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Abstract. The development of high-efficiency solar cells is of paramount importance for advancing sustainable energy technologies and meeting
global energy demands. This study focuses on the optoelectronic performance of FTO/TiO2/Cs3Bizlo/Spiro-OMeATAD/Ag planar heterojunction
solar cells. Through detailed analysis, we investigated various factors such as crystallite size, strain, dislocation density, and their collective influence
on the overall performance of the solar cells. Among the fabricated samples, sample A3 exhibited a significant improvement in efficiency, showing a
0.72% enhancement over the others. This increase is attributed to A3's superior crystallite quality, which led to reduced strain and a lower density of
dislocations. These properties contribute to minimizing non-radiative recombination losses and enhancing charge carrier mobility, both of which are
crucial for maximizing the photovoltaic performance of the device. These factors bring A3 closer to the theoretical Shockley-Queisser (S-Q) efficiency
limit, a benchmark for photovoltaic performance. Further analysis using SCAPS-1D simulations supported these experimental findings, demonstrating
the significance of optimizing critical parameters such as the minority carrier lifetime. The simulations revealed that high losses in short-circuit current
density (Jsc) were a primary limiting factor in performance, emphasizing the need for careful tuning of these parameters to reduce losses. This work
highlights the critical role of precise material engineering in developing highly efficient perovskite solar cells. The study not only provides insights
into the structural and electronic properties essential for performance enhancement but also underscores the potential of Cs3Bizls as a promising
material for photovoltaic applications. The findings offer valuable guidance for the next generation of high-efficiency, low-toxicity, and lead-free
perovskite solar cells, aligning with global efforts to transition to clean, renewable energy sources.
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1. Introduction both human health and the environment. Lead, a highly toxic

heavy metal, not only endangers health but also raises concerns
regarding environmental safety, particularly as these materials
degrade over time (Yu et al., 2022). A different study shows that
the separation of diffraction peaks, specifically at (312) and
(411), suggests an increase in lattice distortion and micro-strain
within the material. This peak dissociation serves as evidence of
the structural expansion and confirms the degradation or
breakdown of the perovskite films (Nur-E-Alam, Islam, et al.,
2024).Additionally, the instability of lead-based perovskites,
which are prone to degradation under environmental
conditions, further complicates their commercialization.

To address the challenges of toxicity and instability in lead-
based PSCs, researchers are actively exploring lead-free
alternatives (Mosabbir et al, 2024) . Among these, cesium
bismuth iodide (Cs3Biyls) has emerged as a particularly
promising candidate (Waykar et al., 2020). Cs3Bi,ly holds the
potential to retain many of the beneficial properties of
traditional perovskites, such as cost-effective fabrication,
without the associated lead toxicity. The development of
Cs3Bizlo-based solar cells represents a crucial step towards
achieving environmentally sustainable and stable perovskite

The global energy landscape remains critically dependent
on fossil fuels, which are primary contributors to environmental
degradation. The extensive use of coal, oil, and natural gas has
resulted in significant pollution, accelerating climate change and
causing widespread health issues (Thomas O.,2024). The dual
challenge of meeting increasing energy demands while
mitigating environmental damage underscores the urgent need
to transition to sustainable, energy efficient and renewable
energy sources (Basher et al, 2021) (Iftekharuzzaman et al.,
2023) (Nur-E-Alam et al.,, 2024). Solar energy, characterized by
its cleanliness, abundance, and inexhaustibility, has emerged as
a pivotal solution to reducing our dependence on fossil fuels.

In the pursuit of more efficient solar energy harnessing,
perovskite solar cells (PSCs) have made significant strides in the
field of photovoltaics (NREL, 2024). These cells have
demonstrated substantial improvements in efficiency and cost-
effectiveness, positioning them as a promising candidate for
large-scale solar energy deployment (Razza et al, 2016).
However, the widespread adoption of PSCs is impeded by their
reliance on lead-based materials, which pose severe risks to
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solar technology, in line with global efforts to reduce hazardous
materials in renewable energy technologies (Johansson et al.,
2019).

Understanding the working mechanism of perovskite solar
cells is essential for appreciating their potential and guiding
future innovations. Perovskite materials are defined by their
unique crystal structure, which facilitates efficient light
absorption and charge generation (Mohamad Noh et al., 2018).
In a perovskite solar cell, the perovskite layer absorbs sunlight,
generating excitons (bound electron-hole pairs), which are
subsequently separated into free carriers. These carriers are
transported through the cell via the electron transport layer
(ETL) and the hole transport layer (HTL), both of which are
critical for efficient charge extraction and minimizing
recombination losses (Namatame et al., 2017) (Max-Planck-
Gesellschaft, 2024.) (Debbie C, 2024). The quality of Cs;Bi,l,
also needs to be prioritized to enhance performance.

The efficiency of a solar cell is largely determined by the
quality of its absorber layer, responsible for capturing sunlight
and converting it into electricity. Key factors influencing this
layer's quality include the material's band gap, absorption
coefficient, the mobility and lifetime of charge carriers, all of
which are vital for effective sunlight-to-electricity conversion (O
et al., 2016). The crystalline structure, thickness, and presence
of defects in the absorber layer also significantly impact
efficiency, with better crystallinity and fewer defects leading to
higher performance (Ahamd et al., 2020). Moreover, the
methods used for depositing the absorber layer and subsequent
post-treatment processes, such as annealing, can further
improve its structural properties and reduce defects (Liou et al.,
2014).

Recent research has focused on improving the performance
of Bi-based perovskite solar cells, with promising outcomes
indicating advancements in both efficiency and stability
(Hamukwaya et al., 2022) (Zhang et al., 2019) (Johansson et al.,
2016). Various strategies have been explored to optimize the
material's properties, including modifications to the crystal
structure, enhancements in the interface between layers, and
the development of more effective ETL and HTL materials (Rai
et al., 2020) (Yin et al., 2019) (M. B. Islam et al,, 2017) (Li et al.,
2021) (Lian et al., 2018; Mohamad Noh et al, 2018). The
progress made in Cs3Bi,ly research underscores its potential to
become a leading material in the development of lead-free
perovskite solar cells, offering a safer and more sustainable
alternative to lead-based technologies. This paper examines the
latest advancements in Cs3Bi,Is perovskite solar cells, exploring
their working principles and the cutting-edge research driving
their development towards commercial viability.

Despite these advancements, the power conversion
efficiency (PCE) of Cs3Bilq solar cells remains lower than that
of lead-based perovskites, primarily due to its indirect band gap
and suboptimal charge transport properties (Ghosh et al., 2018),
which are exacerbated by inadequate optimization of Csl
concentration during synthesis. With a band gap of
approximately 2.2 eV, Cs3Bi,l, is ideally suited for efficient solar
energy conversion for tandem application. While strategies such
as bromine alloying have been explored to address this issue,
the critical role of CsI concentration on the band gap and overall
material performance has not been sufficiently investigated.
Variations in Csl concentration can significantly alter the crystal
structure, impacting both charge transport and material
stability. However, systematic studies on these effects are still
lacking. A comprehensive approach that combines simulation
studies using SCAPS-1D software, along with film
optoelectronic analysis and device fabrication, could provide
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valuable insights into optimizing Cs3;Bizls for solar cell
applications. This research could reveal how varying CslI levels
can enhance the material's structural, optical, and electronic
properties, ultimately improving its photovoltaic performance
and long-term stability.

2. Materials
2.1 Materials and Film Growth

The materials used in this study included high-purity chemicals
and specialized substrates to ensure optimal results. bismuth
iodide (Bil3, 99 %) and cesium iodide (CsI, 99.9 %) were sourced
from Sigma-Aldrich. N,N-dimethylformamide (DMF,
anhydrous, 99.8 %) and methanol (CH30H, anhydrous, 99.8 %)
were also obtained from Sigma-Aldrich, along with titanium
diisopropoxide bis(acetylacetonate) (75 % in isopropanol) for
the preparation of the TiO precursor solution. Fluorine-doped
tin oxide (FTO) conducting glass with a sheet resistance of less
than 15 Q/square (Pilkington TEC 15, 15 Q-!) served as the
substrate. Cleaning agents such as detergent, acetone, and
hydrochloric acid (HCl, 2 M) were employed in the substrate
preparation process. Zinc powder and spiro-OMeTAD were
utilized for subsequent layers, with spiro-OMeTAD dissolved in
chlorobenzene. Dopants included lithium
bis(trifluoromethanesulfonyl)imide ~ (LiTFSI) and  tert-
butylpyridine (TBP) to enhance conductivity and performance.
A 015 M solution of titanium  diisopropoxide
bis(acetylacetonate) was specifically prepared for TiO: layer
formation. All materials were handled with precision to ensure
the integrity and reproducibility of the experimental results.

2.2 Developed Thin Film Characterization

Characterization of the samples was performed using several
advanced techniques. X-ray diffraction (XRD) patterns of the
perovskite films were obtained with a BRUKER D8 ADVANCE
system, utilizing CuKa radiation (A = 1.5405 A) at ambient
conditions and room temperature. Field emission scanning
electron microscopy (FE-SEM) was conducted using a Carl
Zeiss Merlin model, operating in high vacuum and high-
resolution mode with an integrated high-efficiency in-lens
detector, to analyse the topography and elemental composition.
The absorption spectrum was analysed using a PerkinElmer
Lambda 950 spectrophotometer. Photoluminescence (PL) and
time-resolved photoluminescence (TRPL) measurements were
performed using an Edinburgh Instruments FLS920 model,
equipped with a 450 W xenon lamp as the excitation source and
double grating excitation and emission monochromators. All
optical measurements were carried out at room temperature on
thin films deposited on glass substrates, with PL emission
spectra recorded using an excitation wavelength of 375 nm. The
light current-voltage (LIV) characteristic curves of the fabricated
perovskite solar cells (PSCs) were measured under standard AM
1.5 sunlight (100 mW/cm?) using an Interface 1010 system from
Gamry with a Xenon light source. The effective area of the cell
was defined as 0.07 cm? using a non-reflective metal mask.

3. Methodology

In this experiment, a three-step approach was
undertaken. First, the study focused on investigating the effects
of varying molar ratios in Cs,Bi,[, perovskite films. Second, solar
cells were fabricated using the perovskite films studied in the
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first step. Finally, simulations were performed using SCAPS-1D,
incorporating experimental data to model real-world device,
followed by an optimization process aimed at achieving higher
efficiency.

3.1 Optoelectronic Investigation

SLG substrates were cleaned with a detergent, followed by
distilled water, acetone, methanol, IPA and deionised water for
10 min for each solvent, and blow dry with nitrogen gas. And
finally, substrates were heated for 10 min at 120°C. Bils
precursor was dissolve in DMF 0.343 M and five different
molarity of CsI was dissolved in DMF (0.515, 0.615 and
0.715M). As the solute fully dissolved, the precursor was mixed
with Csl and labelled according to mole ratio CsI to Bils as
A1(1.501:1), A2(1.79:1) and A3(2.084:1). Mixed solutions were
stirred on a hot plate at 70°C for overnight to prepare an orange
uniform solution. Cs3Bizl thin film was deposited on a clean SLG
substrate by placing the substrate on a spin-coater and setting
the program at 5000 rpm for 20 s. Then 40 ul of the prepared
solution Cs3;Bi2ls was dropped on the substrate using a
micropipette, and spin-coated at 5000 rpm for 20 s. The
deposited thin films were annealed at 100°C for 30 min. The
experimental procedure is shown in Figure 1.

For XRD analysis, the crystallite size (D) was then
calculated using the Scherrer formula, shown in Equation 1.
Here, D represents the crystallite size, A is the wavelength, 0 is
the diffraction angle,  is the FWHM, and k is the Scherrer
constant (k = 0.9). The micro-strain was calculated using
Equation 2, and the dislocation density using Equation 3.

kA

b= B Cos@ (1)
__B
€= 4tanf (2)
1
5= (3)

Bragg's Law is a key principle in X-ray diffraction that
explains how X-rays interact with the atomic planes in a crystal.
The law is expressed by the Equation (4). A is the wavelength of
the incident X-rays, d is interplanar spacing, and 0 is the angle
of incidence, which is the angle between the incoming X-rays

1) Mixed molar ratio solution preparation.

2) Drop Cs;Bi,],
4

[ 4

3) Spin Coating 4) Annealing

Fig 1. Solution preparation and Cs3Bizls film deposition
experimental procedure.
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and the crystal planes. Bragg's Law is fundamental in
determining the crystal structure by analysing the angles at
which X-rays are scattered, providing insights into the spacing
between atomic planes within the crystal. This relationship
allows scientists to deduce structural information about the
crystal based on the diffraction patterns observed when X-rays
are directed at the material (Bragg H.W., B.L.W,,1913).

niA = 2d Sinf (4)

In this study, the band gap was determined by plotting a graph
between (ahv)? and (hv)?, where the extrapolation of the straight
line to (ahv)®* = 0 provides the energy band gap value. The
bandgap was calculated using Equation 5. Where, a =
absorption coefficient, Eg = band gap of the material, A =
constant, hv = Energy of the incident photon (eV), n = nature of
transition (n = 2 and 1 = 2 for direct and indirect bandgap
respectively). However, direct and indirect bandgap differs
based on the emission of a photon. As in the case of an indirect
bandgap, the photon was passed through the intermediate state
and did not emit directly and transfer the momentum of a crystal
lattice, whereas, in the case of a direct bandgap transition, the
emission of a photon is direct due to the identical momentum of
hole and electron in the conduction band and valence band.
Although, the absorption coefficient («) can be calculated using
the Lambert-Beer law as in Equation 6. Where A=absorbance of
material, t=thickness.

(ahu)i = A(hv — Ey) (5)
I = Ipe ™ (a=2303.A/t) (6)

3.2 Css3Bi:ly perovskite solar cell fabrication

The FTO substrates were meticulously cleaned using a
series of solvents: detergent, distilled water, acetone, methanol,
IPA, and deionized water, each for 10 min, followed by nitrogen
gas blow-drying. Subsequently, the substrates were heated at
120 °C for 10 min. A TiO, precursor solution was prepared by
dissolving titanium diisopropoxide bis(75% acetylacetone) in 1
ml of 1-butanol. This solution was spin-coated onto the
substrates at 3500 rpm for 30 seconds. The coated substrates
were then preheated on a hot plate at 120°C for 5 min to
evaporate the solvent and initiate TiO. layer formation, a
process repeated twice. Next, the substrates were calcined in a
furnace at 500 °C, with a temperature ramping rate of
18°C/min, to crystallize the TiO2 and enhance its compactness.
After gradual cooling to room temperature, the substrates were
inspected for uniformity and defects. The subsequent
deposition of Cs3Bizly film on the substrate is detailed in the film
deposition experimental study section. For the spiro-OMeTAD
deposition, a solution was prepared by dissolving 61.3 mg of
spiro-OMeTAD powder in 1 ml of chlorobenzene,
supplemented with 17.5 uL of lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) and 28.8 pL of 4-
tert-butylpyridine (tBP) to enhance conductivity and
performance. This solution was spin-coated onto the substrates
at 4000 rpm for 20 seconds to ensure a uniform layer. The
coated substrates were then allowed to sit in ambient air to
facilitate oxidation for overnight. Post-oxidation, the substrates
were inspected for uniformity and defects, ensuring the Spiro-
OMeTAD layer was smooth and homogeneous. Finally, Ag
electrode was grown at 70 nm thickness by using vacuum
thermal evaporator. Overall procedures were illustrated as in
Figure 2.
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Fig 2. Cs3Bi:ls perovskite solar cell fabrication process.

Besides the performance of the solar cell, a key parameter
to consider is the carrier lifetime, which represents the average
time an electron or hole exists before recombining. Carrier
lifetime by Equation 7 plays a crucial role in determining the
diffusion length, a factor that directly influences charge
collection efficiency. Here, Lorr is the diffusion length, 7 is the
carrier lifetime, and D is the diffusion coefficient. A longer
carrier lifetime increases diffusion length, allowing carriers to
travel farther before recombining. The diffusion coefficient (D)
for charge carriers in a semiconductor is linked to the carrier
mobility (u) and the thermal voltage (Vr) through the Einstein
relation as in Equation 8. Here, the mobility represents how
easily carriers move in response to an electric field, and the
thermal voltage depends on the temperature (T) and
fundamental constants such as the Boltzmann constant (ks) and
the charge of the carrier (g). This equation indicates that the

Table 1
Simulation parameters as gain from experimental.

Int. J. Renew. Energy Dev 2025, 14(2), 381-391

| 384

diffusion coefficient is directly proportional to both the carrier
mobility and the thermal energy, making it a crucial factor in
determining how charge carriers spread out in a semiconductor
material.

Lpirr= \/(‘c*D) (7)

D = u(Vr/q), where (Vr = ksT) (8)

3.3 Simulation fabricated device and its optimization

SCAPS (Solar Cell Capacitance Simulator) is a one-
dimensional solar cell simulation programme developed at the
Department of Electronics and Information Systems (ELIS) of
the University of Gent, Belgium. SCAPS can be used as a
resource to validate the characteristics and performance of all
types of solar cell. SCAPS-1D software works on two basic
equations, that are the Poisson equation and the continuity
equation of electrons and holes in steady state manner which
are expressed in Equation 9, 10 and 11. The Poisson equation is
as follow:

d? e

TV = (P —n) + Ny~ Ny +py—pa)  (9)
Here, 1 is electrostatic potential, Np and Na are donor and
acceptor concentrations, e is electrical charge, & is relative
permittivity and & is the vacuum permittivity, p, and p, are holes

and electrons distribution, respectively. The continuity
equations for electrons and holes are as following:

An _

o =G—R (10)
Yo — -

ol G—-R (11)

In this study, we use SCAPS-1D (Solar Cell Capacitance
Simulator in One Dimension) to optimize solar cell performance

Parameter Spiro-OMeATAD Cs,Bi I TiO, FTO
Thickness (nm) 20 1000 40 580
Bandgap (eV) 3.06 2 3.26 3.5
Electron affinity (eV) 2.05 34 4.2
Dielectric permittivity (relative) 3 9.68 10
CB effective density of states (cm ) 28x10" 1x10" 242X10" 1x10"
VB effective density of states (cm ) 1x10° 2.1x 10" 18x10° 1x10"
Electron mobility (cm’ /Vs) 2X10" 43 35X 10° 1x 10’
Hole mobility (cm’ /Vs) 2%10" 17 2 1X 10
Donor concentration (cm_s) 0 1X 1014 1X 1018 1X 1019
Acceptor concentration (cmiz) 1X 1018 1X 1014 0 1X 1015
Temperature (K) 300
Bulk defect density ( cm_l) 1X 1014
Cs,BiL,/NiO defect density ( cm ) 1X10"
Cs,Bi,1,/TiO, defect density ( cm ) 1X10"
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Fig 3. Solar cell model in SCAPS-1D simulation software.

with  the configuration FTO/  TiO2/Cs3Bizle/Spiro-
OmeAtad/Ag, aiming to achieve the theoretical S-Q limit
started with model same as fabricated solar cell. The process
begins by defining the material properties of the solar cell layers,
including bandgap energy, carrier concentration, and carrier
mobilities based on experimental data. We configure the device
structure in SCAPS-1D, specifying the thickness and doping
concentration for each layer as in Figure 3. Key solar cell
parameters such as optical constants, defect densities, and
interface properties are input into the simulator for accurate
device characterization. The simulation environment is set up
with an AM1.5G spectrum, a temperature of 300 K, and fixed
incident illumination intensity. Initial simulations provide
baseline efficiency metrics, including J-V curves and power
conversion efficiency. We systematically vary key parameters,
such as absorber thickness and bulk defect densities, to observe
their impact on efficiency, utilizing SCAPS-1D’s optimization
tools to maximize performance by reducing recombination and
enhancing carrier collection. We compare the optimized
model's performance, as shown in Table 1, with the theoretical
S-Q limit to evaluate the proximity to ideal performance,
identifying loss mechanisms through detailed analysis of the
device architecture. This iterative process involves refining
parameters based on previous results, validating simulation
outcomes against the S-Q limit, and understanding the energy
losses in the device. This methodology offers a comprehensive
approach to deeply understanding and optimizing solar cells
using SCAPS-1D, striving to closely approach or achieve the S-
Q limit.

4. Results and discussion

4.1 Analysis of CssBizlg Films.
4.1.1 Structure analysis.

XRD is a widely used technique for analysing the
structure and crystalline properties of materials. The XRD
spectra for all samples are presented in Figure 4 and were
analysed using Diffrac.eva to confirm the phase and extract key
parameters such as wavelength, diffraction angle, and full width
at half maximum (FWHM). The crystallite size (D) was
determined using the Scherrer formula stated as Equation 1,
with micro-strain and dislocation density calculated using
Equations 2 and 3, respectively. In this study, XRD analysis was
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applied to examine the crystallographic properties, including
crystallinity and crystal phases, of the prepared Cs;Bi,], film, as
shown in Figure 4(a). The phases Cs,Bi,], and Cs,(1,(Bil,),) were
identified by matching them with the patterns PDF01-089-1846
(Cs;Bi,l;) and PDF01-070-0666 (Cs,(I,(Bil,),)). Despite
differences in their chemical nomenclature, both phases
exhibited identical lattice properties, including a hexagonal
structure with space group P6(3) / mmc (194), lattice
parameters a = b = 8.404 A, ¢ =21.183 A, and a volume of
1300.87 A®. These characteristics confirm the formation of a
crystal structure typical of A,B,X, perovskite derivatives.

The relationship between FWHM variations in Figure
4(b) and crystallite size is well-established in materials science,
particularly through XRD studies. Smaller FWHM values
indicate larger crystallite sizes because narrower XRD peaks
suggest fewer defects and lower strain in the crystal lattice,
resulting in larger coherent scattering domains (M. A. Islam et
al, 2020). This inverse relationship is consistent with our
findings, where A3 displayed the largest crystallite size due to
its smallest FWHM value as in Figure 4(c). The correlation
between crystallite micro-strain and size is also important as
shown in Figure 4(d), as higher micro-strain generally
corresponds to smaller crystallite sizes (Akhtaruzzaman et al.,
2021). This observation is supported by other research, showing
that preparation conditions such as deposition and annealing
significantly affect both crystallite size and strain levels. These
findings, along with the correlation between FWHM and
crystallite size as derived from the Scherrer equation, reinforce
the understanding that crystallite size and micro-strain are
closely linked. The preparation conditions play a critical role in
determining these characteristics, with observed trends in
FWHM and crystallite size offering valuable insights into the
structural properties of the materials studied.

Crystallite size is particularly important in perovskite
materials, influencing ion migration and device stability. For
example, in perovskite films like MAPbBrs, variations in grain
size can significantly affect the activation energy required for ion
migration, which is key to the long-term stability of perovskite
solar cells (McGovern et al, 2021). Research indicates that
larger grain sizes, achieved by adjusting spin-coating times, can
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Fig 4. (a) XRD spectra highlighting the effects of varying
stoichiometric mix ratios. (b) FWHM changes due to the mix ratio.
(c) The influence of mix ratio adjustments on crystallite size and
strain (d) The correlation between mix ratio variations, strain, and
dislocation density.
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reduce ion migration by altering the pathways ions take through
the material. Studies have shown that grain sizes between 2 to
11 pm can help mitigate ion migration, which is often more
pronounced at grain boundaries. Additionally, the crystallite
size of perovskite layers directly influences lattice strain and
overall crystal structure. This relationship highlights the
importance of optimizing crystallite size to improve
performance in optoelectronic devices by minimizing defects
and improving charge transport. The interplay between
crystallite size, lattice strain, and ion migration underscores the
necessity of careful material engineering to enhance the
efficiency and stability of perovskite-based devices.

4.1.2 Compositional and morphological analysis

The SEM images (Al to A3) in Figure 5 reveal a clear
progression in particle density and morphology. In Figure 5(a),
the particles are sparse and irregularly shaped, scattered
unevenly across the surface. In Figure 5(b), while the particle
density remains low, the shapes become more varied, including
both spherical and elongated forms. By Figure 5(c), the particles
have mostly become spherical and are more closely packed,
indicating an increase in density. This progression from A1l to
A3 suggests a trend toward higher particle density and
uniformity, indicating that the film exhibits mixed particle
dimensionality. The presence of mixed particle shape within a
single perovskite film can be viewed as a form of heterojunction.
The interfaces between perovskite structures of different shape
particle create regions with distinct electronic properties (Zhou
et al., 2023). These internal heterojunctions function similarly to
traditional ~ heterojunctions,  offering  advantages in
optoelectronic applications by enhancing charge separation,
reducing recombination rates, and improving overall device
efficiency.

Table 2 shows the elemental composition of Cs,Bi,l, films,
revealing an inverse relationship between iodide and cesium
percentages across the samples. Sample Al has the highest
iodide content at 58.5% and cesium content at 20%. In contrast,
Sample A3 has the lowest iodide content at 51.6% and the
highest cesium content at 22.7%. The bismuth content varies
independently, with sample A2 having the lowest at 17.3%,
highlighting distinct compositional differences across the
samples. Interestingly, the CsI concentration data shows an
unexpected trend: the concentration in the film does not
consistently increase with the molarity of Csl. By data
integration from Table 2 and Figure 6(b), it becomes clear that
the CsI concentration in the film is closely related to the
interplanar distance in the lattice. As the interplanar distance
increases, the CsI percentage decreases. This is because tensile
strain limits the number of Cs atoms that can bind with Bi and I
atoms during the formation of the Cs,Bi,], lattice (Han et al.,
2019). Since the Cs atom has a larger radius, its binding energy
is more easily affected by the presence of tensile strain in the
film. Similarly, during orbital overlapping, an increase in planar
distance indirectly reduces the number of overlapped orbitals,

10 um
-

10 pmt
-

Fig 5. FESEM image illustrating the impact of varying precursor
mix ratios.
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Table 2
Compositional analysis of Cs3Bizlo
Sample Todide (%) Cs (%) Bi (%)
Al 58.5 20.0 21.5
A2 57.2 17.3 25.5
A3 51.6 22.7 25.7

which in turn reduces the binding energy needed to form the
film. Because Cs has the lowest electronegativity, it is harder to
bind and form the lattice under these conditions. Interplanar
distance can be calculated by using Equation 4. Value for the
peak shift is shown at Figure 6(a).

4.1.3 Electrical analysis

The analysis of mobility and resistance across three
samples with different mix molar ratios highlights a clear
relationship with interplanar distance as shown in Figure 6.
Figure 6(a) shows a peak shift at 12.84°, which reflects a change
in the interplanar distance of the sample. This correlation is
further illustrated in Figure 6(b), where the peak shift is
coherently linked to variations in the interplanar spacing.
Interplanar distance, which is the spacing between atomic
planes in a crystal lattice, has a direct impact on the material's
electrical properties (Hartono et al., 2019). When the interplanar
distance is smaller, atoms are more closely packed, leading to
better overlap of atomic orbitals. This scenario typically
increases the mobility of charge carriers, allowing them to move
more easily through the material, which in turn lowers
resistance as shown Figure 6(c). On the other hand, a larger
interplanar distance suggests a more relaxed lattice structure,
which can hinder the movement of charge carriers, resulting in
reduced mobility and higher resistance.

The molar ratio of the components in each sample plays a
crucial role in determining the interplanar distance, and thus
affects mobility and resistance. For example, Sample A3, with
the highest molar ratio, likely has the smallest shift of interplanar
distance, leading to the highest mobility and lowest resistance.
Sample A2, with an intermediate molar ratio, may have a largest
shift of interplanar distance, resulting in lowest mobility and
highest resistance. Sample A1, with the lowest molar ratio, likely
exhibits the moderate interplanar distance shift, which
corresponds to the moderate mobility and resistance among the
samples. Therefore, adjusting the molar ratio to achieve the
optimal interplanar distance is key to fine-tuning the electrical
properties of these materials for specific applications.
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Fig 6. (a) A peak shift observed at 12.84 due to changes in the molar
mix ratio. (b) The relationship between interplanar distance and peak
shift as the mix ratio varies (c) The correlation between mix ratio
variations, mobility, and resistance.
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4.1.4 Optical analysis

The absorbance spectra of Cs,Bi,l, thin films prepared
under different mix ratio (A1, A2, and A3) were measured across
a wavelength range of 300 to 1100 nm to investigate their
optical properties, as shown in Figure 7(a). In the UV region
(300-400 nm), all samples exhibited a significant decreased in
absorbance as the wavelength decreased towards 300 nm,
indicating strong UV light absorption. In the visible region (400-
700 nm), most samples displayed notable absorption features
around 450-500 nm, corresponding to the blue-green part of the
spectrum, where strong electronic transitions typically occur.
Specifically, in the 500-600 nm range, samples Al and A2
showed a significant absorption peak around 550 nm, while
sample A3 had a peak at 600 nm, indicating high absorbance in
the green-yellow region. This characteristic is crucial for
applications involving visible light harvesting, such as
photovoltaic cells. Additionally, extended absorption was
observed from 300 nm to 1100 nm.

The bandgap energies of the samples were determined
using the Tauc plots method shown in Figure 7(b) (Bai et al,
2018). Linear extrapolation of the curves indicated bandgap
energies of 1.9 eV for A1, 2.1 eV for A2 and 2.0 eV A3. The
variations in bandgap energies among the samples underscore
the impact of compositional adjustments on the electronic
properties of Cs,;Bi,l,, which is essential for optimizing its use in
optoelectronic devices like solar cells. Figure 7(b) shows that
sample A2 has the highest bandgap energy, while sample A1 has
the lowest. The differences in bandgap values can be attributed
to the hybridization that occurs at the orbital level during
crystallite formation, which affects the optical band gap
(Feierabend et al., 2017) (Yao et al., 2022). This is evident from
the peak shift at 12.84, indicating the presence of lattice strain,
which alters the interplanar distance as in Figure 6(b). For
example, when the gap between the reference peak and the
shifted peak is large and increases, the optical band gap also
increases. Conversely, a smaller and reduced interplanar gap
results in a lower bandgap. The presence of lattice strain in the
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Fig 7(a) UV-vis absorption spectra of CssBi:lo at different molar ratios.
(b) Tauc plot used to determine the optical band gap. (c) Impact of
different molar ratios on photoluminescence properties.

film leads to these changes, as the increase in interplanar
distance enhances atomic orbital overlap, while tensile strain
increases the optical band gap by reducing orbital overlap. This
phenomenon has been previously explained in relation to the
impact of elemental composition on tensile strain formation.
Figure 7(c) illustrates the signal intensity as a function of
wavelength (500-800 nm) for three samples (Al to A3). Al
samples show a general increase in intensity, peaking around
750 nm, followed by a decline. Among them, sample A3 exhibits
the highest intensity across all wavelengths, while A1 and A2
display progressively lower intensities. The sharp peak at 750
nm is most pronounced in A1, indicating a higher concentration
or unique property in this sample, suggesting it has high
radiative recombination. As shown in Table 3, A3 also has a
highest minority carrier lifetime compared to others. However,
overall sample shows carrier lifetime still low since to high
carrier lifetime require to fabricate high efficiency solar cell.

4.2 Cs3Bixly perovskite solar cell fabrication and Simulation

Table 4 provide the performance metrics for the fabricated
Cs3Bizlo solar cells. Among the tested samples, A3 exhibits the

Table 3

The effect of varying molar ratios on carrier minority lifetime.
Sample A Al A2 A3
B, 0.1350 0.0640 0.0660
Std. Dev 0.0038 0.0035 0.0024
T,(ns) 0.0431 0.0385 0.0469
Std. Dev (ns) 0.0012 0.0021 0.0017
B, 0.0000 0.0000 0.0000
Std. Dev 0.0000 0.0000 0.0000
T,(ns) 3.1320 47.6400 2.1855
Std. Dev (ns) 1.3560 31.8200 0.5740
B, 0.0000 0.0000 0.0000
Std. Dev 1.6800 0.0000 0.0000
T,(ns) 9.1110 49.7300 35.6800
Std. Dev (ns) 8.7900 34.0000 26.0200
X2 1.7210 1.4660 1.3300
Average lifetime((ns) 0.0431 0.0385 0.0469
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Fig 8. FESEM cross section image for A3 device.

highest efficiency, improving by 0.72% due to its superior
optoelectronic properties. This enhancement is primarily
attributed to the larger crystallite size of A3, which leads to
reduced recombination, as evidenced by the sample's low strain
and dislocation density (Morales & Al-Shomar, 2024) (Sarkar et
al, 2022). Electrically, A3 demonstrates the highest carrier
mobility and the lowest resistance, supported by a smaller
interplanar distance that facilitates easier carrier movement
within the lattice (Ng et al., 2022). Additionally, A3 shows strong
absorption and minimal non-radiative recombination losses. Its
extended carrier lifetime further improves performance by
enhancing the transfer of electron-hole pairs to the electrode
(Cheng et al, 2022) (Zhang et al., 2022). On the other hand,
sample A2 performs the worst, reflecting weaker optoelectronic
properties that reduce efficiency. Overall, A3 shows a clear
advantage with a 0.72% improvement in efficiency compared to
the other samples.

The carrier lifetime, which measures the average time a
charge carrier (electron or hole) exists before recombining, is a
key factor influencing solar cell efficiency (Yun et al., 2019; Jung
et al, 2019). It directly affects the diffusion length and the
optimal thickness of the perovskite layer. Figure 8 illustrates the
cross-sectional structure of the A3 device, which includes layers
of Spiro-OMeTAD, Cs3Bizly, TiO;, FTO, and the substrate. As
indicated by Equation 10, a longer carrier lifetime increases the
diffusion length, allowing charge carriers to travel farther and
reach the electrodes before recombining. For efficient charge
collection, the semiconductor thickness should ideally be close
to or less than the diffusion length (Aliaghayee, 2023; Yadav et
al., 2024). If the thickness exceeds the diffusion length, carriers
generated deep within the material may recombine before
reaching the junction, leading to lower device efficiency. As a
result, the reduced carrier collection decreases the short-circuit
current (Jsc), ultimately lowering overall device performance
(Yadav et al., 2024). Figure 8 also highlights the absorber layer
thickness of approximately 1.1 ym, combined with a low carrier
lifetime of about 0.046 ns, which contributes to the reduced
current collection at the terminal.

When comparing the fabricated solar cells to the S-Q limit,
the increase in open-circuit voltage (Voc) follows the trend
dictated by the optical bandgap (Rihle, 2016). Sample A2
exhibits the highest Voc at 1.25V, which is consistent with its
larger bandgap of 2.1 eV. In contrast, Sample Al shows the
lowest Voc at 0.9 V, corresponding to a 1.9 eV bandgap. Despite
these differences in Voc, all samples demonstrate lower overall
efficiency compared to the S-Q limit, primarily due to reduced
short-circuit current density (Jsc). Interestingly, the Jsc values
are relatively consistent across all samples, suggesting that the
variation in efficiency is driven by factors other than Jsc alone.
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Fig 9. LIV fabricated and simulation of Cs3Bizls solar cell.

Among the samples, Sample A3 stands out, showing a 0.72%
improvement in efficiency compared to the others. This
superior performance is attributed to the exceptional quality of
its material, bringing it closer to the S-Q limit, as shown in Table
4.

In evaluating the performance of fabricated photovoltaic
devices, it is crucial to understand the underlying mechanisms
that contribute to losses within the system. SCAPS-1D (Solar
Cell Capacitance Simulator in One Dimension) is a widely used
simulation tool that enables researchers to model and predict
the performance of solar cells by simulating various physical
phenomena, including recombination losses, series resistance,
and optical losses (Ahmed et al., 2023) (Ramli et al., 2017). By
comparing the simulated outcomes with the actual performance
of fabricated devices, we can identify discrepancies and areas
for optimization. Relevant optoelectronic and physical
parameter gained from experimental were used to simulate our
fabricated solar cell as in Table 1. Via this method the losses in
fabricated solar cells can be reflected by the optimization work
by simulation.

Figure 9 presents the LIV curves for both the fabricated
and simulated devices. Minor discrepancies can be observed
between the performance parameters of the fabricated and
simulated devices. However, these discrepancies fall within the
acceptable performance range of the fabricated device. This is
evident when comparing samples Al, A2, and A3 with the
simulated fabricated device, as detailed in Table 4. Additionally,
Figure 10 compares the simulated fabricated device with the
simulated optimized device. The simulated fabricated device
corresponds to the fabricated A3 sample, while the simulated
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Fig 10. Simulation IV curve for fabricated and optimized Cs3Bizlo
solar cell.
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Table 4
Comparison between fabricated and S-Q limit solar cell
performance based on optical bandgap.

Sample Bandgap Jsc Voc FF Eff.
(eV) (mA/cm?) (V) (%)
Al 1.9 0.87 0.90 71 0.61
A2 2.1 0.93 1.25 49 0.54
A3 2.0 0.81 1.1 78 0.72
S-Q1 1.9 16.97 1.58 91.8 24.75
S-Q2 2.1 12.48 1.78 92,5  20.50
S-Q3 2.0 14.59 1.68 922 22.62
Simulation
fabricated 2.0 0.88 1.19 66 0.70
device
Simulation
optimized 2.0 13.36 1.27 80.73 13.75
device

optimized device represents the optimized version of the A3
device. A notable increase in the short-circuit current density
(Jsc) from 0.88 mA/cm? to 13.38 mA/cm? results in a significant
improvement in efficiency, which can reach up to 13.75%. This
improvement is primarily attributed to enhancements in the
minority carrier lifetime and thickness of the absorber layer. By
optimizing the bulk defect density and improving the minority
carrier lifetime in the film, a lifetime of 1 ns can be achieved, a
value that has also been reported in other literature. A higher
minority carrier lifetime indicates that carriers can remain in the
conduction band for a longer period, thereby increasing the
likelihood of more carriers reaching the terminal, which
ultimately improves device performance (Sepeai et al, 2017;
Zulhafizhazuan et al., 2017).

6. Conclusion

In conclusion, the analysis of the fabricated FTO/
TiO2/Cs3Biz2lo/Spiro-OmeAtad/Ag solar cells reveal that
sample A3 exhibits superior performance, achieving a 0.72%
efficiency improvement compared to the other samples. This
enhanced performance is primarily attributed to A3's superior
optoelectronic properties, including larger crystallite size, lower
strain, and minimal dislocation density, which collectively
reduce recombination losses and enhance carrier mobility. The
high absorption rate and longer carrier lifetime in A3 further
contribute to its effectiveness in converting light to electricity,
bringing it closer to the theoretical S-Q limit.

The study highlights the crucial role of material quality in
photovoltaic performance, particularly the relationship between
carrier lifetime, diffusion length, and film thickness. As
demonstrated, a balance between these factors is essential for
achieving efficient charge collection and minimizing
recombination losses. The SCAPS-1D simulation results
corroborate the experimental findings, showing that by
optimizing material parameters such as minority carrier lifetime
and absorber layer thickness, the efficiency of the solar cell can
be significantly improved.

These findings underscore the importance of precise
material engineering in the development of high-efficiency solar
cells. Future work should focus on further refining these
parameters and exploring additional optimization techniques to
push the efficiency of Cs3Bi:ls solar cells closer to their
theoretical limits. The success of sample A3 provides a
promising direction for future research and development in the
field of photovoltaics.
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