [6].

To further enhance the electrical characteristics and
efficiency of CIGS cells, numerous studies have focused
on improving traditional structures and proposing novel
configurations. A significant approach involves the in-
corporation of an efficient back surface field (BSF),
which has been shown to improve device efficiency and
reduce absorber layer thickness. Since the 1980s, BSF
layers have been recognized for their role in minimizing
recombination rates, thereby increasing photocurrent
and photovoltaic conversion efficiency [7-10].

Moreover, numerical simulations play a crucial role in
advancing PV technology. Tools like SCAPS-1D are exten-
sively used to study and optimize the optical and electrical
properties of solar cells, providing valuable insights that
drive the development of more efficient and cost-effective
solar cells. These simulations help researchers fine-tune
cell structures and parameters, leading to significant im-
provements in device performance [11].

Several studies exemplify the effectiveness of numer-
ical simulations in improving solar cell efficiency. For in-
stance, Ghobadi et al. conducted a computational analy-
sis to explore the device characteristics of CusBaSnSSes
(CBT(S,Ses)) solar cells, utilizing SCAPS-1D simula-
tions. To enhance cell performance and efficiency, they
propose the incorporation of various Back Surface Field
(BSF) layers on the absorber layer. Based on the optimal
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parameters identified for an effective BSF layer, they
simulated a CuzBaSnSSes solar cell with SnS as the BSF
layer, observing notable improvements in the cell's pa-
rameters. Notably, a peak power conversion efficiency
(PCE) of 7.31 % was achieved [12].

Virang Shukla and Gopal Panda tackled CdTe's back
surface ohmic contact issue with a novel Back Surface Field
(BSF) material, boosting efficiency and stability. By incor-
porating CuzTe as the BSF layer and reducing CdS thick-
ness to 5 nm, they achieved an impressive 19.06 % effi-
ciency with just 1000 nm of CdTe, surpassing conventional
cells' 14.87% efficiency with thicker layers [13].

Shamim Ahmmed et al. conducted a simulation
study on CuO-based heterostructure solar cells using
SCAPS-1D. By adjusting key parameters like CuO ab-
sorber thickness and the V205 back surface field (BSF)
layer, they optimized performance. Their analysis also
considered defect densities and optical losses, resulting
in a solar cell with power conversion efficiency (PCE) of
12.09%. This study highlights the potential of CuO-
based solar cells and the importance of simulation-
driven optimization [14].

Ahmmed et al. investigated copper manganese tin
sulfide (CueMnSnSy) for thin-film solar cells (TFSCs) us-
ing numerical simulations. They evaluated the perfor-
mance of CusMnSnSs (CMTS)-based TFSCs with and
without a tin sulphide (SnS) back surface field (BSF)
layer. Initially, they examined parameters like active
material thickness, doping concentration, defect den-
sity, operating temperature, and metal contacts without
a BSF layer. Subsequently, they optimized the cell by
integrating SnS as a BSF layer in a heterostructure of
CwZnO/i-ZnO/n-CdS/p-CuzMnSnS4/Pt. Their results
showed a photoconversion efficiency (PCE) of 25.43 %
without the SnS BSF layer, which increased to 31.4 %
with the BSF layer. These findings highlight the poten-
tial of CMTS with SnS as both absorber and BSF layers
for developing highly efficient solar cells [15].

Abdelmoumene Laidouci et al. conducted a numerical
investigation into ZnSnNz solar cells using SCAPS-1D soft-
ware. They analyzed how various parameters affect perfor-
mance, including the thicknesses of the ZnO window layer,
CdS buffer layer, ZnSnNz absorber layer, and Si back sur-
face field (BSF) layer, as well as operating temperature, se-
ries and shunt resistances (Rs and Rs), defect density, and
interface defects. A thin solar cell with a 1 pm thick ab-
sorber layer achieved an efficiency of 23.9 %. Optimizing
conditions with an 8 um absorber layer and a 0.3 um BSF
width, the cell showed resistances of Rsn = 106 Qcm?2 and
Rs =1 Qcm? with a low defect density (IN¢ = 101° cm-3),
resulting in an efficiency of 29.5 %. The compound's abun-
dance, non-toxicity, and cost-effectiveness make it appeal-
ing compared to conventional solar cells that use rare,
toxic, and costly elements [16].

Md Islahur Rahman Ebon et al. explored a novel
structure featuring antimony selenide (Sb2Ses), a prom-
ising absorber material for thin-film solar cells, coupled
with a tungsten diselenide (WSez) back surface field
(BSF). Using SCAPS-1D simulations, they investigated
the properties that make Sb2Ses suitable for non-toxic
solar cell absorbers. Their study examined two struc-
tures: one with and one without a BSF layer. The results
showed an efficiency of 20.61 % with an 800 nm thick
absorber in the absence of a BSF layer. Adding a 100 nm
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WSe2 BSF significantly increased efficiency to 32.35 %.
These findings highlight the remarkable efficiency po-
tential of this thin-film solar cell configuration [17].

Km. Kanchan et al. evaluated a thin-film solar cell
(TFSC) featuring a copper-indium-gallium-diselenide
(CIGS) absorber layer and a low-cost ultra-thin BaSis
back surface field (BSF) layer, structured as
Al/SnOz/buffer layer/CIGS/BaSiz/Mo/substrate. Their
objective was to enhance performance and reduce tox-
icity by replacing conventional CdS buffer layers with
CdosZnosS and ZnSe. They optimized the CIGS layer
thickness (0.1 to 1 um) for cost-effectiveness. The TFSC
achieved maximum conversion efficiencies of 28.11 %
with Cdo.6Zno.4S and 27.72 % with ZnSe for a CIGS thick-
ness of 0.8 um and a BaSi2 BSF layer thickness of 0.3 pm.
These results demonstrate performance improvements
over previously reported CdS-based TFSCs [18].

Md. Ferdous Rahman and colleagues highlighted
that solar cells utilizing copper indium gallium selenide
(CIGS) show higher absorber efficiency compared to
those using cadmium telluride (CdTe) or hydrogenated
amorphous silicon (a-Si). They proposed a novel solar
cell architecture incorporating CIGS within a multi-
layer structure of FTO, ZnSe, V205, and Cu. Using sim-
ulation tools, they evaluated various parameters, in-
cluding the inclusion of a back-surface field (BSF) layer,
absorber layer thickness, and acceptor density. Their re-
sults showed that a configuration with a 1 um thick
CIGS absorber, V205 BSF, and ZnSe layers achieved an
efficiency of 31.86 % with a Voc of approximately 0.9 V.
This innovative design demonstrates significant poten-
tial for developing highly efficient solar cells, outper-
forming traditional designs [19].

In the same vein of research, Sayed Rezwanul Islam
Biplab et al. affirmed that CIGS-based solar cells exhibit
superior efficiency compared to other second-generation
technologies like hydrogenated amorphous silicon (a-Si)
or cadmium telluride (CdTe). However, they acknowl-
edged the higher manufacturing cost associated with
CIGS due to the use of rare metals like indium and gal-
lium. To address this, they focused on enhancing effi-
ciency with more economical materials. Their work in-
troduced a back-surface field layer of low-cost barium
silicide (BaSiz) with a thickness of 0.3 um into the basic
CIGS solar cell structure. Using the simulation software
SCAPS, they comprehensively studied all photovoltaic
parameters. Their findings revealed that the proposed
structure achieved an efficiency of 26.24 % with a thin
CIGS layer of 0.8 um. This novel approach not only re-
duced CIGS thickness and cost but also enhanced per-
formance compared to conventional designs [20].

In our study, we aimed to enhance the performance
of conventional CIGS solar cells by remodeling them
with appropriate buffer and BSF layers between the ab-
sorber layer and the rear electrode. The buffer layer, po-
sitioned between the double window layers and the ab-
sorber, forms a p-n junction that helps eliminate defects
and interfacial strain caused by the window layer. The
BSF layer, with favorable physical, optical, and chemi-
cal stability, facilitates the effective transport and accu-
mulation of photogenerated carriers from the absorber
layer to the metal electrodes, significantly enhancing de-
vice efficiency and allowing for a reduced thickness of
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the absorber layer. Furthermore, placing the BSF be-
tween the absorber and rear electrode can further re-
duce the absorber layer thickness, thereby lowering the
overall cost of the PV cell. Using SCAPS-1D software,
we designed and analyzed the structure of CIGS thin-
film solar cells. First, we examined the JJ-V characteris-
tics of our proposed structure, AZO/SnO2/ZnS/CIGS/Ag,
and introduced a BSF layer to enhance its efficiency. We
compared two different BSF materials, BaSiz and V20s,
within this structure. Moreover, we optimized the device
by investigating the effects of CIGS layer thickness, dop-
ing concentrations, electron affinity, and defect density
on the J-V characteristics. We also explored the impact
of series resistance and operating temperature on the
solar cell's performance. Our optimized structure, fea-
turing a double window layer of AZO/SnO2 and a V205
BSF, achieved significantly improved photoconversion
efficiency. These improvements highlight the potential
for developing high-performance, cost-effective CIGS so-
lar cells, paving the way for more sustainable and effi-
cient photovoltaic technologies.

2. MATERIALS AND METHODS
2.1 Cell Structure

This study focused on simulating a solar cell. First,
to calibrate the simulation setup, a CIGS-based solar
cell reported in the literature [19, 20] was analyzed. Sub-
sequently, three proposed structures were investigated,
as shown in Figure 1. The first device structure, shown
in Figure 1-A, does not include a BSF layer and consists
of AVAZO/SnO2/ZnS/CIGS/Ag. The second and third de-
vice structures, shown in Figure 1-B and Figure 1-C re-
spectively, incorporate BSF layers. The second structure
comprises AIVAZO/Sn02/ZnS/CIGS/ BaSiz/Ag, while the
third structure consists of
Al/AZO/SnO2/ZnS/CIGS/V20s5/Ag.

The proposed device structures use BaSiz2 and V205
as BSF layers, CIGS as a p-type absorber layer, ZnS as
an n-type buffer layer, and a double window layer com-
posed of (AZO+SnOy3). Silver (Ag) is used as the back con-
tact, with a work function of 4.26 eV.

2.2 Numerical Modelling & Simulated Parameters

SCAPS-1D is a software tool developed by the Depart-
ment of Electronics and Information Systems (EIS) at the
University of Gent, Belgium, designed for simulating one-
dimensional solar cells [11]. This program allows research-
ers to explore the impact of varying material properties, in-
cluding the presence or absence of specific characteristics
and their value ranges, on the efficiency of solar cells,
thereby supporting optimization processes.

The parameters for our simulations were derived
from both theoretical models and experimental data, as
shown in Table 1. All simulations were conducted under
standard conditions with a working temperature of 300
K and using the AM1.5 solar spectrum.

3. RESULTS AND DISCUSSIONS
3.1 J-V Characteristic of Proposed Structure

We simulated three different configurations of CIGS-
based solar cells, with and without a BSF layer, as
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illustrated in Figure 1. The simulation results are sum-
marized in Table 2 and the JJ-V curves are presented in
Figure 2. The performance parameters include open-cir-
cuit voltage (Voc), short-circuit current density (Jsc), fill
factor (FF), and efficiency (7).
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Fig. 1 - CIGS solar cell configurations: (A) No BSF layer, (B)
BaSiz BSF layer, (C) V205 BSF layer

The results show that the addition of BSF layers sig-
nificantly enhances the performance of the solar cells.
The configuration without a BSF layer serves as the
baseline. Introducing a BaSiz BSF layer significantly
improves the Voc, Jsc, and efficiency. The configuration
with a V205 BSF layer shows the best overall perfor-
mance, achieving the highest values for Voc, Jsc, FF,
and efficiency. The increase in Voc and Jsc with BSF lay-
ers indicates better carrier collection and reduced re-
combination losses, while the higher FF in the V205 con-
figuration indicates more efficient charge separation
and extraction. These results demonstrate that optimiz-
ing the BSF layers is crucial for enhancing the efficiency
of CIGS thin-film solar cells.
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Fig. 2 — J-V characteristic with and without BSF layer

3.2 EQE & Energy Band for the Best Strucutre

The results indicate that introducing a BSF layer
significantly enhances overall device performance. This
improvement is attributed to the reduction in minority
carrier recombination at the back surface of the device.
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Table 1 — Material parameters used for simulation [14, 18-20]

J. NANO- ELECTRON. PHYS. 17, 06032 (2025)

Input parameters Layers
of the solar cell AZO SnO: ZnS CIGS BaSi: V205
Thickness (um) 0.025 0.025 0.05 0.8 0.3 0.3
Band gap (eV) 3.4 3.6 2.4 1.1 1.3 2.2
Electron affinity (eV) 4.6 4.0 4.31 4.2 3.3 3.4
Permittivity (er) 9 9 10 13.6 11.17 8
Nc (cm-3) 2.2 x 1018 2.2 x 1018 1.56 x 1018 2.2 x 1018 2.6 x 1019 9.2 x 1019
Nv (cm-3) 1.8 x 1019 1.8 x 1019 1.8 x 1019 1.8 x 1019 2 x 1019 5.0 x 1020
Hole mobility
(cm?/Vs) 25 25 25 25 100 100
Electron mobility 100 100 100 100 820 150
(cm?/Vs)
Np (cm-3) 1.8 x 1020 1x 108 1 x 1017 / / /
N4 (cm-3) / / / 1 x 1018 5 x 1018 1 x 1019
Defect (cm-3) 1x 1015 1 x 1015 1x 1015 1.1 x 1014 1 x 1015 1x 1014

Table 2 — Output results of simulated structures.

Structures Performance parameter
Voc Jsc FF 7
(\%) (mA/cm?) (&) %)
AZO/SnO2/ZnS/
CiGS/Ag 0.69 35.42 80.01 19.74
AZO/Sn02/ZnS/
CiGS/BaSiz/Ag 0.85 42.48 79.10 28.75
AZO/SnO2/ZnS/
CiGS/V:05/Ag 0.86 42.52 84.02 30.63

Voc: Open-circuit voltage; Jsc: Short-circuit current density;
FF: Fill factor; n: Efficiency

As shown in Figure 2, the solar cell with a V205 BSF
layer demonstrates a substantial efficiency increase,
confirming that our optimal structure is AI/AZO/SnO2/
ZnS/CIGS/V20s5/Ag. This indicates that the V205 layer
effectively passivates the back surface and reduces car-
rier recombination losses, leading to improved carrier
collection and higher device performance.
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Fig. 3 — External quantum efficiency curve of the best structure

After confirming the best structure, we examined the
external quantum efficiency (EQE) curve, also known as
the spectral response curve, displayed in Figure 3. We ob-
served an increased spectral response at shorter wave-
lengths, specifically between 300 nm and 400 nm. The high
external quantum efficiency in this range suggests that the
device is highly effective in generating electron-hole pairs
from high-energy photons. The curve shows a peak effi-
ciency of around 100 % within the wavelength range of 400
nm to 900 nm, indicating excellent photon absorption and

charge collection in this range.

However, beyond 800 nm, the efficiency begins to de-
cline, likely due to the incomplete absorption of longer-
wavelength photons, which is a common limitation for
CIGS-based solar cells due to their band gap.

The current passing through the heterojunction is de-
termined by the band alignment. Figure 4 illustrates the
energy band diagram for the proposed cell, based on the
data obtained from the SCAPS simulation, showing the
bandgap and layer thickness of each material. The dia-
gram depicts the optimal structure, AlI/AZO/SnO2/
ZnS/CIGS/V20s/Ag.
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Fig. 4 — Energy band diagram of the best structure with the
V205 BSF layer

In this configuration, Aluminum (Al) is used as the
front grid contact, with a work function (WF) of 4.28 eV
[21]. CIGS serves as the absorber layer, which is a p-type
semiconductor with a bandgap of 1.1 eV [22]. ZnS is uti-
lized as the n-type buffer layer with a bandgap of 2.4 eV
[23, 24], while V205, with a bandgap of 2.2 eV, acts as the
BSF layer to enhance the device’s performance [25]. Ad-
ditionally, AZO and SnOz are used as the double window
layers, having bandgaps of 3.4 eV [26] and 3.6 eV [27],
respectively. For the back contact layer, silver (Ag) is em-
ployed with a WF of 4.26 eV [28].

The energy band diagram in Figure 4 illustrates the
favorable band alignment achieved with the materials
used in the optimal structure, AVAZO/SnO2/ZnS/CIGS/
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V20s5/Ag. The band bending at the V205 and CIGS junc-
tion creates an electric field that assists in the efficient
separation and transport of photogenerated electron-
hole pairs, reducing recombination and enhancing over-
all device performance. This alignment ensures that
electrons and holes are effectively transported to their
respective contacts, minimizing energy losses. The in-
corporation of V205 as a BSF layer optimizes the band
structure and significantly contributes to the improved
efficiency of the CIGS solar cells.

3.3 Influence of CIGS thickness

An absorber layer should be optimized to achieve the
ideal thickness for maximum photon absorption and elec-
tron-hole pair generation. In this section, we examine the
performance of the best structure: AI/AZO/SnOsf
ZnS/CIGS/V205/Ag, using the parameters listed in Ta-
ble 1, to determine the best thickness for the CIGS ab-
sorber layer. Parameters such as open-circuit voltage
(Voc), current density (Jsc), fill factor (FF), and efficiency
(n) were assessed by varying the absorber layer thickness
from 0.2 to 1.1 um. The results, presented in Table 3, show
that Jsc, Voc, and 7 increase with increasing absorber
layer thickness up to a certain point.

Figure 5 illustrates the -V curves for different thick-
nesses of the CIGS absorber layer. As the CIGS layer
thickness is increased from 0.2 to 1.1 um, <Jsc significantly
rises from 32.30 mA/cm? to approximately 43.14 mA/cm?,
and 7 rapidly increases from 24.31 % to about 30.77 %.
Voc remains stable around 0.85 V and FF around 84 %.
Beyond 1.1 pum, all photovoltaic properties remain nearly
unchanged.
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Fig. 5 — J-Vcurve of CIGS solar cells with various values of ab-
sorber layer thickness

This behavior results from enhanced photon absorption
and increased electron-hole generation in the CIGS ab-
sorber layer. Therefore, a thickness of 1.0 um is determined
to be the optimal thickness for the CIGS absorber layer in
an efficient A/AZO/SnO2/ZnS/CIGS/V205/Ag solar cell [29].
This optimization ensures that the solar cell can achieve
maximum efficiency without unnecessary material usage,
balancing performance with cost-effectiveness.

J. NANO- ELECTRON. PHYS. 17, 06032 (2025)

Table 3 — Performance results due to variation in thickness of
absorber layer

Thickness Performance Parameter
((ﬁré% Voc Jsc FF %)
V) mAlem?) | (%) | TV
0.2 0.88 32.30 84.88 | 24.31
0.4 0.87 39.24 84.42 | 28.94
0.6 0.86 41.55 84.16 | 30.22
0.8 0.85 42.52 84.02 | 30.63
1 0.85 42.99 84.01 | 30.77
1.1 0.85 43.14 83.97 | 30.76

Voc: Open-circuit voltage; JJsc: Short-circuit current density;
FF: Fill factor; 5: Efficiency.

3.4 CIGS Defect and Acceptor Density

To investigate the impact of defect density in the CIGS
layer on the photovoltaic performance of the solar cell, we
varied the single-donor-type bulk defect density from
1 x 101 to 1 x 1016 cm -3 while keeping the defect densities
of all other layers constant, as specified in Table 1.
Figure 6 illustrates how different defect densities affect
the efficiency of the solar cell. The conversion efficiency
decreases from 35 % at a defect density of 1 x 102 cm -3
to 24 % at a defect density of 1 x 106 cm —3.

As defect density increases, the probability of carrier
recombination rises before the carriers can contribute to
current generation [30]. This means a higher defect den-
sity results in fewer electron-hole pairs contributing to
the current, leading to lower efficiency.

36

34

32

(%)

30

284

26

24

T T T T T T
10" 10" 10" 10™ 10" 10
Defect density (cm™)

Fig. 6 — Effect of defect density variations in the CIGS layer on
solar cell efficiency

Previous studies [31, 32], have shown that defects sig-
nificantly deteriorate photovoltaic performance by acting
as recombination centers for charge carriers, thus reduc-
ing the efficiency of the solar cell. To enhance the output
of the proposed cell, it is crucial to minimize the defect
density in the absorber layer, ideally keeping it below 1 x
1013 cm -3, Our results indicate that the optimal absorber
defect density is 1 x 1012 ¢cm -3, resulting in an efficiency
of 35.77 %.

Defects in the CIGS material affect its electronic
properties by increasing the recombination rate of elec-
trons and holes [33], altering the band gap, and reducing
the mobility of charge carriers. These effects can lead to

06032-5



L. NACERI, M. BELARBI

a decrease in the performance of CIGS solar cells by lim-
iting the effective generation and collection of charge
carriers.

The acceptor concentration in the CIGS layer also
plays a significant role in determining the performance of
CIGS-based solar cells. We varied the acceptor concentra-
tion Nain the absorber layer from 102 to 1020 cm -3, and
the simulated photovoltaic efficiencies are displayed in
Figure 7. The figure shows that the efficiency increases
significantly as Na rises from 102 to 1020 cm -3, with an
optimal efficiency of 38.23 % achieved at an acceptor con-
centration of about 101% cm ~3. Beyond this value, the effi-
ciency decreases sharply [34].
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Fig. 7 — Effect of varying acceptor density in the CIGS layer on
solar cell efficiency

An increase in the acceptor density enhances the
electric field within the absorber layer, improving
charge separation and reducing recombination. How-
ever, excessively high acceptor densities can lead to a
decrease in mobility due to increased scattering, result-
ing in lower efficiency [31, 35]. Our findings suggest that
for optimal performance, the acceptor concentration in
the CIGS layer should be higher than 1016 cm-3 and
lower than 109 cm - 3.

3.5 CIGS Electron Affinity

At the interface between the absorber and buffer lay-
ers in a solar cell, electron affinity plays a crucial role in
defining the conduction band offset. This offset signifi-
cantly affects the open-circuit voltage, short-circuit cur-
rent, and overall performance of the solar cell. Various
research papers on CIGS solar cells have reported dif-
ferent values for electron affinity, including 4.45 eV [36],
4.2 eV [37], and 4.58 eV [3§].

As illustrated in Figure 8, an increase in electron af-
finity leads to a decrease in efficiency for the CIGS ab-
sorber layer. This is because higher electron affinity re-
duces the conduction band offset at the interface, which
can create a barrier to electron transport from the buffer
to the absorber layer. This barrier can impede the collec-
tion of photo-generated electrons, reducing the current
produced and thereby lowering the short-circuit current
and overall efficiency of the solar cell.
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Fig.8 — Effect of electron affinity on the efficiency of CIGS
absorber layer

For optimal performance, the electron affinity of the
CIGS layer has been set to 4.2 eV, achieving an efficiency
of 38.23 %. At this electron affinity, the conduction band
offset is minimized, facilitating efficient electron
transport across the interface. However, if the electron af-
finity is too high, it increases the barrier height, making
it harder to collect photo-generated charge carriers and
thus reducing the overall performance of the device.

This highlights the importance of carefully tuning
the electron affinity to balance efficient carrier collection
with minimal recombination losses.

3.6 Influence of Resistance Serie

In this study, the effect of series resistance (Rs) on
the photovoltaic device is investigated using SCAPS-1D
software. Series resistance arises from the front and
back metallic contact resistance, bulk resistance, and
circuit terminal resistance. The primary impact of series
resistance is to reduce the fill factor (FF), making it im-
possible to achieve an FF of 100 %. To enhance effi-
ciency, it is essential to minimize series resistance. This
resistance also affects the open-circuit voltage (Voc) and
short-circuit current (Jsc). Lower Rs is desirable for im-
proving the power conversion efficiency (7).

The value of Rs is varied from 0 (ideal case) to 6 Q.
Figure 9 illustrates the effect of changing Rs on the opti-
mal cell configuration, which includes the V205 BSF
layer. The figure shows that increasing R; significantly
degrades the efficiency of the solar cell. As Rs increases,
the efficiency of the solar cell decreases markedly, drop-
ping from 38.23 % to 27.97 %. Similarly, as shown in Ta-
ble 4, both FF and efficiency decrease continuously with
increasing Rs, while Voc and Jsc remain almost con-
stant. The nearly constant Voc and Jsc values indicate
that series resistance primarily affects the internal re-
sistance of the cell, not the carrier generation and sepa-
ration processes. As Rsincreases, the fill factor and effi-
ciency decrease significantly due to higher power losses
[38]. Minimizing series resistance is therefore essential
in the design and fabrication of solar cells to maintain
high efficiency and performance.
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Table 4 — Performance results of variation in series resistance
for the proposed structure

Performance Parameter
Rs (Q) Voc Jsc FF n
(0] (mA/ecm?) (%) (%)
0 1.03 43.01 86.11 38.23
1 1.03 43.01 82.22 36.50
2 1.03 43.01 78.33 34.77
3 1.03 43.01 74.45 33.05
4 1.03 43.01 70.56 31.32
5 1.03 43.01 66.67 29.59
6 1.03 43.01 63.00 27.97

Voc: Open-circuit voltage; Jsc: Short-circuit current den-
sity; FF: Fill factor; n: Efficiency.
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Fig. 9 — Impact of varying series resistance on the proposed
structure

3.7 Influence of Temperature

The operating temperature of a solar cell is a crucial
factor that affects its performance and stability. Exces-
sive heat can damage photovoltaic (PV) cells and shorten
their lifespan, making temperature control essential for
outdoor installations. This section examines the influ-
ence of temperature on the performance of the optimal
solar cell configuration. By maintaining constant pa-
rameters and varying the operating temperature from
280 to 330 K, we analyzed the photovoltaic performance
of the cells. As shown in Table 5 and Figure 10, temper-
ature variations have a significant impact on key perfor-
mance metrics such as open-circuit voltage, short-circuit
current, fill factor, and efficiency. Lower temperatures
generally enhance cell performance, while higher tem-
peratures degrade it.

Table 5 — Performance Results for Varying Operating Temper-
atures of the Proposed Structure.

Performance Parameter

T (K) Voce Jsc FF n

(\) (mA/cm?) (%) (%)
280 1.04 43.01 84.15 37.72
290 1.03 43.01 85.14 37.98
300 1.03 43.01 86.11 38.23
310 1.02 43.01 86.68 38.27
320 1.02 43.01 86.86 38.14
330 1.01 43.01 86.75 37.88

J. NANO- ELECTRON. PHYS. 17, 06032 (2025)

The results indicate that the efficiency of the solar cell
improves as the temperature decreases from 330 K to
280 K. The highest efficiency of 38.27% is achieved at
310 K. This improvement at lower temperatures is at-
tributed to reduced recombination rates, which increase
carrier lifetimes and enhance overall efficiency. Con-
versely, higher temperatures increase thermal energy,
leading to higher recombination rates and reduced car-
rier mobility, negatively impacting efficiency [39]. These
findings emphasize the importance of thermal manage-
ment in the design and deployment of photovoltaic sys-
tems to ensure stable and high performance.
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38.1

(%)

38.0

37.94
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280 290 300 310 320 330
Temperature (K)

Fig.10 — Effect of operating temperature on the efficiency of the
optimal solar cell structure

3.8 Optimized vs. Initial Structure

In the final phase of our investigation, we aimed to
present the optimal configuration for our proposed
structure after thorough research. This optimized con-
figuration achieves maximum efficiency and perfor-
mance through careful selection of appropriate device
parameters. Initially, we simulated the structure
Al/AZO/SnO2/ZnS/CIGS/V205/Ag, achieving a conver-
sion efficiency of 30.63 %.

We then optimized the CIGS absorber layer to a
thickness of 1 um, set the defect density to 1012 cm 3,
and the acceptor density to 101 cm-3. We also deter-
mined the optimal electron affinity to be 4.2 eV. Further-
more, we found that the series resistance should be
Rs = 0 Q and the optimal operating temperature to be
310 K. The calculated parameters for the optimized and
initial cells are presented in Table 6, which shows a sig-
nificant improvement in cell efficiency from 30.63 % to
38.27 %. The current-voltage characteristic curves of the
optimal CIGS solar cell, presented in Figure 11, demon-
strate enhanced efficiency compared to the initial struc-
ture. The optimized structure shows improvements in
all key performance metrics, underscoring the im-
portance of the optimization process. These improve-
ments highlight the potential for achieving high-effi-
ciency solar cells through careful optimization of mate-
rial and device parameters.

3.9 Comparison with Previous Studies

Our investigation has led to the identification of an
optimal structure that significantly enhances the effi-
ciency and overall performance of CIGS solar cells.
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Various materials such as SnS, Si, BaSis, and others
have been studied as the BSF layer for CIGS-based solar
cells. Table 7 provides a comparative analysis of the pho-
tovoltaic performance between our optimized configura-
tion and other studies on CIGS cells [19-20, 40], display-
ing the favorable impact of using a V2Os BSF in CIGS-
based solar cells.

Table 6 — Comparison of simulation results: optimized vs. ini-
tial structure

Jsc FF
Stuctures | Voc %
0 (mA/cm?) | (%) 1 (%)
Initial 0.86 42.52 84.02 | 30.63
Optimized 1.02 43.01 86.68 | 38.27
Current Density
current mode : J (current density in mA/cm2))
4.3E+1 .
§ 4.0E+1 \
l lo
=] Iwng 35E+1 \
™ Abs 3.0E+1
25E+1
& 20E+1
5
2 15E+1
£ 1.0E+1
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-1.0E+1
13E+1-, |
00 01 02 03 04 05 06 07 08 09 1.0
voltage (V) D log i
t lin
Voc (V) Jsc (mA/ecm2) FF (%) eta (%)
1.0265 43.012684 86.68 3827

Fig.11- J-V characteristic of the optimized structure

The results indicate that the V205 BSF demonstrates
superior performance compared to other BSF layers. The
higher bandgap of 2.2 eV for the V205 BSF layer allows
the device to operate efficiently at higher temperatures,
thus enhancing its overall performance compared to other
BSF materials. This high bandgap helps in better carrier
separation and reduces recombination losses, which are
critical for improving the efficiency of solar cells.

Our optimized structure, which includes a 1 um thick
CIGS absorber layer, not only achieves high efficiency but
also offers commercial feasibility. The reduction in the
thickness of the absorber layer lowers the material costs,

J. NANO- ELECTRON. PHYS. 17, 06032 (2025)

making the production of these solar cells more cost-effec-
tive. This study demonstrates that with the appropriate op-
timization of device parameters, CIGS solar cells can
achieve high performance, making them a promising can-
didate for widespread commercial use.

4. CONCLUSIONS

In this study, we conducted a comprehensive numeri-
cal simulation to examine the electrical properties of
CIGS-based solar cells using the SCAPS-1D software.
Our investigation focused on the integration of a double
window layer and a back surface field (BSF) layer to en-
hance device performance. We designed three different
configurations: a baseline without a BSF layer, a second
with a BaSi2 BSF layer, and a third with a V205 BSF
layer. The configuration with the V205 BSF layer
emerged as the most efficient, achieving a significant im-
provement in efficiency to 30.63 %. Further optimization
involved adjusting critical parameters for the CIGS ab-
sorber layer, including its thickness (1 um), acceptor den-
sity (10! cm-3), defect density (1012 cm-3), and electron
affinity (4.2 eV). The optimized cell configuration, incor-
porating a VeOs BSF and ZnS buffer with AZO and SnO2
double window layers, demonstrated substantial en-
hancements in current density, voltage, and overall effi-
ciency, while also reducing the required thickness of the
absorber layer. We also assessed the influence of series
resistance and operating temperature on the solar cell's
performance.

The optimal performance was achieved with a series
resistance of Rs = 0 Q and an operating temperature of
310 K, resulting in a peak efficiency of 38.27 %. Our find-
ings provide essential insights and guidelines for design-
ing high-performance, cost-effective, and environmen-
tally sustainable CIGS-based thin-film solar cells.

The successful implementation of a thin CIGS absorber
layer with a V205 BSF layer underscores the potential for
these optimized structures in practical solar energy appli-
cations. Future research should focus on exploring the
long-term stability and environmental durability of V205
BSF layers in CIGS solar cells, as well as their integration
into other types of photovoltaic technologies.
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Table 7 — Performance Comparison of Photovoltaic Structures with Different BSF Layers.

Structures References Voc (V) Jsc (mA/em?) | FF (%) n (%)
Al/SnO2:F/Cdo.6Zno.4S/CIGS/BaSiz/Mo [18] 0.90 41.21 75.76 28.11
FTO/ZnSe/CIGS/V205/Cu [19] 0.89 41.34 85.80 31.86
Al/FTO/CdS/CIGS/BaSiz/Mo [20] 0.84 40.56 76.80 26.24
AVITO/Al-ZnO/i-ZnO/CIGS/PbS/Mo [40] 0.83 35.22 82.29 24.22
AZO/Sn03/ZnS/CIGS/V20s/Ag [This work] 1.02 43.01 86.68 38.27
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Jocarueuuns edpexruBuocrti 38,27% y couaunux enemenrax CIGS 3 Bukopucrauuam moss V205
Ha 3aaHIN MOBEPXHI TA MIAPIiB HOABIMHOIrO BiKHA: MigXia MOIEIIOBAHHS

Leila Naceri, Mousaab Belarbi

Laboratory of Micro and Nanophysics — LaMiN, Department of FPST-Ecole Nationale Polytechnique
d’Oran-Maurice Audin, BP 1523, Oran 31000, Algeria

¥V po6oTi MpoBeIEHO TOCITIPKEHHS TIABUINEHHS POy KTUBHOCTI COHSIYHIX €JIEMEHTIB Ha OCHOBI CeJIeHITY
wmini Ta imgio-ramgio (CIGS) 3 Bukopucranusm HoBoI retepocTpykTypu AZO/Sn02/ZnS/CIGS/V20s5/Ag. Mone-
JIIOBAHHS 3a IomoMorown mporpamuoro 3abesmeuenus SCAPS-1D (Solar Cell Capacitance Simulator in One
Dimension) mopiBHOBaJIO Tpu KoHQIryparii: 6e3 mapy 3amgaboro mosist (III3IT), 3 mapom II3I1 BaSiz Ta 3
mrapom 311 V205. Brmouenns mapy 311 V205 migsurmuiio edexrusHicTs 10 30,63 %. Onrumisariis K-
YOBHX IMApaMeTpPiB, BKJIOYAOYHN TOBIIUHY mnorymHada (1 MeMm), ryctuny gedexris (1012 cm-3), rycTuHy axiie-
mropa (1019 cm-3), copimHeHicTh 10 enexTpoHa (4,2 eB), mocmigosaumit omip (0 Om) Ta pobody TemmepaTypy
(310 K), migBummiaa TpoayKTHBHICTD, TOCATHYBINK HANpyru xosioctoro xoxy (Voo) 1,02 B, rycrunm crpymy
KOpPOTKOTo 3aMukauusd (Js) 43,01 MA/cm2, kKoedirienTa 3amosuenns (FF) 86,68 % Ta edexrusnocti () 38,27
%. 111 moxpamneHHs IOSICHIOIOTHCS CHHEPTIEI0 MK IIapamu 1o/BiiiHoro BikHa Ta mapom VeOs I3, mo pasom
3MEHIINJIO BTPATH Ha PeKOMOIHAI[I0 Ta MOKpanuIo 3oupants 3apsay. OTpuMaHi pe3ysbTaTy JalTh I[IHHY
iHdOpMAIIiIo IIPO IPOEKTYBAHHS Ta PO3POOKY EKOHOMIUHO e(peKTUBHUX, BUCOKOIIPOIYKTUBHUX Ta €KOJIOTIYHO
uncTux coHaunux esementis CIGS, mosuitionyoun 1mei maxia Sk MepcreKTHBHE PITeHHs IJI PO3BUTKY Te-
XHOJIOTIH BiTHOBJIIOBAHOI €HEPTeTHKH.

Knrouosi cnosa: Coussunnii erement CIGS, IToste Ha 3amuiit mosepxwui, [loasiiini Bikouni mapu, SCAPS-1D,
Omrrumisartis epeKTUBHOCTI.
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