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Abstract: The lead halide-based perovskite solar cells have attracted much attention in the photo-
voltaic industry due to their high efficiency, easy manufacturing, lightweight, and low cost. However,
these lead halide-based perovskite solar cells are not manufactured commercially due to lead-based
toxicity. To investigate lead-free inorganic perovskite solar cells (PSCs), we investigated a novel
Cs3Bi2I9-based perovskite configuration in SCAPS-1D software using different hole transport layers
(HTLs). At the same time, WS2 is applied as an electron transport layer (ETL). Comparative analysis
of the various design configurations reveals that ITO/WS2/Cs3Bi2I9/PEDOT:PSS/Au offers the
best performance with 20.12% of power conversion efficiency (PCE). After optimizing the thick-
ness, bandgap, defect density, and carrier density, the efficiency of the configuration is increased
from 20.12 to 24.91%. Improvement in other performance parameters such as short circuit current
(17.325 mA/cm2), open circuit voltage (1.5683 V), and fill factor (91.66%) are also observed after
tuning different attributes. This investigation indicates the potential application of Cs3Bi2I9 as a
lead-free and stable perovskite material that can contribute to improving the renewable energy sector.

Keywords: Cs3Bi2I9; defect density; ETL; fill factor (FF); HTL; PCE; perovskite solar cell

1. Introduction

Energy demand is rising continuously because of commercialization and industrial-
ization [1,2]. The ongoing investigation of nonrenewable energy resources such as coal,
petroleum, and natural gases has been carried out. Researchers have analyzed the severe
environmental consequences of exploiting these materials, raising substantial concerns
regarding the development of alternative energy supplies [3]. To replace nonrenewable
energy resources and meet rising energy demand in an environmentally sustainable man-
ner, the appropriate usage of renewable energy sources has been a major concern in recent
years. Among the several potential renewable energy sources, solar energy stands out as a
promising renewable energy resource, alongside wind, geothermal, hydropower, ocean,
bioenergy, and tidal energy [4,5]. Solar cell production has increased dramatically in recent
years as the cost of solar cells has decreased. However, to compete with fossil fuels and
become a significant source of energy, the cost of solar cells must be reduced. Therefore,
significant efforts have been made to produce innovative solar cell materials, and a new
generation of solar cells based on perovskite materials has recently been developed. Due to
the low cost of raw materials and the simple production procedure, perovskite solar cells
will most certainly have a big influence on the future solar cell industry. This type of cell
may also be competitive with natural gas [6].
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Perovskite solar cells (PSCs) are an emerging solar technology that has attracted in-
dustrial and commercial attention [7]. The perovskite substance has the composition ABX3,
A is organic ammonium, such as MA, B is a metal cation (e.g., Pb2+), and X is a halide
anion (e.g., I, Br, Cl). In the crystal structure, the A ion is surrounded by eight three-
dimensional structures of corner-sharing octahedral BX6 units [8]. This structure is the
composition of calcium titanium oxide (CaTiO3) found in 1839 [9]. The first photocurrent of
barium titanium oxide (BaTiO3) was observed in 1956 [10]. From 2009 to 2016, PSCs were
manufactured from hybrid-halide materials of methylammonium. Perovskite materials
perform well in several applications because of their unique properties in photochromic,
electrochromic, image storage, switching, filtering, and surface acoustic wave signal pro-
cessing devices [11–13]. The PCE of photovoltaic cells has increased during the last few
years of research by more than 30% from previous poor cells, signaling a bright future
for commercial solar cells. High mobility, straight bandgap (Eg), long carrier lifetimes,
and a high absorption coefficient are just a few of PSC’s standout qualities. Even though
PSCs currently have the highest efficiency of approximately 30%, it is possible to further
increase the efficiency of halogen-based PSCs, especially for obtaining PSCs with suitable
bandgap [14]. On the other side, perovskite/Si tandem cells and perovskite/CIGS tandem
cells with photoelectric conversion efficiencies of about 30% have employed the present
broadband gap halogen perovskite successfully. Sn-Pb mixed halogen-based PSCs are
recently applied as highly efficient perovskite tandem solar cells due to having perfect
bandgap [15].

Pb-based organic–inorganic halide perovskites’ simple construction, bandgap adjusta-
bility, and PCE above 30% have advanced thin-film solar cell technology [16]. Despite these
successes, developing pollutants (Pb) in perovskite solar cells continues to be a significant
barrier to commercialization, as toxicity is the major concern with lead-based perovskite
solar cell applications. Thus, alternative compounds with similar optoelectronic properties
need to be developed. Bismuth possesses an electronic structure like that of lead with the
presence of ns2 electrons that exhibit rich structural variety as well as interesting optical and
electronic properties [17,18]. The perovskite layer’s organic components also contribute
to the solar cell’s instability. In this regard, lead-based organic halide perovskite solar
cells are not suitable or preferable for commercialization in industry. Researchers have
experimented with lead-free perovskite materials to reduce toxicity, and using inorganic
materials to reduce instability has attracted attention as a potential replacement for organic
materials [19].

The application of homo-valent materials like Ge2+ and Sn2+ in place of lead-based
solar cell components can minimize toxicity. However, when used at room temperature,
they decrease the stability and performance of perovskite solar cells [19]. Moreover, short
carrier lifespan and high defect density are the major barriers of tin-based PSCs, which are
caused due to quick oxidation of divalent tin ions [20]. Different hetero-valent materials
were examined and investigated in lab-based experiments for their feasibility and stability
for incorporation into perovskite layers. Among those materials, Bi3+ and Sb3+ with stable
+3 oxidation phases have received significant attention. Bi3+ has similar optoelectronic
qualities to Pb2+ due to their similarity in ionic radius and electronic structure [21]. Cs3Bi2I9
attracted the most attention among different Bi halide-based materials because of its better
PCE and greater durability when compared to other Bi-based perovskite materials [22].

In this work, a novel configuration of Cs3Bi2I9-based perovskite solar cell is optimized
in SCAPS-1D software with seven different HTLs (CuO, P3HT, PEDOT, CuSCN, CuSbS2,
CuI, and Spiro-OMeTAD). The major purpose of this work is to investigate the lead-free
inorganic PSCs having higher efficiency with greater stability. WS2 is used as an electron
transport material to evaluate the photovoltaic performance of a Cs3Bi2I9-based heterojunc-
tion perovskite solar cell. To configure a suitable PSC device, different models for different
HTL materials such as CuO, CuI, PEDOT:PSS, CuSCN, CuSbS2, P3HT, and Spiro-OMeTAD
are used in the simulation process. In all simulations of different configurations, the same
parametric values of ETL (WS2) and absorber layer (Cs3Bi2I9) are considered, facilitating
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the comparison of different configurations for different HTL materials. After optimizing
the perovskite solar cell configuration, the effects of varied thickness, bandgap, defect
density, carrier density, temperature, and other parameters on the cell performance to get
an optimum device configuration for achieving higher performance such as improved PCE,
FF, short circuit current (JSC), and open circuit voltage (Voc) were investigated. Furthermore,
the optoelectrical behavior of a PSC device across its interface of different charge transport
layers has been thoroughly investigated. Finally, the barriers and future improvement
opportunities of the perovskite solar cells are discussed.

2. Methodology
2.1. Simulation Software

An important step to optimize a solar cell device or configuration is the simulation of
solar cell device performance, especially when the device is based on a new material system.
It is typically better to get an estimate of expected performance and a reliability analysis
using such simulations of the proposed solar cell structure before the actual fabrication
because making solar cells is a very complicated and time-consuming process. A variety of
programs simulate solar cell characteristics based on the device’s input structure, including
SETFOS, AMPS, SILVACO ATLAS, COMSOL, Wx-AMPS, and SCAPS-1D. SCAPS-1D is
a numerical simulation solution software developed by the Department of Electronics
and Information Systems of Gent University (Ghent, Belgium) [23]. The SCAPS mainly
simulates device properties by solving three equations: Poisson’s equation, electron/hole
transport equation, and recognized continuity equation. The software assists in simulating
multiple configurations and provides several batches run to collect data consistently. It also
provides a tool for excellent data analysis and displays through collaborative graphical
user interfaces.

2.2. Modeling and Device Structure

SCAPS-1D software solves the charge carrier continuity equations such as hole con-
tinuity Equation (1) and electron continuity Equation (2), the semiconductor Poisson
Equation (3) in one direction, total charge transport Equation (4), electron transport
Equation (5), hole transport Equation (6) and optical absorption coefficient Equation (7).

dnp

dt
= Gn −

np − np0

τn
+ npµn

dξ
dx

+ µnξ
dnp

ds
+ Dn

d2np

dx2 , (1)

dnn
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dξ
dx

+ µpξ
dnn
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+ Dp
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dx2 , (2)
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εoεr

(
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)
, (3)
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Jn = Dn
dn
dx

+ µnn
dφ
dx

, (5)

Jp = Dp
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dx

+ µpp
dφ
dx

, (6)

α(λ) =

(
A +

B
hv

)√
hv − Eg, (7)

where, ξ is the electric field, q denotes electrical charge whose typical value is considered
as 1.602 × 10−19C, εo is the vacuum absolute permittivity, and εr is the semiconductor
relative permittivity. ND and NA represent donor doping density and acceptor doping
density, respectively. p(x) and n(x) are carrier densities of holes and electrons. ρp is the
defect density of holes and ρn is the defect density of electrons. Gn and Gp indicate the
electron generation rate and the hole generation rate, respectively. Jn and Jp are the hole



Energies 2023, 16, 2328 4 of 20

and electron current densities, respectively. µn and µp are electron and hole mobilities.
τn and τp represent the lifetime of electrons and holes, respectively. Dp and Dn represent
diffusion coefficients of free hole and electron. v represents optical frequency, A and B
depict arbitrary constants, Eg represents bandgap, h represents Plank’s constant, and α(λ)
depicts the absorption coefficient. Figure 1 shows the configuration of the PSC device,
and Figure 2 shows the band energy diagram for our simulated device. The simulated
configuration is ITO/WS2/Cs3Bi2I9/PEDOT:PSS/Au where WS2 acts as ETL, Cs3Bi2I9 acts
as absorber layer (AL) and PEDOT:PSS acts as HTL.
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2.3. Device Input Parameters

In this study, seven HTLs are selected to understand their suitability with WS2 ETL
and Cs3Bi2I9 absorber layer. The attributes for all layers have been taken from previously
published experimental and simulation works. Temperature, series resistance, shunt
resistance, back contact work function, thickness, and defect density has been varied to
configure an optimum and maximum device performance. Additionally, the bandgap of
Cs3Bi2I9 was tuned from 1.65 to 2.34 eV, and electron affinity was tuned from 3.2 to 3.5 eV
based on an experimental investigation of Cs3Bi2I9 [24]. All input parameters of different
layers are listed in Table 1.
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Table 1. Input parameters for electron transport material, absorber material, and different hole transport materials.

Parameter ITO
[25]

WS2
[26]

Cs3Bi2I9
[27]

CuO
[28,29]

PEDOT
[30]

P3HT
[31]

CuSCN
[32]

CuI
[32–36]

Spiro-OMeTAD
[37,38]

CuSbS2
[39–41]

Thickness (nm) 60 100 1000 50 50 50 50 50 350 50
Eg (eV) 3.6 1.8 2.03 3.15 3.6 1.7 3.4 2.98 2.9 1.58

Electron affinity, X (eV) 4.1 3.95 3.4 4.07 1.57 3.5 2.1 2.1 2.2 4.2
Relative permittivity (εr ) 10 13.6 9.68 18.1 3 3 10 6.5 3 14.6

Density of state of the conduction band, NC
(1/cm3) 2.2 × 1018 2 × 1018 4.98 × 1019 2.2 × 1019 2.2 × 1018 2 × 1018 2.5 × 1018 2.8 × 1019 2.5 × 1018 2 × 1018

Density of state of the valence band, NV (1/cm3) 1.8 × 1019 2 × 1018 2.11 × 1019 5.5 × 1020 1.8 × 1019 2 × 1019 1.8 × 1019 11019 1.8 × 1019 1018

Electron thermal velocity (cm/s) 107 2 × 105 107 107 107 107 107 107 107 107

Hole thermal velocity (cm/s) 107 107 107 107 107 107 107 107 107 107

Electron mobility, µn (cm2/Vs) 50 100 4.3 100 100 1.8 × 10−3 2 × 10−4 1.69 × 10−4 2 × 10−4 49
Hole mobility, µp(cm2/Vs) 75 100 1.7 0.1 4 1.8 × 10−2 2 × 10−4 1.69 × 10−4 2 × 10−4 49

NA (1/cm3) - - 1019 1015 2 × 1019 1018 1017 1018 1017 1018

ND (1/cm3) 1019 1018 1019 - - - - - - -
Nt (1/cm3) - 1013 1013 1014 1014 108 1015 1013 1018

Radiative recombination rate 0 2.3 × 10−9
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3. Results and Discussion
3.1. Optimization of HTL

HTL is a crucial element as it is a separator between the absorber layer and the elec-
trode. In addition, it acts as a path to transfer holes generated from the absorber layer.
Cs3Bi2I9 is a prospective material to be used as an absorber/perovskite layer in PSC devices
for its structural non-toxicity and durability. However, it is hard to find appropriate charge
carrier layers for this absorber layer. Additionally, tungsten sulfide (WS2) is considered
a suitable electron transport layer that can be employed with Cs3Bi2I9 (absorber layer).
Therefore, to fulfill the PSC device configuration, it is required to select an appropriate HTL.
For this, different device configurations (ITO/WS2/Cs3Bi2I9/HTL/Au) are simulated and
built with various HTL materials such as CuO, PEDOT:PSS, P3HT, CuSCN, Spiro-OmETAD,
CuI, and CuSbS2. The study uses identical values for all the parameters of Cs3Bi2I9 and
WS2 to simulate the device with different HTLs. Before optimization, the performance
parameters were Voc as 1.4355V, Jsc as 16.971 mA/cm2, FF as 82.57%, and PCE as 20.12%
when PEDOT:PSS is selected. Table 2 lists the comparison of different performance pa-
rameters such as FF, PCE, Jsc, and Voc for various configurations. The best values of these
performance parameters are achieved for ITO/WS2/Cs3Bi2I9/PEDOT:PSS/Au. It is clear
from the Figure that PEDOT:PSS shows the best performance compared to other HTLs
because it has the lowest affinity.

Table 2. Comparison of performance of different configurations for different HTLs with WS2 ETL
and Cs3Bi2I9 absorber layer.

CuO PEDOT P3HT CuSCN Spiro CuI CuSbS2

Voc (V) 1.4298 1.4355 1.4287 1.4358 1.4348 1.435 1.4349
Jsc (mA/cm2) 16.97 16.97 17.05 16.97 16.96 16.97 16.67

FF (%) 78.07 82.57 78.21 78.64 63.16 77.64 82.03
PCE (%) 18.94 20.12 19.05 19.16 15.38 18.88 19.98

3.2. Effect of Absorber Layer Thickness

The absorber layer (AL) in PSCs is important in evaluating solar cell performance as it
absorbs incoming photons and forms charge carriers. The quality of the AL is determined
by factors including film shape, which directly affects the durability and diffusion length
of photo-generated carriers [42,43]. One of the essential characteristics that contribute to
optimizing PSC performance is the thickness of the AL [39]. It should be properly chosen
to absorb the highest quantity of photons while not too high to reduce reverse saturation
current. To promote PSC performance, the influence of varying absorber thickness between
400 and 3000 nm was evaluated while leaving all other input attributes unchanged. The
effect of thickness on the device performance is shown in Figure 3. It can be deduced from
Figure 3 that PSCs are more immune to the effect of thickness variations than a-Si [44]. It can
be noticed that Voc gradually decreased (1.4368 to 1.4279V) with increasing AL thickness,
whereas Jsc increased (16.8866 to 16.975 mA/cm2) gradually with increasing thickness of
the AL and then remained constant. In the case of efficiency, PCE decreased from 20.58 to
17.35% with increasing absorber layer thickness from 400 to 3000 nm, whereas FF decreased
from 84.83 to 71.58% due to variation in absorber layer thickness. With the increment of
AL thickness, the amount of photon absorption increases, for which electron–hole pair
generation also increases. As a result, the AL obtained a higher absorption coefficient.
However, with increasing AL thickness, the recombination of charge carriers inside the
material increases, which causes a loss in efficiency [45]. Therefore, a thickness of 400 nm
for Cs3Bi2I9 will be the optimum for high efficiency.
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3.3. Effect of Absorber Layer Bandgap

To develop a device with very high performance, optical absorption can be controlled
by adjusting the energy band gap of absorber materials [17]. Nonetheless, in a PSC device,
the AL’s energy band gap is a crucial element in optical absorption. Previous investigations,
simulations, and theoretical calculations have revealed that the Cs3Bi2I9 band gap can
be tuned between 1.65 and 2.35 eV. The thickness of Cs3Bi2I9 was set to 400 nm in this
case, while the other parameters remained fixed. Figure 4 depicts the variation in device
performance parameters as a function of the absorber layer band gap. Figure 4 indicates
that, with increasing bandgap, PCE and FF increase gradually and then start to drop down.
A maximum of 20.85% PCE can be achieved from this configuration due to an absorber
layer bandgap (Eg) of 2.1 eV, and a maximum of 88.56% FF can be obtained, which is also
for 2.1 eV bandgap. A dramatic fall in FF (85.29 to 61.12%) and PCE (18.93 to 12.88%)
occurs when the Eg is further increased from 2.2 to 2.34 eV. On the other hand, when
the device is simulated with a 1.65 eV bandgap, the Jsc value is at the highest point on
Jsc characteristic curve. In contrast, for this bandgap, the Voc value is lowest on the Voc
characteristic curve. Additionally, for further increase, there would be a slight increase in
Voc and a slight decrease in Jsc.
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3.4. Effect of Absorber Layer Defect Density

Any perovskite material will inevitably have defects, which can appear as point flaws
like vacancies, interstitials, Schottky, and Frankel flaws both in bulk and on surfaces. Addi-
tionally, other defects, such as dislocation and grain boundaries, may be discovered [46].
In the perovskite layer, impurity defects can also be produced by the self-doping method,
which traps charge carriers and encourages non-radiative recombination [43]. In addition,
a large defect density lowers the PSC performance [47]. For a proper understanding of
the influence of the defect density of AL, optimization has been carried out at varying
AL’s defect densities ranging from 1012 to 1017 cm−3. The effects of absorber layer defect
density can be shown in Figure 5. Voc almost remains the same. In the case of Jsc, it remains
unchanged with increasing absorber layer defect density, and for further increase in defect
density from 1016 to 1017, the Jsc falls from 16.2726 to 15.0879 mA/cm2. Due to the increase
of defect density from 1012 to 1017, a gradual decrease can be seen from the graph for both
FF and PCE. The graph reveals that FF decreases from 85.88 to 70.56%, and PCE decreases
from 20.29 to 15.29%.
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3.5. Effect of Carrier Density
3.5.1. Effect of Acceptor Density of HTL

The doping of ETL and HTL can be carried out using one of two methods. Minor-
ity carriers can accomplish this, but this method dramatically reduces the photovoltaic
characteristics. On the other hand, the majority of carriers with greatly improved PV
characteristics can be achieved. A medium amount of doping density will assist in improv-
ing PSC performance. To get this optimum acceptor density, we have carried out device
simulations for varying acceptor densities ranging from 1017 to 1022 cm−3. Lowering the
acceptor density causes a rise in series resistance lowering the shunt resistance. As a result,
the solar cell performance decreases [48]. Figure 6 depicts the influence of the acceptor
density of HTL on PSCs’ performance characteristics from where the change in Jsc and Voc
is not significant, and a slight linear increase can happen in the case of Jsc. FF and PCE
curves rise from 83.3 to 89.03% and 19.6 to 20.96%, respectively. When the NA is higher,
the electric interface field between the PSC layers grows, increasing electric potential. This
improves the PCE of the PSC and strengthens the separation of the charge carriers with
a slower recombination speed [49]. Furthermore, 1022 cm−3 is considered the optimum
value of acceptor density as the best performance is achieved for this density which can be
seen from the figure; further increase in acceptor density may cause a lowering of the hole
mobility due to generating deep coulomb trappings [45].
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3.5.2. Effect of Acceptor Density of ETL

Figure 7 shows the impact of donor density of ETL on PSCs’ characteristics. To
achieve a better performance, we have taken the previously optimized parameters from the
preceding sections and varied the ND from 1015 to 1019 cm−3 to obtain the optimum donor
density. It can be deduced from Figure 7 that the Jsc remained unchanged throughout the
variation of ND (1015 to 1018 cm−3), and a sudden drop in Jsc takes place for further rising
ND from 1018 to 1019 cm−3. The change in Voc is also too low to ignore due to variation
in ND (from 1015 to 1018 cm−3), and a narrow increase occurs in Voc (1.4388 to 1.4425 V)
due to further increase in ND (1018 to 1019 cm−3). After a gradual increase, a sudden
drop can be seen from the figure in the case of PCE (20.96 to 17.84%) with increasing ND
(1018 to 1019 cm−3). A constant rise in fill factor (82.53 to 90.51%) with rising ND is also
observed.
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3.6. Effect of the Electron Affinity of the Absorber Layer

The electron affinity of a molecule is the amount of energy required to transform a
neutral atom into a negative ion. The performance of the device can be largely affected by
the electron affinity of the perovskite material, which is a crucial performance influencer
parameter [50]. To realize the impact of the electron affinity of Cs3Bi2I9 on PSC’s perfor-
mance characteristics, we have simulated the device configuration with various electron
affinities of Cs3Bi2I9 ranging from 3.2 to 3.6 eV. The changes in characteristic curves can be
seen in Figure 8, from where electron affinity is more impactful on PCE and FF. The short
circuit current remains approximately similar for electron affinity 3.2 to 3.5 eV, and a slight
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drop occurs for a further rise (16.365 to 16.325 mA/cm2) in electron affinity (3.5 to 3.6 eV).
A gradual increase in Voc can happen due to an increase in electron affinity. Furthermore, a
linear increase in FF (76.25 to 90.53%) and PCE (17.92 to 21.4%) has occurred due to a rise in
electron affinity from 3.2 to 3.5 eV. For further increases in electron affinity (3.5 to 3.6 eV), FF
and PCE curves drop from 90.53 to 82.72% and 21.4 to 19.53%, respectively. Optimization
of the electron affinity of the absorber layer is a critical task to obtain a good performance
of PSCs. The best performance is achieved at the most suitable affinity of the absorber layer
according to the ETL and the HTL affinities.
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3.7. Effect of ETL Thickness

The thickness of the ETL plays an important role in device performance. ETL not only
generates ways to move an electron from the AL but also works as a separator between
the absorber layer and electrode [31]. Higher thickness of ETL may cause increased
series resistance due to which recombination may occur, making the anode and cathode
electrodes more difficult for charge ions (holes and electrons) to approach [51]. However,
if the thickness of the ETL is reduced too much (below 50 nm), it becomes too thin to
guarantee an adequate separation between the electrode and the absorber. To study the
impact of variation of ETL thickness on device performance, we have carried out device
simulations on varying ETL thickness from 30 to 150 nm. A gradual rise in Jsc and PCE
curves and a gradual decline in FF are observed in Figure 9. Increasing ETL thickness
from 30 to 150 nm, Jsc and PCE rise from 14.458 to 16.568 mA/cm2 and 19.24 to 21.47%,
respectively. Voc and FF values decreased from 1.4668 to 1.4354 V and 90.7 to 90.26%,
respectively. The maximum Jsc and PCE were obtained for 150 nm thickness of WS2.
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3.8. Effect of Defect Density of HTL/Absorber Interface

Structural mismatches between two materials or the introduction of environmental
contaminants induce interfacial defects (i.e., charge recombination centers) to form in
PSCs [52]. In the context of third-generation solar cells, the influence of the processing
method is also critical (especially from solution). Additionally, non-radiative losses happen
because of defects in the perovskite absorber and poor electrical quality in the heterojunc-
tions between the perovskite/charge extraction layer (HTL or ETL), which results in the
Voc loss [53]. The performance and long-term stability of the device are also impacted by
the interfaces of the several PSC layers. Trap-assisted non-radiative recombination results
in voltage and current loss when an interface with several defects/voids or trap states is
used. To understand the effect of HTL/absorber layer interface defect density, we have
taken this value ranging from 1010 to 1021 cm−3. The impact of the defect density of the
HTL/AL interface on PSC performance is much slighter. From Figure 10, these effects
can be seen for various performance parameters. Due to an increase in defect density
from 1010 to 1018 cm−3, a gradual decrease in performance parameters can be observed.
These parameters remain unchanged due to further variation in interface defect density
(1018 to 1021 cm−3).
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3.9. Effect of Defect Density of ETL/Absorber Interface

The performance of a PSC device is greatly influenced by front interface defects rather
than rear interface defects. This phenomenon can be explained by the high absorption
coefficient of perovskite materials, which causes more photon absorption near the front
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contact. As a result, several electron-hole pairs are generated close to the front contact.
Now, the ratio of charge carriers to trap-assisted recombination is known. As a result, we
see that issues with the front interface have a worse impact on the functionality of the
device. Consequently, we must pay attention to defect passivation at the front interface.
Several technologies have been developed to passivate the interface defects, such as ionic
liquid engineering [54], antisolvent treatment [55], and the application of graphene-based,
fullerene-based, and alkali salt-based modifiers [56].

The influence of HTL/absorber layer interface defect density on PSC performance pa-
rameters can be realized in Figure 11, where a gradual decline in Voc (1.4388 to
1.2133 V) can be observed due to an increase in interface defect density (1010 to 1018cm−3).
In contrast, the change in Jsc is not much bigger in the first four steps of interface defect
density variation (1010 to 1016 cm−3), but a huge drop in Jsc (14.594 to 3.897 mA/cm2)
occurs due to a further increase in defect density (1016 to 1018 cm−3). Furthermore, a
gradual decline is also observed in FF and PCE due to increasing WS2/Cs3Bi2I9 interface
defect density, where FF decreased from 90.43 to 61.34% and PCE reduced from 21.57 to
2.9%, respectively.
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3.10. Effect of Rs on Device Performance

The performance of the PSC device is significantly impacted by the series (Rs) resis-
tance. This factor is one of the key elements in defining junction qualities and how they
affect solar cell device performance. The series resistance generates from the front and rear
contacts, interfaces, and bulk resistance that generates due to the movement of current.

By increasing Rs by 10 Ω/cm2, the PCE falls from 21.31% to 18.96%. Due to a further
increase in Rs from 10 to 100 Ω/cm2, a huge drop in PCE from 18.96% to 5.06% occurs, and
the fill factor also decreases from 79.45% to 25.3%. Therefore, to obtain high efficiency, the
series resistance should be minimum.

Ploss = J2
scRs, (8)

From Equation (8), it can be explained how power loss increases with the rising series
resistance. The resistance on interfaces and front/rear contacts can be improved using
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a suitable manufacturing process and applying interface modifiers [57,58]. Furthermore,
bulk resistance can be minimized by applying appropriate chemical compounds in the ETL
and HTL [59].

3.11. Effect of Rsh on Device Performance

The shunt resistance is a critical parameter that highly affects the performance param-
eters of perovskite solar cells. Different charge recombination ways may cause an increase
in shunt resistance [60]. Previously tuned performance influencers were considered to
understand the impact of shunt resistance (Rsh) on PSC characteristics. To understand the
effect of shunt resistance, we varied the value of Rsh from 102 to 105.

The open circuit voltage rose when the Rsh varied from 100 to 1000 Ω/cm2, and for
further increase in Rsh, the Voc remains unchanged. A high rise in FF (29.78% to 83.09%) and
PCE (6.85% to 19.78%) occurs when the Rsh increases from 100 to 1000 Ω/cm2. For further
increase in Rsh, the fill factor and PCE increases slightly. It can be clarified that high shunt
resistance is necessary to maximize the performance of PSCs. Previously published articles
also have reported the same behavior [61]. Alternative current passing ways generated due
to charge carriers are the key factors for lowering the shunt resistance. Usually, poor design
of PSC devices and fabrication errors cause major impacts on the shunt resistance of a solar
cell device. The shunt resistance decreases due to the application of back contact materials
with a low work function that will cause a reduction in the PCE of the solar cell device.

3.12. Effect of the Work Function of Rear Contact Material

The metal contacts’ main function is to enable the transformation of solar cell electricity
to an external circuit [62]. There are a variety of rear contact metals available with various
work function values. Au and Ag are two rear-contact metals that are frequently employed
in PSCs. However, they have significant disadvantages because of their instability or
expensive processing. Therefore, choosing an appropriate back-contact material with an
optimal work function is required to achieve the best device performance parameters.
Various metals, including Ag, Cu, Fe, Au, and Pd, with work functions of 4.26, 4.65, 4.81,
5.1, and 5.9 eV, respectively, are used as rear contacts to improve the performance of the
modeled devices under study. When using back contacts with high work function, the
device’s performance is steady and has a high PCE which can be observed in Figure 12. On
the other hand, the use of Ag as back material gives a poor performance of the simulated
PSC device because the flat band condition cannot be achieved.
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3.13. Effect of Band-to-Band Radiative Recombination Rate

The most common recombination rate for PSC devices is the radiative recombi-
nation rate between the conduction and valence band. It is adjusted in this section to
investigate and evaluate the impact on the PSC characteristics. In solar cell system
science, band-to-band (Radiative), Shockley–Read–Hall (SRH), and Auger recombi-
nation approaches are typically explored [63]. Only at higher penetration levels does
the Auger process seem relevant. In contrast, SRH is influenced by defect states and
densities and is closely related to the methods used in the processing of materials,
the deposition of materials, and the manufacturing of devices. An electron enters
the conduction band when a photon is trapped in the perovskite layer, but this is
a non-equilibrium process. The term “band-to-band (Radiative) recombination” is
used to describe this. The carrier density of states in the perovskite layer controls
radiative recombination. To better understand how it affects device performance, we
changed the rate of recombination rate from 2.3×10−7 cm3/s to 2.3×10−11 cm3/s. In
Figure 13, it can be deduced that a linear decrease occurs in Voc (1.3252 to 1.5579 V)
due to the increase in recombination rate, and a great decrease occurs in Jsc (17.32 to
5.975 mA/cm2). The effect of the recombination rate is much higher on PCE. The PCE
decreases from 24.65 to 6.82% due to increasing the recombination rate from 2.3×10−7

to 2.3×10−11 cm3/s, as illustrated in Figure 13. Along with increasing the recombina-
tion rate, the fill factor decreases as well. In contrast, the PSC performance degrades as
radiative recombination rises.
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3.14. Effect of Operating Temperature on Device Performance

The general operating temperature used during simulation in the current investiga-
tion was 300 K. However, the temperature of PSCs can be changed during manufacture,
characterization, and outside use. The operating temperature is affected by height, latitude,
the time of day in a certain location, and the season. The operating temperature affects how
well a PSC device performs.
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A decrease in the Voc is the main factor that primarily causes the PCE to decrease as
the temperature rises. It has been found that when the temperature rises, Voc decreases.
Equation (9) shows how the open circuit voltage changes as a function of temperature.

dVoc

dT
=

Voc

T
+

KT
q

(
1

Jsc

dJsc
dT

− 1
J0

dJ0
dT

)
, (9)

It is clear from Equation (9) that short circuit current and reverse saturation current
(J0) impact how Voc varies with temperature. The voltage drops as the temperature rises
because the J0 rises. With an increase in temperature, JSC is found to increase by a tiny
amount. However, the magnitude increment is insufficient to maintain the solar cell’s
overall performance. The slight increase in JSC causes bandgap’s narrowing with rising
temperature. Equation (10) illustrates how temperature affects bandgap at a specific
temperature where α and β are constants, and these are the bandgaps of semiconductors at
0 K and temperature T, respectively.

Eg(T) = Eg(0)−
αT2

(T + β)
, (10)

The decrease in the FF is also seen as the temperature rises. The relationship between
FF and temperature (T) can be shown by Equation (11).

dFF
dT

=
dVoc
dT − Voc

T

Voc +
KT
q

{ Vocq
KT − 0.28

Vocq
KT + 0.72

}
, (11)

As the operating temperature rises from 300 K to 400 K, there is a decrease in PCE
value. Although the PSCs’ performance with temperature increases and their thermal
stability can be precisely studied experimentally, we analyzed the behavior theoretically to
acquire a basic view. More research on the performance of PSCs with temperature change
can be viewed in previous reports [64,65].

3.15. The Optimized Configuration

In this study, we have simulated seven novel models with seven HTL materials from
these models. The best configuration was ITO/WS2/Cs3Bi2I9/PEDOT:PSS/Au, for which
we achieved the best performance parameters. For further improvement, this model
was optimized by varying parameters such as thickness, bandgap, defect density, the
electron affinity of the absorber layer, charge carrier density, temperature, series and shunt
resistance, work function, etc. Figure 14 shows the comparison of J-V curves of the initial
and final PSCs. After optimizing this novel model, we achieved 24.91% of PCE, 91.66% FF,
17.325 mA/cm2 of Jsc, and 1.5683V of Voc.
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4. Challenges and Conclusions

Though perovskite-based solar cells achieve high efficiencies, the main barriers ob-
served in perovskite solar cells are toxicity and stability. Toxicity can be eliminated from the
solar cell industries by avoiding using lead-based perovskite materials. In this study, a lead-
free perovskite layer Cs3Bi2I9 was selected that is free from any toxicity. The factors that
cause instability and novel stabilization procedures developed to be used industrially are
discussed. The stability of perovskite solar cells can be classified as intrinsic and extrinsic.
Intrinsic stability includes—electronic band structure and stability against defects, struc-
tural stability, and thermodynamic phase stability. In contrast, extrinsic stability includes
moisture stability, thermochemical stability, light stability, device thermal stability, stability
against electrode degradation, oxidation, and photooxidation stabilities. Researchers have
established different technologies to improve the stability of PSC devices with increased
efficiencies. Among these technologies, additive, solvent, and composition engineering
have caught great attention in industries.

4.1. Additive Engineering

This method has gained a lot of popularity, especially in producing PSCs on a big scale.
It has been observed that the application of additives results in consistent morphology,
improved stability, and a greater decrease in defect density. Morphological control becomes
crucial to prevent shunt routes, ensure excellent absorption, and ensure the homogeneous
production of ETL and HTL layers. By modifying the solution dynamics, such as tempera-
ture, supersaturation, and substrate wettability, the additives enable us to regulate growth
and nucleation. The additives may engage in interactions with the substrate, the solvent, or
the solute. Many additions have been investigated for improved morphology [66].

4.2. Composition Engineering

This is an established process for enhancing PSC devices’ efficiency and stability. It is a
proven effective method for increasing PCE. In this method, one material of the composition
of fabricated perovskite is changed with a new material; thus, a new composition can be
achieved with higher efficiency and stability [67].
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4.3. Solvent Engineering

To decrease the GB surface area, solvent engineering techniques have been widely
used to increase the average grain size and crystallinity of the perovskite polycrystalline
film [68]. Because of the uneven distribution of the anti-solvent, solvent engineering for
PSCs has improved control over manufacturing at the lab scale but is still unsuitable for
large-scale use [69].

4.4. Stability Induced by Charge Carrier Layers

Charge transporting layers such as ETL and HTL play a key role in achieving high
efficiency and stability in PSCs. In this case, the energy band structure of the charge carrier
layer is more crucial as a well-matched layer facilitates the movements of charges in respec-
tive electrodes. Charge separation is also improved, which can reduce the recombination
rate [70]. Moreover, less energy will be loosed when easy transportation of charges occurs
due to selecting appropriate charge transporting layers.

4.5. Conclusions

A novel efficient Cs3Bi2I9-based perovskite-based solar cell configuration is proposed
in this study, with a full analysis showing an energy conversion PCE of 24.91%. The results
were reached using a step-by-step method that included numerical analysis of a configu-
ration with well-suited layers. SCAPS-1D software was used to model the device and to
simulate the configuration varying several variables such as thickness, bandgap, defect
density, carrier density, etc., to investigate the optimum performance parameters. Numeri-
cal simulation was carried out for different PSC configurations with seven hole transport
layers, among which ITO/WS2/Cs3Bi2I9/PEDOT:PSS/Au shows the best performance.
After improving this configuration through scrutinized optimization, its performance pa-
rameters were found as Jsc of 17.325 mA/cm2, Voc of 1.5683V, FF of 91.66%, and PCE of
24.91%. This study contributes to a better knowledge of the performance of Cs3Bi2I9-based
PSCs and guides the modeling of the efficient device topology. The concepts and criteria
offered in this study can be useful in projecting possible manufacturing processes for
cost-effective and efficient perovskite solar cells. The world is experiencing an energy shift
into renewables. Therefore, the opportunity to manufacture an energy system having high
efficiency and a cost-effective solution is enormous. While the present study investigates
a lead-free inorganic perovskite solar system capable of promoting sustainable socio-
environmental development, further research is warranted to investigate the performance
parameters experimentally.
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