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Abstract

Copper indium gallium selenide (CIGS)-based thin-film solar cells continue to lead advancements in the efficiency of thin-film technologies. 

In this study, we propose cubic silicon carbide (3C-SiC) as a viable alternative to cadmium sulfide (CdS) for use as a buffer layer in CIGS 

solar cells. 3C-SiC offers superior transparency, higher electron mobility, and non-toxicity, making it a promising candidate for enhancing 

device efficiency. In this paper, we present a computational analysis of a thin-film solar cell utilizing a ZnO/3C-SiC/CIGS/ poly(3,4-

ethylenedioxythiophene) (PEDOT): polystyrene sulfonate (PSS)/Mo heterostructure with PEDOT:PSS as the back surface field (BSF) layer. 

Simulations conducted using SCAPS-1D software demonstrate impressive photoconversion efficiencies, achieving an ideal efficiency (η) 

of 32.83%, an open circuit voltage (VOC) of 0.86 V, a short circuit current density (  JSC) of 56.40 mA cm−2, and a fill factor (FF) of 80.79%. 

The study systematically examines the influence of key parameters, including CIGS absorber thickness, PEDOT:PSS thickness, 3C-SiC 

thickness, and temperature, demonstrating a strong correlation with previous experimental results. These findings offer valuable insights 

for enhancing the performance of CIGS solar cells and highlight promising avenues for future advancements in thin-film photovoltaics.
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1 Introduction
Thin films, such as copper indium gallium selenide (CIGS) 
and cadmium telluride (CdTe), are widely used in solar 
cells due to their cost-effectiveness and stability. CIGS solar 
cells demonstrate experimental and simulated efficiencies 
of 19.55% and 29.31%, respectively, surpassing other thin-
film technologies. This superiority is attributed to their sta-
bility, high conversion efficiency, low production costs, and 
environmental benefits. In contrast, monocrystalline silicon 
solar cells dominate the market with efficiencies exceeding 
26%, benefiting from well-established manufacturing pro-
cesses and exceptional stability [1, 2]. Silicon heterojunc-
tion cells, which incorporate thin amorphous silicon films 
on crystalline silicon, demonstrate how thin-film technol-
ogy can enhance traditional silicon-based devices. While 
silicon remains the leading material, its higher cost and the 
requirement for thicker layers position CIGS as an appealing 

alternative for scalable, flexible, and lightweight applica-
tions [3, 4]. Moreover, they exhibit resilience under lower 
irradiance, drawing interest from photovoltaic researchers 
due to their excellent optoelectronic characteristics, such as 
a high absorption coefficient, tunable bandgap, and mini-
mal material usage [5]. The bandgap of CIGS can be modi-
fied by changing the concentrations of indium and gallium, 
which are directly influenced by the alloy stoichiometry [6]. 
Conversely, copper vacancies induce a p-type nature in the 
chalcopyrite configuration of CIGS [7]. Distortion in the 
lattice constant ratio (c/a) of the CIGS structure, as well as 
the bonding among Ga-Se, In-Se, and Cu-Se, contributes 
to tetragonal distortion [8, 9]. However, variations in CIGS 
composition can lead to conduction band mismatches with 
adjacent layers, negatively impacting photovoltaic perfor-
mance [10]. In solar cells with CIGS, the buffer layer often 
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comprises cadmium sulfide, which provides benefits that 
enhance device efficiency and performance [11]. CdS, being 
an n-type semiconductor, facilitates electron transport, 
thereby improving overall efficiency [12, 13]. The forma-
tion of a heterojunction between the p-type CIGS absorber 
material and the transparent conductive oxide (TCO) layer 
creates an electron flow path, reducing recombination 
losses and improving the efficiency of charge carrier collec-
tion [14]. Additionally, CdS acts as a passivation material in 
the CIGS absorber layer, reducing surface defects and trap 
states, thereby decreasing recombination losses at the CIGS/
CdS interface and increasing carrier lifetime, which leads 
to improved device performance [15, 16]. However, while 
CdS is widely used as a buffer material for p-type CIGS 
absorbers, it presents inherent issues: firstly, it contains the 
toxic element cadmium, posing risks of environmental con-
tamination during production, use, and disposal if proper 
protocols are not followed [17]. Secondly, its relatively 
wide bandgap energy (~2.4 eV) may reduce the absorption 
of short-wavelength photons that the CIGS could other-
wise absorb more effectively. In light of these challenges, 
researchers are exploring alternative buffer layer materi-
als with characteristics such as a higher bandgap, environ-
mental friendliness, comparable or superior optoelectronic 
properties to CdS, and suitability for low-cost fabrication 
methods [18]. For example, kesterite solar cells lack CdS 
but typically exhibit lower open circuit voltage (VOC ) and 
fill factor (FF) compared to CdS-based ones. However, 
they manage to achieve higher short circuit current den-
sity (JSC ) due to their larger bandgap [19–21]. Although 
polycrystalline II-VI semiconductor materials have been 
used as insulating layers to improve solar cells, the emer-
gence of a new layer of cubic silicon carbide (3C-SiC), 
which acts as a light-guiding layer, has provided significant 
advantages in enhancing solar cell efficiency [22]. 3C-SiC 
not only improves light absorption and its conversion into 
electrical energy but also offers excellent thermal and chem-
ical stability, which boosts the stability of the solar cell's 
performance under various operating conditions [23]. Thin 
layers of cubic silicon carbide also provide effective pro-
tection against corrosion and oxidation, extending the cell's 
lifespan and improving long-term efficiency [24].

This work introduces a novel approach to simulating 
CIGS-based solar cells by incorporating a 3C-SiC buffer lay- 
er and employing back surface field (BSF) layer by utilizing 
poly(3,4-ethylenedioxythiophene) (PEDOT):polystyrene 
sulfonate (PSS), a conductive polymer with excellent 
transparency and tunable electrical properties [25, 26]. 

Utilizing the SCAPS-1D simulator [27], these simulations 
reveal that heterostructures consisting of ZnO/3C-SiC/ 
CIGS/PEDOT:PSS/Mo demonstrate impressive photo-
conversion efficiency. Furthermore, a detailed analysis 
explores the influence of various factors such as CIGS 
thickness, PEDOT:PSS thickness, 3C-SiC thickness, and 
temperature. These studies provide valuable insights into 
the intricate relationships between these variables, shed-
ding light on their impact on the stability and efficiency 
of photovoltaic solar cells (PSCs). Ultimately, this com-
prehensive simulation study enhances our understanding 
of the complexities associated with these solar cells and 
presents promising avenues for future research and devel-
opment in CIGS-based photovoltaics.

2 Device settings and simulation process
In the simulation process using SCAPS-1D software [27], 
the work functions of the front contact (ZnO) and back con-
tact (Mo) materials were explicitly defined to reflect their actu 
al material properties. This approach ensured realistic bound-
ary conditions, rather than assuming a flat band condition. 
ZnO was selected for its effectiveness in electron extraction, 
while Mo was chosen for its efficiency in hole collection. 
Together, these choices contribute to an accurate modelling 
of charge carrier transport and help reduce potential contact 
barriers, which are essential for optimal performance. These 
materials align with the energy levels of the CIGS absorber 
and the PEDOT BSF layer, thereby minimizing recombina-
tion losses at the interfaces. Integrating the appropriate work 
functions enhances the reliability of the simulated results. 
The SCAPS-1D software [27] is instrumental in simulat-
ing the behavior of a ZnO/3C-SiC/CIGS/PEDOT:PSS/Mo 
solar cell. This structure comprises a ZnO window layer was 
treated as a TCO with a wide band gap of 3.30 eV, a thick-
ness of 20 nm, and a donor density of 1 × 1018, the n-type 
3C-SiC buffer layer was taken using 50 nm-thick and 
1 × 1020 cm−3 donor density with a gap of 2.3 eV, the CIGS 
is a p-type semiconductor with 1 μm-thick and 1 × 1014 cm−3 
acceptor density, and a moderate band gap Eg = 1.2 eV, 
a highly doped BSF layer of PEDOT:PSS(p+) with a thick-
ness of 100 nm, a hole density of 1 × 1018 cm−3, and a band 
gap of 1.6 eV were displayed in Fig. 1, which together 
form a p-n junction essential for charge carrier separation. 
The molybdenum back contact facilitates efficient charge 
carrier extraction. Parameters such as thickness and doping 
concentration were meticulously input into SCAPS-1D [27], 
simulating conditions at 300 K under AM1.5G illumination 
to ensure accurate predictions of device behavior [28].
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The SCAPS-1D software [27] conducts device simula-
tions in distinct sections, comprising various panels that 
allow users to adjust parameters and assess outcomes. 
The underlying theory of this program involves solving 
the Poisson equation (Eq. (1)), as well as the continuity 
equations for holes (Eq. (2)) and electrons (Eq. (3)) [29, 30]:
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where ε signifies dielectric permittivity, q represents the 
charge of carriers, ψ indicates the electrostatic potential, 
Rn and Rp stand for electron and hole recombination rates 
respectively, G stands for the generation rate, n and p for 
free electrons and holes, and nt and Pt for trapped electrons 
and holes, Nd

+  and Na
−  stand for ionized donor and accep-

tor doping concentrations, and Jn and Jp signify electron 
and hole current densities [31, 32].

3 Interpretation of the results
3.1 Energy band diagram
To comprehend the functioning and ensure the reliability of 
any semiconductor device, it is essential to refer to the band 
diagram. In the current work, the band diagram of the simu-
lated design was generated using SCAPS-1D software [27], 
as shown in Fig. 2. The CIGS absorber material and the 
PEDOT BSF exhibit excellent band alignment. After add-
ing a thin layer of BSF to PEDOT, a gradient was formed 
that rose to the surface, repelling electrons away from it, as 

shown in Fig. 2 [33]. The built-in electric field created on the 
backside prevents minority carriers from advancing towards 
the rear surface, which is characterized by a high recombi-
nation rate. Consequently, the rear surface reflects electrons 
away, thereby reducing recombination at this interface [34]. 
Table 1 presents the electrical properties and geometric 
parameters of the materials used.

3.2 Influence of CIGS thickness
The impact of altering the thickness of the CIGS absorber 
layer on the J-V characteristics is shown in Fig. 3. Notably, 
the curves maintain a consistent shape across various 
thicknesses of CIGS, while there is a noticeable increase 
in JSC as the CIGS thickness increases. This phenome-
non occurs because increasing the thickness of the CIGS 
material effectively enlarges the volume of the absorb-
ing material [35]. Consequently, this expansion facilitates 
greater photon absorption, leading to a higher current out-
put. However, alongside this increase in current, there 
is a simultaneous decrease in VOC. This decline in VOC is 
a consequence of the thicker CIGS layer [36]. The maxi-
mum efficiency achieved is 32.83% with a CIGS thickness 
of 3 µm. While a greater thickness can absorb more pho-
tons, it also results in a longer distance for charge carri-
ers to travel before reaching the electrodes. This increased 
distance introduces additional resistance, which subse-
quently reduces the voltage output.

Fig. 4 illustrates how the thickness of the absorber 
affects the device's performance. It is evident that the 
maximum efficiency achieved is 32.83% when the CIGS 
layer has a thickness of 3 µm. However, efficiency notably 

Fig. 1 CIGS solar cell configuration

Fig. 2 Band diagram of the proposed design exploiting 
PEDOT:PSS (BSF)
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decreases as the thickness of the CIGS material is reduced. 
For thicknesses ranging from 0.5 µm to 3 µm, efficiency 
fluctuates from 29.25% to 32.83%, while the FF decreases 
from 80.79% to 71.16%. This observation underscores the 
importance of selecting an optimal absorber thickness to 
achieve peak electrical efficiency [37]. In this context, it is 
imperative to choose a thickness exceeding 3 µm. This 
ensures that the solar cell can effectively capture and 

convert incident sunlight into electrical energy, maximiz-
ing its overall performance [38].

3.3 Effect of PEDOT:PSS layer thickness
Fig. 5 demonstrates the impact of how changing the 
PEDOT:PSS (BSF) thickness on cell performance. As the 
thickness of the PEDOT:PSS layer varies within the range 
of 0.1 to 0.6 µm, several key parameters of cell perfor-
mance exhibit notable changes. Specifically, there is 
an observed increase in η, VOC, FF, and JSC. The function of 
the PEDOT layer as the solar cell's BSF material is respon-
sible for these improvements. Increasing the PEDOT lay-
er's thickness contributes to enhanced charge carrier 
extraction and collection, which leads to an increased JSC. 
This is because the thicker BSF layer helps reduce recom-
bination losses and improves photocurrent generation [1]. 
Moreover, a thicker PEDOT:PSS layer also enhances the 
surface passivation of the CIGS solar cell, resulting in 
reduced surface recombination losses and an increased 
VOC . Additionally, the FF, which indicates how well the 
cell converts light into electricity, also improves with 
increasing PEDOT:PSS layer thickness. This improvement 

Table 1 Simulation parameters utilized in the present study at a temperature of 300 K*

Parameters ZnO (n) 3C-SiC (n) CIGS (p) PEDOT:PSS (p+)

Thickness (µm) 0.02 0.05* 1* 0.1*

Electron affinity (eV) 4.6 4.2 4.5 3.4

Band gap energy (eV) 3.3 2.3 1.2 1.6

Relative permittivity (εr ) 9 9.72 13.6 3

Density of states at conduction band (NC ) (cm−3 ) 2.2 × 1018 1 × 1019 1.8 × 1018 2.2 × 1018

Density of states at valence band (Nv ) (cm−3 ) 1.8 × 1019 5 × 1020 2.2 × 1018 1.8 × 1019

Electron mobility (cm2 V−1s−1) 100 900 100 0.045

Hole mobility (cm2 V−1s−1) 50 40 25 0.045

Doping density (ND /NA ) (cm−3 ) 1 × 1018 1 × 1020 1 × 1014 1 × 1018

Defect density (cm−3 ) 1 × 1014 1 × 1015 1 × 1014 1 × 1014

* A variable field

Fig. 3 The J-V characteristic influenced by CIGS thickness

Fig. 4 Influence of CIGS thickness on VOC, JSC, FF, and η

Fig. 5 Effect of PEDOT thickness on VOC, JSC, FF, and η
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reflects a reduction in resistive losses within the cell [39], 
leading to an efficiency of up to 30.05% for a 0.6 µm.

3.4 Effect of layer thickness of 3C-SiC
Fig. 6 depicts the impact of changing the 3C-SiC thickness 
on cell performance. As the thickness of the 3C-SiC layer 
is adjusted within the range of 0.5 to 3 µm, several sig-
nificant changes in key performance parameters become 
apparent. Firstly, A slight decrease in efficiency η was 
observed, from 29.25% to 28.76%. Efficiency represents 
the solar cell's ability to convert incident light into usable 
electrical energy [40]. This decrease in efficiency indicates 
that increasing the 3C-SiC thickness may be contributing 
to reduced performance. This could be due to increased 
absorption or reflection of incident light within the thicker 
buffer layer, resulting in reduced light absorption by the 
active layers of the solar cell. Additionally, a decrease in 
JSC is noted. JSC represents the maximum current that can be 
generated by the solar cell when it is short-circuited [41]. 
The decrease in JSC with increasing 3C-SiC thickness sug-
gests that thicker buffer layers may impede the movement 
of charge carriers, leading to reduced current generation 
inside the cell. Furthermore, a flattening is observed in 
both the VOC and FF. VOC represents the maximum voltage 
obtainable from the solar cell when no current is flowing, 
while FF indicates the efficiency of the cell in converting 
this voltage into useful energy. The flattening of VOC and FF 
suggests that increasing the 3C-SiC thickness does not sig-
nificantly impact these parameters within the studied range.

3.5 Effect of temperature
The operating temperature of solar cells is one of the pri-
mary factors influencing their performance. Understanding 
how solar cells respond to varying temperature conditions 
is crucial, especially given their frequent exposure to 

a broad range of temperatures in terrestrial applications, 
typically ranging from 288 K to 323 K, and sometimes 
even higher. Fig. 7 illustrates the changes in J-V charac-
teristics of the device in relation to temperature variations. 
A notable observation is the decline in VOC. As tempera-
ture rises, the internal carrier concentration within the 
semiconductor material also increases. This heightened 
carrier concentration results in an accelerated rate of elec-
tron-hole pair generation, leading to a higher saturation 
current. Since VOC and the natural logarithm of the satu-
ration current are negatively correlated, an increase in the 
saturation current at elevated temperatures consequently 
leads to a decrease in VOC [42].

Fig. 8 highlights several key trends observed with 
increasing temperature in solar cell performance. Firstly, 
it shows a plateau in the JSC and FF. This plateau suggests 
that there is a limit to the improvement of these parameters 
as temperature increases. While JSC and FF may initially 
increase with rising temperature due to factors such as 
enhanced carrier generation and reduced series resistance, 

Fig. 6 Influence of 3C-SiC thickness on VOC, JSC, FF, and η

Fig. 7 Influence of temperatures on the J-V characteristic

Fig. 8 Influence of temperatures on VOC, JSC, FF, and η
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there comes a point where further increases in tempera-
ture do not result in significant improvements. This pla-
teau effect underscores the complex interplay of various 
factors influencing solar cell performance, including car-
rier mobility and recombination rates. Additionally, Fig. 8 
illustrates a decrease in η and VOC with increasing tem-
perature. This decline in η and VOC is consistent with the 
observed decrease in performance at elevated tempera-
tures. The decrease in VOC can be linked to the rise in sat-
uration current and higher intrinsic carrier concentration 
in the semiconductor material, as discussed previously. 
Similarly, the reduction in η reflects the combined effects 
of decreased VOC and the plateau in JSC and FF. A similar 
behavior of performance parameters was reported in [43].

Table 2 [2, 21, 22, 39, 41, 42, 44–47] and Fig. 9 show 
the outcomes of our simulation. The latter illustrates that 
our efforts have achieved an efficiency of 32.83%, repre-
senting a significant improvement of 40.18% compared to 
the reference efficiency of 23.42% obtained by incorporat-
ing μc-Si:H (BSF) into a conventional CIGS cell [21]. It is 
evident that cells with (PEDOT:PSS) BSF exhibit better 
performance compared to the basic cell with 3C-SiC as 
a buffer material. Table 2 presents the main results along-
side those of other reported CIGS solar cells. Indeed, we 
have developed a novel configuration for a CIGS solar cell. 
The obtained results hold promise for researchers aiming 
to enhance device performance.

4 Conclusion
In summary, this study presents a comprehensive com-
putational investigation of a CIGS-based solar cell that 

incorporates a 3C-SiC buffer layer and a PEDOT BSF layer, 
modelled using SCAPS-1D software [27]. The simulation 
results indicate that the ZnO/3C-SiC/CIGS/PEDOT/Mo 
heterostructure achieves a high photoconversion efficien- 
cy, with an optimal VOC of 0.86 V, JSC of 56.40 mA cm−2, 
FF of 80.79%, and η of 32.83%. These values are consis-
tent with and competitive against those reported in recent 
literature. Furthermore, we investigated the effects of key 
parameters, including the thicknesses of the CIGS absorber, 
the PEDOT BSF layer, and the 3C-SiC buffer, as well as the 
impact of temperature on device performance. Our find-
ings emphasize the crucial role these factors play in opti-
mizing cell efficiency. This study not only provides valu-
able insights into the optimization of CIGS-based solar 
cells but also highlights the potential of innovative material 

Table 2 This work compared with other reported solar cells

No. Type of research Buffer/absorber layers BSF layer η (%) Ref.

1 Experimental Si/Si ZnS 6.40 [39]

2 Experimental CdS/CIGS MoSe2 9.00 [45]

3 Theoretical CdS/CdTe SnS 17.40 [41]

4 Theoretical CdS/CIGS Si 16.39 [42]

5 Theoretical CdS/CIGS μc-Si:H 23.42 [21]

6 Theoretical CdS/CIGS SnS 25.29 [44]

7 Theoretical CdS/CIGS CNGS* 29.39 [2]

8 Theoretical 3C-SiC/CIGS – 25.51 [22]

9 Theoretical 3C-SiC/CdTe – 17.29 [46]

Hybrid solar cell

Theoretical PEDOT:PSS/GaAs – 27.84 [47]

10 Theoretical 3C-SiC/CIGS PEDOT: PSS 32.83 Our work
* Copper nickel gallium selenide

Fig. 9 BSF effect on the J-V characteristics comparing by [21]
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combinations, such as 3C-SiC and PEDOT, to advance 
solar cell performance. Future research can build upon 
these findings by experimentally validating the proposed 
structure and investigating additional BSF and buffer 
materials to further enhance efficiency.
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