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Abstract

To make technology accessible to everyone, it is essential to focus on affordability and durability of the devices. Antimony
trisulfide (Sb,S;) and bismuth (Ill) sulfide (Bi,S;) are low-cost and stable materials that are commonly used in photovol-
taic devices due to their non-toxic nature and abundance. These materials are particularly promising for photovoltaic
applications as they are effective light-absorbing materials. In this study, we utilized the Solar cell Capacitance Simulator-
One-Dimensional (SCAPS-1D) software to investigate the parameters of a double electron transport layer (ETL) solar cell
based on Sb,S;/ Bi,S;. The parameters examined included thickness of the absorber layer, overall defect density, density
of acceptors, radiative recombination coefficient, series and shunt resistance, and work function of the back contact.
The solar cell structure studied was FTO/SnO,/CdS/ Sb,S; and Bi,S;/Spiro-OMeTAD/Au. By incorporating a SnO, electron
transport layer (ETL) into the double ETL structure of Sb,S; and Bi,S; solar cells, we observed a significant enhancement
in the power conversion efficiency (PCE). Specifically, the PCE increased to 19.71% for the Sb,S; solar cell and 24.05% for
the Bi,S; solar cell. In contrast, without SnO,, the single ETL-based CdS solar cell achieved a maximum PCE of 18.27 and
23.05% for Sb,S; and Bi,S;, respectively.
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1 Introduction

The 17 sustainable development goals (SDGs), which were introduced by the United Nations in 2015, aim to be achieved
by 2030.The seventh goal is ‘Affordable and Clean Energy’, which aims to encourage nations to harness solar energy
through photovoltaic technology and increase the share of renewable energy [1]. Solar energy is a renewable and clean
energy source, and it provides a sustainable alternative to fossil fuels, which are a major source of pollution. Solar energy
originates from the sun, and if we could harness its energy completely, we would have an endless supply of energy.
The process of generating electricity from solar energy is known as photovoltaic energy generation. By harnessing
the power of solar energy, we can reduce our dependence on non-renewable sources of energy and move towards a
more sustainable future. Multijunction solar cells exhibit higher power conversion efficiency (PCE) due to their broader
absorption spectrum, allowing them to capture a wider range of solar radiation compared to single-junction solar cells.
The theoretical limit of PCE for a single-junction solar cell, known as the Shockley-Queisser limit, is approximately 33%.
[2, 3]. On the other hand, Multijunction solar cells have the capability to capture a wider range of the solar spectrum
by utilizing multiple junctions with different bandgaps, which enable them to achieve laboratory-based PCEs of up to
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45% [4]. Multijunction solar cells are engineered to capture a wider range of solar spectrum by designing each junction
to absorb a specific range of wavelengths, thus enabling more efficient utilization of solar energy. When these solar
cells are stacked in tandem, they can work together to generate electricity from a larger range of wavelengths than a
single junction solar cell could absorb alone. By optimizing the design of the individual junctions and the overall device,
researchers have been able to achieve record-breaking efficiencies and continue to push the boundaries of what is pos-
sible in solar cell technology.

In laboratory conditions, commercially available thin film materials like cadmium telluride (CdTe) and copper indium
gallium selenide (CIGS) have demonstrated encouraging efficiency levels of up to 23.5 and 22.1%, respectively [5].
However, there are several limitations to their widespread use. Firstly, CdTe contains the scarce element tellurium (Te),
which limits its scalability. Additionally, cadmium is toxic and poses environmental hazards during production and dis-
posal. Moreover, copper indium gallium selenide (CIGS) contains indium and gallium, which are relatively expensive and
have limited availability. These limitations have motivated research into alternative materials for thin film solar cells. As
potential alternative, tri-chalcogenides materials, Sb,S; and Bi,S; have attracted growing attentions. In addition, Sb,S;
and Bi,S; have several advantages over other materials. They are abundant, low cost, non-toxic, and environmentally
friendly. Moreover, they exhibit excellent chemical stability and can be processed using low-cost solution-based tech-
niques. Sensitizers based on nanocrystals of Sb,S; and Bi,S; have been effectively utilized in photodetectors and nano
heterojunction solar cells. In the case of thin film-based cells using X,Y; compounds, where X is Bi or Sb and Y is S, energy
conversions up to 8% have been reported [6, 7].

In recent years, Sb,S; semiconductor material has received increasing attention for fabrication of heterojunction solar
cells. Additionally, Sb,S; presents numerous advantages including readily available raw materials, remarkable stability in
the face of moisture and temperature, a direct bandgap of 1.62 eV, high absorption coefficient of 1 0°cm™, non-toxicity,
carrier mobility of 9.8 cm?/Vs and 10 cm?/Vs for electrons and holes respectively, and p-type conductivity [8-11]. The
reported efficiency of numerically simulated Sb,S; absorber based solar cell is 20.6% [12] and experimental efficiencies
for single ETL solar cell are 6.18% [13], 7.5% [14], and 5.4% [15]. The experimental reported efficiency of Sb,S; absorber
layer based double ETL solar cell is 5.3% [16]. Bismuth (lll) sulfide (Bi,S;) is a semiconductor material that possesses an
optimal band gap value of 1.4 eV, making it well-suited for single junction solar cells. Bi,S; exhibits favorable properties
for solar cell applications, including a high absorption coefficient of approximately 10° cm™' [17] and high carrier mobility
of around 200 cm?/Vs for holes and 1100 cm?/Vs for electrons [18]. These characteristics enable efficient light absorp-
tion and effective carrier collection, resulting in high power conversion efficiencies in solar cells. Moreover, bismuth is
a plentiful element within the earth’s crust. It is obtained as a by-product during refining of lead, copper, and tin and is
employed in various significant commercial applications, leading to a consistently low price of bismuth [19]. Notably,
bismuth, like other emerging photovoltaic materials, is recognized for its non-toxic properties and is even utilized in
common medicinal products such as Pepto-Bismol [20, 21]. Additionally, the low cost of the raw materials makes Bi,S;
an attractive alternative to other semiconductor materials for large-scale solar cell production. Reported experimental
efficiencies for Bi,S; based solar cell are 1.57% [22], 3.2% [23] and 2.52% [24].

In this work, two tri-chalcogenides materials, Sb,S; and Bi,S; were used as absorbing materials for double electron
transport layer solar cell. The structure of solar cells based on these materials are FTO/SnO,/CdS/ Sb,S;/Spiro-OMeTAD/
Au and FTO/Sn0O,/CdS/ Bi,S3/Spiro-OMeTAD/Au. Extensive research has been conducted on utilizing tin oxide (SnO,)
as an electron transport layer (ETL) in solar cells, and it has demonstrated improvements in device performance. When
compared to single ETL solar cells based on Cadmium Sulfide (CdS), the use of a SnO,/CdS double ETL configuration has
shown enhanced efficiency. This improvement can be attributed to highly rough surface of the back contact fluorine-
doped tin oxide (FTO), which disrupts proper contact between FTO and the ETL in CdS-based cells. The presence of a
double ETL in a solar cell has led to increased efficiency by minimizing defects such as voids and back reactions at the
interface between the FTO and CdS layers. By including a SnO, layer between the FTO and CdS layers, these defects are
reduced due to SnO,'s beneficial properties such as high transmittance, high electron mobility, large bandgap, and low
sensitivity to ultraviolet light. SnO, is a commonly used material for ETLs in perovskite solar cells [25, 26]. Furthermore,
SnO, demonstrates favourable optical and electrical properties. Notably, it possesses a wide band gap energy in the range
of 3.5 to 4.0 eV, coupled with a low conduction band minimum (CBM). These attributes contribute to effective conduction
band alignment with absorbers, which ultimately results in stable and high-efficiency solar cells [27]. A comprehensive
study of these double ETL based Sb,S; and Bi,S; solar cells incorporating as the second ETL has been carried out in this
work. The power conversion efficiency of devices with single ETL (only CdS) are 18.27% and 23.01% for Sb,S; and Bi,S;
respectively. The PCE of SnO,/CdS double ETL based Sb,S; and Bi,S; solar cells attain 19.71% and 24.05% respectively.
Our work shows the potential application of double ETL based solar cells with gold back contact.
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2 Materials and simulation
2.1 Device structure

Figure 1 depict the device structure of solar cells based on tri-chalcogenide materials, namely Sb,S; and Bi,S;, as stud-
ied in this numerical simulation study. As evident from the device structure diagram, cathode (with a work function of
4.7 eV) employed in this configuration is fluorine-doped tin oxide (FTO) [28]. The double electron transport layers (ETL)
consist of SnO,/CdS, while the absorber layers are composed of Sb,S;/Bi,S;. The hole transport layer (HTL) is represented
by spiro-OMeTAD, and the anode is made of gold (Au). Upon illumination, the solar cell experiences the generation of
electron-hole pairs within the active layer. Through the influence of the electron transport layer (ETL) and hole transport
layer (HTL), the electrons traverse the ETL while the holes are attracted towards the HTL. Ultimately, these carriers con-
tribute to important performance metrics of the solar cell, such as short circuit current (I5¢), fill factor (FF), open circuit
voltage (V) and power conversion efficiency. Table 1 presents the physical parameters of the solar cell layers utilized
in our simulation, which have been gathered from previously published experimental and theoretical studies.

2.2 Numerical simulation

Numerical modeling is a powerful tool that allows us to simulate the behavior of complex systems and gain a deeper
understanding of how they work. Numerical modeling using software such as SCAPS-1D (Solar cell Capacitance Simulator
One dimension) proves valuable in the study of solar cells, enabling the identification of key parameters influencing their
performance and facilitating the optimization of their design [29]. By solving one-dimensional equations that govern the
semiconductor material’s behavior under steady-state conditions, we can simulate the characteristics of solar cells and
examine the effects of various factors on their performance. This is an important step in advancing our understanding
of solar cells and improving their efficiency and reliability.

Similar to other simulation software, SCAPS-1D utilizes standard numerical techniques to solve semiconductor differ-
ential equations and simulate the photovoltaic response of any type of solar cell. By inputting appropriate parameters,
the software can accurately model the electrical characteristics of the solar cell and provide insights into its performance
under varying conditions.

SCAPS-1D is based on the three differential equations, the Poisson Eq. (1) establishes a connection between space
charge density and electric field within a p—n junction.
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Fig. 1 Device structure of
double ETL based Sb,S; or Au (Back Contact)
Bi,S; solar cell .
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Tablel1 Matgrials parameters Material parameters SnO, cds Sb,S; Bi,S; Spiro-OMeTAD
used in the simulation

Thickness (um) 0.040 0.080 1 2 0.10

Bandgap (eV) 35 242 1.62 14 3

Electron affinity (eV) 4.0 4.2 3.7 458 245

Dielectric permittivity 9 9.35 7.08 13.6 3

CB effective density of state (cm™) 4.36x10'® 220x 10'® 20x10"®  220x10'® 2.20x 108
VB effective density of state (cm™) 2.52x10" 1.80x 10" 10x10'®  1.80x 10" 1.80x 10"

Electron mobility (cm?/Vs) 20 100 9.8 1100 20x 107
Hole mobility (cm?/Vs) 10 25 10 200 20x107*
Electron thermal velocity (cm/s) 1x107 1x107 1% 107 1% 107 1% 107
Hole thermal velocity (cm/s) 1x107 1x107 1x107 1x107 1x107
Acceptor density (N,)(cm™) 0 0 57%x10"” 20x10'® 20x10"®
Donor density (Np) (cm™) 1x10'8 1.15x 107 0 0 0

Defect density (Ny) (€V™" cm™) 1x10%[28] 1x10'9[35] 1x 10™[11] 1x10™[39] 1x 10'°[28]

In Eq. (1), @, g, and g, represent electrostatic potential, elementary charge, and static relative permittivity of the
medium, respectively. The terms N*;, (N~,) denote the density of ionized donors (acceptors), while n and p represent the
electron and hole density, respectively. N, signifies the density of acceptor or donor defects [30].

Equations (2) and (3) give e-h continuity in steady state condition:

aJ

—+G=Uy(np) =0 2
o,
—§+G—Up(n,p)=0 (3)

where J, and J, denote current densities of electrons and holes, respectively. U, , and G represent net recombination
and generation rates, respectively.The hole and electron current densities are given by:

on
Jn = qn:unE + ana (4)

ap
Jp = qupE - qua (5)

where Dn(p) is diffusion coefficient of electrons (holes), g is the charge, and u,, yp are electron and hole mobilities.

3 Results and discussion
3.1 The absorber layer (Sb,S;/Bi,S;) thickness

The performance of solar cells utilizing Sb,S; and Bi,S; materials is significantly influenced by thickness of the
absorber layer. Figure 2(a)-(d) present the results of our simulations, illustrating the dependency of efficiency, short
circuit current, open circuit voltage, and fill factor on the absorber thickness. As depicted in Fig. 2(a), the efficiency
of these solar cells initially increases as the absorber thickness is increased but eventually starts to decrease. In our
numerical and simulation study, we varied the absorber thickness from 0.4 um to 3 um. The optimal thickness for
Bi,S;-based solar cells was determined to be 2 pm, while for Sb,S;-based solar cells, it was found to be 1 pm. This is
because a thinner absorption layer results in low carrier recombination and high light absorption rates, while a thicker
layer leads to high carrier recombination rates and saturation of light absorption. The short circuit current density,
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Fig.2 Dependance of various parameters of Sb,S; and Bi,S; based solar cells on the thickness of the absorber layer

J,, which is dependent on the material’s optical properties, input solar radiation, and the spectrum of incident light,
increases with absorber thickness, while the open-circuit voltage (V) decreases slightly due to the reduction in the
junction electric field and increased carrier availability as depicted in Fig. 2 (b) and (c). Hence, the careful choice of
absorber thickness is vital to attain the highest possible power conversion efficiency in solar cells. Figures 3, (a) and (b)
illustrate the relationship between quantum efficiency and wavelength across various absorber thicknesses, ranging
from 0.1 to 3.0 um for Sb,S; and 0.4 to 3.0 um for Bi,S;, respectively. Quantum efficiency, denoted as Q.E., represents
the ratio of carriers collected by the solar cell to the number of incident photons with a specific energy. It is evident
that as the absorber thickness decreases, there is a corresponding reduction in photon absorption, particularly at
longer wavelengths. This decrease is attributed to a lower generation of electron-hole pairs within the absorber layer.
Furthermore, for the wavelengths exceeding 764 nm for Sb,S; and 884 nm for Bi,S;, the quantum efficiencies drop
to zero, as light is not absorbed below the bandgap at longer wavelengths with lower energy.

@ Discover



Research Discover Energy (2024) 4:4 | https://doi.org/10.1007/543937-024-00028-6

Fig.3 Quantum Efficiency of
Sb,S; and Bi,S; solar cells 100 4

80

60

40 -

Absorber Thickness
(SbyS;)
20 ] —==0.1pm
[=@==0.5 pm
b= 1.0 pm
=20 pm
04 Fo=30um

Quantum Efficiency (%)

300 400 S00 600 700 800 900
Wavelength (nm)

100 -
&
NS
< 80+
s
<
=
E 60 -
g
=
g 40
=
-
¢=Q Absorber thickness|
= 20 b (Bi,S;)
O je=lll= 0.4 pm
f=@==1.0 um
0 ] —4=2.0pum
=9==3.0 pm

300 400 500 600 700 800 900
Wavelength (nm)

3.2 Effect of temperature change on solar cell

Taking into account the impact of temperature variations on solar cell parameters is of utmost importance. Solar cell
parameters are usually evaluated within a temperature range of 20-30 °C, but solar PV modules typically operate at
higher temperatures, usually around 40-50 °C, in normal terrestrial conditions. Concentrator cells, on the other hand,
can operate at even higher temperatures. As a result, it is important to calculate the dependency of cell parameters on
temperature to understand how solar cells will perform under realistic operating conditions. By modeling the behavior
of solar cells over a range of temperatures using software like SCAPS-1D, we can gain insights into how temperature
affects solar cell performance and identify strategies to optimize their performance under different operating conditions.
The dependence of semiconductor bandgap on temperature can be described by Eq. (6) [31].

aT?

B+ (6)

E,(T) = E,(0) —

where, Eg(O) is the value of semiconductor bandgap at 0 K which may be direct or indirect bandgap. Eg(T) is its value at
temperature T. @ and f are constants.
The temperature dependency of V- can be written as Eq. (7)

dv,, (Vo Y 1d, 14dJ,
ar ~ \T "\ J,dT  J,dT )

o
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where, Js- is the short circuit current density and J, is reverse saturation current density.

_ kT

Vrh q

The reverse saturation current density, J,, plays a crucial role in the performance of solar cells as it represents the
reverse bias leakage current of minority carriers across the p—n junction. This leakage current primarily results from carrier
recombination in neutral regions near the junction. J, is a vital parameter that directly impacts the open-circuit voltage
(V,o) of the solar cell, which serves as a significant performance indicator. As the temperature of a solar cell increases,
the value of J, also increases, leading to increased leakage current and decreased efficiency. This is due to the increased
thermal energy of the carriers, which increases the rate of carrier recombination and therefore reduces the effectiveness
of the p-n junction. This effect is visible in the graphs shown in Figs. 4 (a)—(d). In Figs. 4 (a) and (c), it can be observed
that beyond a certain threshold, the increase in temperature leads to a decrease in both the open-circuit voltage and
the efficiency of the solar cell.
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Fig. 4 Influence of change in temperature on Efficiency, Short circuit current, Open circuit voltage, and Fill factor
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3.3 Effect of change in defect density concentration

The concentration of total defect density, N,, has a significant impact on the performance of solar cells. The photocurrent
generated in a solar cell under illumination is primarily contributed by photo carriers generated in the active layer. When
the total defect density of the active material increases, it results in increased recombination in the active region, leading
to a decrease in the solar cell parameters. In recent studies conducted by Im et al. and Chan et al. [14, 32], the reported
values of defect density demonstrated good consistency with those obtained from simulations. To examine the influence
of defect density on the performance of solar cells, this study explored a range of N, values spanning from 10'®cm~ to
10 cm™3.The impact of defect density concentration on solar cell parameters is illustrated in Figs. 5 (a) to (d). The results
shown in the Fig. 5 (a) revealed that the Sb,S; and Bi,S;-based solar cells exhibited maximum efficiency of 26.64% and
31.87%, respectively, at a defect density of 10'° cm™. However, as the defect density increased above 10'® cm™, both
solar cell parameters started to decrease sharply. These findings emphasize the significance of comprehending the influ-
ence of defect density on the performance of solar cells and the need for optimization to enhance their overall efficiency.
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Fig.5 Effect of defect density on the performance parameters of Sb,S; and Bi,S; based solar cells on Efficiency, Short circuit current, Open
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3.4 Effect of radiative recombination coefficient

Since both Sb,S; and Bi,S; exhibit direct bandgaps, the main mechanism of recombination in their solar cells is
radiative recombination. This process involves the emission of a photon as an electron from the conduction band
recombines with a hole from the valence band. The recombination coefficient, influenced by atomic structure and
carrier density, also contributes to this phenomenon [33]. To study the effect of radiative recombination on solar
cell performance, a numerical simulation was performed for a range of radiative recombination values from 107'8 to
107% cm~3. The results shown in Fig. 6 (a) revealed a maximum efficiency for radiative recombination less than or equal
to 107'? cm™3 for both Sb,S; and Bi,S;-based solar cells. The variation of open circuit voltage, short circuit current and
fill factor, with change in the radiative recombination values are shown in Figs. 6 (b) (c) and (d). These findings hold
significant importance as they emphasize the need for precise control over the radiative recombination rate during
the design and manufacturing processes of solar cells utilizing materials like Sb,S; and Bi,Ss.
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3.5 Effect of concentration of acceptor density

The p-type behavior of Bi,S; and Sb,S; has been studied in this research by varying the acceptor density (N,) from
10" to 10?2 cm™ for both materials. The Fig. 7 shows that the efficiency of Sb,S;-based solar cell increases up to
10%° cm~3 N, value and then decreases, while for Bi,S;-based solar cell, the efficiency first increases and then sharply
decreases after 102" cm™ N, value. The reason for this behavior is that for low N, value absorber materials, a high
electric field is formed across the materials, which increases the separation and collection of light-generated carri-
ers, leading to a larger efficiency value. Nevertheless, when the acceptor density (N,) reaches high values, such as
102° cm~3, the depletion region undergoes shrinkage, causing the electric field in the bulk region to be compressed
towards the interfaces of the absorber/ETL and absorber/HTL. This compression ultimately leads to a reduction in
the efficiency of solar cells, as reported in studies by [28, 34].

3.6 Effect of work function of back contact

The work function of the metal used as the back contact plays a crucial role in achieving high solar cell efficiency.
Selecting the appropriate metal electrode for the back contact is significant as it determines the alignment of energy
levels at the interface between the electrode and the semiconductor. This alignment has implications for charge
transport and recombination processes within the solar cell. The work functions of gold (Au) and Spiro-OMETAD are
5.47 eV [35] and 5.22 eV [36], respectively. During our simulation study, we analyzed the impact of back contacts on
the performance of the solar cell by varying the work function within a range of 4.65 eV to 5.9 eV. These included Cu,
Fe, C, Au, Ni, and Se, with work functions of 4.65 eV, 4.83 eV, 5.0 eV, 5.47 eV, 5.50 eV, and 5.90 eV, respectively [37]. Our
initial observations showed an increase in efficiency with increasing work function. However, we observed that for
Sb,S; and Bi,S; based solar cells, the efficiency became nearly constant after the work function reached 5.47 eV. as
shown in Fig. 8. In general, metal with higher work functions is preferred as back contacts to p-type semiconductors,
while metals with lower work functions are preferred for n-type semiconductors. The choice of metal can also affect
the formation of Schottky barriers at the interface, which can affect carrier collection and hence the efficiency of the
solar cell. The optimal choice of metal electrode will depend on specific material system and device architecture being
used. In this simulation, we observed that the nickel back contact exhibited nearly the same efficiency as the gold
back contact. Therefore, considering its lower price, nickel could serve as a viable alternative to gold. Figure 9 (a) and
(b) show the band energy diagram of the Double ETL solar cell with the structures: FTO/SnO,/CdS/ Sb,S; and Bi,S;/
Spiro-OMeTAD/Au. The energy band diagram shown in Fig. 9 illustrates the generation of electron-hole pairs within
the absorber layer and their subsequent movement. The diagram emphasizes the existence of optimal pathways for
efficient electron and hole transport. Electrons are able to transition readily towards the ETL due to the lower energy
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Table 2 The optimized -

P t Sb,S Bi,S
values of absorber arameters 23 '2°3
thickness, temperature, total Absorber thickness(um) 1.0 2.0
defect d.ens.lty, radlatl\./e Temperature(K) 300 300
recombination coefficient, ) s 14 1
absorber acceptor density, Total defect density(cm™) 10 10
series resistance, and shunt Radiative recombination coefficient(cm?/s) 107 1074
resistance for solar cells Absorber acceptor density(1/cm3) 10'® 107

Series resistance (Q cm?) 3.0 3.0

Shunt resistance (Q cm?) 450 450
Table 3 Optimized values for 2

Sol Il J A/ Voc (V FF (% %
solar cells with and without olarcers sc (mA/em’) oc V) () n )
Sn0, Sb,S; with SnO, ETL 23.35 01.23 68.43 19.71

Sb,S; without SnO, ETL 22.25 01.23 66.62 18.27

Bi,S; with SnO, ETL 32.18 01.02 73.01 24.05

Bi,S; without SnO, ETL 31.13 01.02 73.05 23.05
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Fig. 11 Optimized result of
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Fig. 12 Optimized result of
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level present in the conduction band of the ETL. Similarly, holes can migrate towards the hole transport layer (HTL),

which served by the Spiro-OMeTAD. The minimal energy difference between the valence band of the absorber and
the HTL facilitates a rapid and smooth flow of holes [38].

3.7 Effect of series (R,) and shunt (R;) resistance on the solar cell performance

It is important to minimize the parasitic resistances in a solar cell to achieve a high fill factor (FF) and efficiency. Series
resistance refers to the overall resistance encountered by the current as it flows through various components in the cir-
cuit path, including metal contacts and the interface between the semiconductor and metal. On the other hand, shunt
resistance arises from leakage across the P-N junction and can be caused by crystal defects or impurities in the junction
region. In order to achieve better performance, it is desirable to have higher values of shunt resistance and lower values

of series resistance. The relationship between current, voltage, series resistance, and shunt resistance in a solar cell can
be described by Eq. (8).

, V +R, oty
i= Iy - R —lyle™n —1 (8
Si
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In the given equation, I, represents the current generated by light absorption, /, represents the reverse saturation
current of the equivalent diode, i and V represent the current and voltage of the solar cell, respectively. The diode ideality
factor of the cell or module is denoted by n. Additionally, R, and R}, correspond to the series and shunt resistances of the
cell, while V,, represents the thermal voltage of the cell (k;T/q). Here, k; denotes the Boltzmann constant, T represents
the absolute temperature in Kelvin, and g represents the charge of an electron. By varying the series resistance from 2
to 5 Q cm? and the shunt resistance from 200 to 500 Q cm?, the efficiency values of the Sb,S; and Bi,S; based solar cells
were calculated. The corresponding efficiency values are depicted in Figs. 10 (a) and (b). The optimization of solar cells is
essential for achieving higher efficiency. The optimized values of various solar cell parameters are presented in Table 2
and 3, The Figs. 11 and 12 illustrate the I-V characteristics of solar cells with and without the SnO, ETL, employing the
resulting optimized solar cell parameters.

4 Conclusion

SCAPS-1D software has been utilized to model and simulate FTO/SnO,/CdS/Sb,S; and Bi,S;/Spiro-OMeTAD/Au solar cells
in order to optimize device parameters and improve photoconversion efficiency. By manipulating various parameters
within the limits imposed by experimental constraints, such as thickness, temperature, radiative recombination coef-
ficient, defect density, series and shunt resistance, acceptor density, and back contact work function, we conducted a
comprehensive analysis. Our findings revealed that the thickness of the absorber layer played a crucial role in determining
performance of the solar cells. Through optimization, we identified the ideal thickness values to be 1.0 um for Sb,S; and
2.0 um for Bi,S;. Furthermore, the simulation results emphasized the significance of controlling radiative recombination,
shallow acceptor concentration, and defect density to attain the highest level of performance for both types of solar cells.
These optimized parameters can be achieved through controlled fabrication methods. The Sb,S; and Bi,S; solar cells
with optimized parameters are predicted to have maximum efficiencies of 19.71% and 24.05% with SnO, ETL, 18.27%
and 23.05% without SnO, ETL, respectively.
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