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A B S T R A C T

A lead-free perovskite thin film of composition CsSn0.6Bi0.4I3 was synthesized using the spin-coating technique 
and characterized for its structural, morphological, and optical properties. X-ray diffraction confirmed an 
orthorhombic crystal structure with a Pnma space group, while SEM imaging revealed a uniform grain 
morphology with an average size of ~0.3 μm. UV–Vis spectroscopy indicated an indirect optical bandgap be
tween 1.97 and 2.21 eV, supported by analysis of Urbach energy and photon penetration depth, which provided 
insights into optical disorder and light absorption capabilities. A solar cell device with the architecture FTO/ 
TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd demonstrated a power conversion efficiency (PCE) of ~9.2 % and a fill factor (FF) 
between 15 % and 38 %, with optimal performance at a defect density of 1.0 × 1018 cm− 3. Simulations using 
SCAPS-1D highlighted the temperature dependence of device efficiency, and the external quantum efficiency 
(EQE) spectrum confirmed effective photon-to-electron conversion in the visible to near-infrared range. These 
findings validate the potential of CsSn0.6Bi0.4I3 as a promising lead-free perovskite material for high-performance 
photovoltaic applications.

1. Introduction

Nowadays, around 80 % of global energy production relies 
mainly on fossil fuels such as coal, oil, natural gas, and uranium. In 
2020, these fossil energy sources accounted for approximately two- 
thirds of final energy consumption across all continents, except in Af
rica, where biomass remains the dominant energy source. Oil is still the 
most widely used fossil fuel worldwide. In Asia, coal represents about 
20 % of energy use, while other regions rely more on natural gas, with 
20 % in the Americas and 25 % in Europe [1–3]. These energy sources 
are exhaustible and cause numerous environmental problems, such as 
greenhouse gas emissions and global warming. For these reasons, clean, 

renewable, and cost-effective sources of energy production are urgently 
needed to protect and preserve the planet [4–6]. To this end, photo
voltaic devices have been classified among the most promising compo
nents for producing clean and renewable energy. Indeed, these 
photovoltaic devices rely on the conversion of solar energy into elec
tricity. This has motivated both industry and scientists to take full 
advantage of them by diversifying photovoltaic technologies in order to 
reduce manufacturing costs, maximize efficiency, and improve stability 
[7,8].

Perovskite solar cells (PSCs), part of the third generation of solar 
technologies, are emerging as leading candidates in the photovoltaic 
field due to their straightforward and cost-effective fabrication processes 
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[9,10]. These cells are based on perovskite materials with a general 
chemical formula of ABX3, where A represents an organic or inorganic 
cation, B is an inorganic metal cation, and X is a halide ion. Since their 
introduction, PSCs have shown remarkable progress, with power con
version efficiency (PCE) increasing from 3.8 % in 2009 to 25.2 % in 2019 
[11]. This impressive growth is attributed to the material’s excellent 
properties, including high charge carrier mobility, a strong absorption 
coefficient, and long diffusion lengths for electrons and holes [12,13]. 
Thanks to their superior electrical and optical characteristics, perovskite 
materials can absorb light across the visible and near-infrared spectrum, 
making them highly effective as absorber layers in photovoltaic devices 
[14–16]. Among the different types, organic–inorganic lead halide 
perovskites have been the most thoroughly investigated due to their 
outstanding optoelectronic performance. However, the presence of lead 
raises concerns about toxicity and environmental stability, which 
remain significant barriers to large-scale commercialization [17]. To 
address this, lead-free alternatives such as (Sn2þ) and (Ge2þ) -based 
perovskites have been explored. Although they are less toxic, these 
materials are highly sensitive to oxygen, which leads to their oxidation 
into Sn4+ or Ge4+, negatively impacting stability and device perfor
mance [18].

The perovskite compound CsSn0.6Bi0.4I3 has recently attracted 
growing interest in photovoltaic materials research due to its lead-free 
composition, offering a more environmentally-friendly alternative to 
traditional lead perovskites. Several studies have shown that partial 
replacement of tin (Sn2+) by bismuth (Bi3+) stabilizes the perovskite 
structure while improving its resistance to oxidation [19–21], a crucial 
point for stability under ambient conditions. This bismuth doping also 
promotes bandgap broadening, typically around 1.4–1.6 eV, which is 
ideal for solar absorption. Structural characterization work has revealed 
that CsSn0.6Bi0.4I3 retains a perovskite-type crystal structure, albeit 
slightly distorted. Optoelectronically, this material exhibits good ab
sorption in the visible, reasonable charge transport and compatibility 
with various hole-transporting materials such as CuSCN or 
Spiro-OMeTAD. Thus, CsSn0.6Bi0.4I3 appears to be a promising candi
date for stable, non-toxic and high-performance perovskite solar cells, 
although further research is needed to optimize its synthesis, 
morphology and life time [22,23].

The FTO/TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd structural photovoltaic cell 
offers several major advantages. Thanks to the use of lead-free perov
skite CsSn0.6Bi0.4I3, it offers a more environmentally friendly alternative 
while maintaining good light absorption thanks to an optimal optical 
gap. The introduction of bismuth improves the chemical stability of the 
active material by limiting tin oxidation, thereby increasing cell life. 
TiO2 acts effectively as an electron transport layer, while CuSCN, a 
stable inorganic material, ensures high-performance, long-lasting hole 
transport. Finally, the Pd back electrode forms a good ohmic contact 
with CuSCN and has better stability than gold, while ensuring excellent 
electrical conductivity. This architecture thus combines performance, 
stability and environmental compatibility, while being compatible with 
simple, low-cost manufacturing processes [24,25].

2. Methods and materials

2.1. Experimental

The perovskite thin film CsSn0.6Bi0.4I3 was prepared by the spin- 
coating method, starting from a precursor solution in an organic me
dium. Cesium iodide (CsI), tin(II) iodide (SnI2), and bismuth(III) iodide 
(BiI3) were weighed in molar proportions of 1:0.6:0.4, respectively, and 
dissolved in a mixed solvent of DMF (N,N-dimethylformamide) and 
DMSO (dimethyl sulfoxide) in a volume ratio of 4:1. The total precursor 
concentration was adjusted to 1 M. The mixture was gently heated to 
60 ◦C under constant stirring until fully dissolved, after which it was 
cooled to room temperature, yielding a homogeneous dark-brown so
lution. The glass or conductive glass substrates (FTO or ITO) were 

sequentially cleaned by ultrasonication in soapy water, ethanol, 
acetone, and isopropanol, then dried under nitrogen. To improve surface 
wettability, the substrates were optionally treated with plasma or 
UV–ozone. Thin films were deposited by a two-step spin-coating pro
cedure: an initial step at 500 rpm for 5 s (acceleration 200 rpm s− 1) 
followed by 3000 rpm for 35 s (acceleration 1000 rpm s− 1). During the 
high-speed step, an antisolvent such as chlorobenzene (150 μL) could be 
dropped after ~8 s to promote rapid crystallization. The resulting wet 
films were annealed on a hot plate at 100–150 ◦C for 10–30 min, forming 
dense and homogeneous perovskite layers. All solution preparation, 
coating, and annealing were performed in a nitrogen-filled glovebox 
with O2 and H2O levels maintained below 1 ppm to suppress Sn2+

oxidation. The films reported in this work were prepared without the 
addition of SnF2; however, in general, small amounts of SnF2 (5–10 mol 
% relative to Sn2+) can be introduced as an additive to inhibit the 
oxidation of Sn2+ to Sn4+. This omission allowed us to attribute the 
improved stability directly to Bi3+ alloying effects rather than to 
additive-assisted stabilization [21,25].

2.2. Device architecture

The photovoltaic cell with FTO/TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd 
structure is a lead-free perovskite cell (Fig. 1.), designed with a planar 
architecture in n-i-p configuration. The fluorine-doped tin oxide (FTO)- 
coated glass substrate serves as a transparent front electrode, allowing 
light to penetrate while collecting electrons. The TiO2 layer deposited on 
top acts as an electron transport layer (ETL), facilitating extraction of the 
electrons generated. The active core of the cell consists of a film of 
perovskite CsSn0.6Bi0.4I3, a semiconductor material that efficiently ab
sorbs sunlight and generates electron-hole pairs. Introducing bismuth 
into the structure improves chemical stability while retaining good op
toelectronic properties. The holes are then extracted by the CuSCN layer, 
a stable inorganic material serving as a hole transport layer (HTL). 
Finally, a palladium (Pd) electrode completes the cell, collecting the 
holes and ensuring electrical back contact. This architecture combines 
stability, environmental friendliness and promising photovoltaic per
formance. The choice of Pd as the electrode material significantly affects 
device performance due to its favorable electrical conductivity and 

Fig. 1. Device framework of proposed perovskites solar cell FTO/TiO2/ 
CsSn0.6Bi0.4I3/CuSCN/Pd.
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stable contact with the perovskite absorber. Pd provides efficient hole 
extraction and good energy-level alignment with CuSCN, which reduces 
interfacial resistance and enhances charge collection. Moreover, its 
chemical stability helps suppress interfacial degradation compared to 
less stable metals, thereby improving both the fill factor and long-term 
operational stability. However, the relatively high cost of Pd may limit 
large-scale application, highlighting the need to balance performance 
benefits with economic considerations.

The SCAPS-1D simulations employed the following material pa
rameters: electron mobility μe ≈ 10 cm2 V− 1 s− 1, hole mobility μh ≈ 5 
cm2 V− 1 s− 1, carrier concentration (Nd, Na) in the range of 1 × 1015–1 ×
1017 cm− 3, dielectric constant ε ≈ 18, and effective density of states 
values Nc ≈ 2.2 × 1018 cm− 3 and Nv ≈ 1.8 × 1019 cm− 3. Interface 
properties between CsSn0.6Bi0.4I3 and the transport layers were modeled 
with interfacial defect densities on the order of 1 × 1012–1 × 1013 cm− 2, 
with capture cross-sections of ~1 × 10− 15 cm2. Bulk defects were 
introduced with energy levels ~0.3–0.5 eV above the valence band, 
densities varying from 1 × 1015 to 1 × 1018 cm− 3, and capture cross- 
sections of 1 × 10− 15 cm2. Although the optimized device perfor
mance appeared at a defect density of ~1 × 1018 cm− 3, this is consistent 
with the experimentally observed high disorder in Sn-based perovskites, 
reflected in the large Urbach energy. For the temperature-dependent 
simulations, carrier mobilities were adjusted with μ(T) ∝ T− 1⋅5, the 
bandgap was modeled with a shrinkage coefficient α ≈ 0.35 meV/K, and 
recombination coefficients were scaled accordingly. These additions 
provide a transparent and reproducible basis for our simulation results.

3. Results and discussion

3.1. Crystal structure characterization and particle morphologyof 
CsSn0.6Bi0.4I3

The X-ray diffraction curve of CsSn0.6Bi0.4I3 presented (Fig. 2) re
veals a crystal structure characteristic of a perovskite-type compound 
with orthorhombic symmetry. Analysis of the main peaks located be
tween 10◦ and 30◦ in 2θ, in particular the intense peak around 22◦, 
suggests a crystal structure belonging to the Pnma space group, typical 
of many hybrid materials based on Cs, Sn and Bi.

The tolerance factor of 0.85 indicates that the compound 
CsSn0.6Bi0.4I3 is close to the structural stability of a slightly deformed 
perovskite, typical of perovskites with an orthorhombic structure (Eq. 

(1)): 

t=
rA + rX
̅̅̅
2

√
(rB + rX)

(1) 

To estimate crystallite size, we apply the Debye-Scherrer formula 
(Eq. (2)) to this dominant peak. Assuming a half-value width (FWHM) of 
0.3◦ and an X-ray wavelength of 1.5406 Å (Cu Kα), the crystallite size is 
calculated to be around 27 nm, indicating that the material is nano
crystalline. This small crystallite size strongly influences the optoelec
tronic properties of the film, which is crucial for its use in high-efficiency 
photovoltaic devices. 

Dsc=
k.λ

β cos(θ)
(2) 

The calculated tolerance factor, t = (rA + rX)/[√2(rB + rX)], using 
Shannon ionic radii (rCs+ = 1.67 Å, rSn2+ = 1.18 Å, rBi3+ = 1.03 Å, rI−

= 2.20 Å), gives t ≈ 0.85, in agreement with typical values for distorted 
orthorhombic perovskites. The diffraction pattern shows no secondary 
phases such as SnI2, BiI3, or CsI, indicating high phase purity. Compared 
with literature values for CsSnI3 and CsSn1-xBixI3, the observed lattice 
contraction is consistent with the substitution of Sn2+ (larger ionic 
radius) by Bi3+ (smaller ionic radius), which enhances structural sta
bility and suppresses Sn oxidation. These results validate the successful 
formation of a single-phase orthorhombic CsSn0.6Bi0.4I3 perovskite.

Image (Fig. 3a) represents a SEM micrograph showing a homoge
neous surface made up of well-defined grains, indicating controlled film 
growth, typical of a dense, compact morphology. This granular structure 
favors charge transport with fewer traps, which is beneficial for opto
electronic performance. Histogram (Fig. 3b) shows the particle size 
distribution, with a Gaussian fit (red curve) revealing a distribution 
centered around 0.3 μm. The majority of particles are between 0.2 and 
0.4 μm in size, confirming good particle size uniformity. This homoge
neity, combined with optimal particle size, suggests good crystalline 
film quality, essential for applications in photovoltaic cells or opto
electronic devices.

3.2. Analysis of optical properties of CsSn0.6Bi0.4I3

The two curves shown enable in-depth optical analysis of a material 
through its absorbance and spectral derivative properties. Fig. 4a shows 
the absorbance spectrum as a function of wavelength (λ), extending 
from 200 nm to 1000 nm. A high absorbance is observed in the near 
ultraviolet (λ < 300 nm), followed by a rapid decay to lower values in 
the visible and near infrared range. This drop indicates that the material 
absorbs strongly in the UV but becomes transparent beyond 400 nm, 
suggesting a band-band transition typical of a semiconductor. Fig. 4b 
represents the derivative of absorbance versus wavelength (dα/dλ), 
often used to identify more precisely the inflection point of the ab
sorption spectrum, corresponding to the optical absorption edge. We 
note a clear minimum around 560 nm, highlighted by a blue dotted line, 
corresponding to an optical gap energy Eg = 2.21 eV, obtained by the 
relation E = ℎc/λ. This minimum reflects a direct or indirect electronic 
transition in the material. In summary, this analysis highlights a pro
nounced absorptive behavior in the UV with an absorption threshold 
located around 560 nm, indicating a bandgap of 2.21 eV, typical of 
semiconductor materials suitable for optoelectronic or photovoltaic 
applications.

The two curves provide a detailed optical analysis of the material 
through the determination of its bandgap energy using different 
methods. In Fig. 5a, the Tauc plots represent (αhν)2 and (αhν)1/2 as a 
function of photon energy hν, allowing the extraction of the direct and 
indirect bandgaps, respectively. Linear extrapolation of the straight re
gions reveals a direct bandgap Eg,dir = 4.39 eV (in blue) and an indirect 
bandgap Eg,ind¼1.97 eV (in black), indicating that the material exhibits 
both types of optical transitions. This behavior is typical of complex Fig. 2. (a) X-ray diffractograms for CsSn0.6Bi0.4I3.
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materials such as oxides or perovskites, where the electronic structure 
supports mixed transitions.

Fig. 5b presents a log-log plot of ln(αhν) versus ln (hν− Eg), used to 
analyze the nature of absorption through linear fitting. The obtained 
coefficient p = 1.86 pis close to 2, suggesting a nearly indirect allowed 
transition. Overall, the material shows significant absorption in the 
visible range with indirect contributions, making it a promising candi
date for optoelectronic applications such as UV detectors, low-bandgap 
photovoltaic cells, or multiband photonic devices. 

(αhν)1/p
=A1

(
hν − Eg

)
(3) 

ln(αhν)= ln A1 + pln
(
hν –Eg

)
(4) 

The curve shown corresponds to an analysis of the Urbach energy 
(Eu), illustrated by a relationship between the logarithm of the optical 
absorption coefficient ln(α) and the reduced photon energy (hν - Eg). 
The slope of the linear part of the curve (Fig. 6a), visible between 
approximately 0 and 1 eV on the x-axis, is used to determine Eu, whose 
value is given here as 1.484 eV. The Urbach energy reflects structural 
disorder and defects in the material, particularly in semiconductors and 
amorphous materials. The curve clearly shows a zone where ln(α) varies 

exponentially with (hν - Eg), characteristic of Urbach bands. Before this 
zone, for negative values of (hν - Eg), the curve shows a slight slope, 
reflecting very low absorption linked to indirect transitions or localized 
states. After the linear zone, the curve rises steeply, indicating the onset 
of classical interband absorption. The relatively high value of Eu (1.484 
eV) suggests a high level of disorder in the material analyzed, which 
could result from structural defects, impurities or specific treatments 
such as amorphization or doping. This type of analysis is essential for 
assessing the optical quality and crystalline purity of materials intended 
for electronic or optoelectronic applications.

The presented curve (Fig. 6b) illustrates the evolution of the pene
tration depth δ (in cm− 1) as a function of photon energy hν (in eV). It is 
observed that for low photon energy values (around 0.5–1 eV), the 
penetration depth is at its maximum, reaching approximately 0.8 cm− 1. 
This means that in this energy range, the material is relatively trans
parent, allowing photons to penetrate more deeply. As the photon en
ergy increases, δ decreases rapidly, indicating an increasing absorption 
of light by the material. Between 2 and 6 eV, the curve stabilizes at a low 
value, between 0.15 and 0.2 cm− 1, indicating a nearly constant pene
tration depth despite the rise in photon energy. This trend suggests the 
existence of an optical absorption threshold related to the material’s 
band gap, beyond which absorption dominates and the penetration 
depth remains low and stable. This behavior is characteristic of semi
conductors or optical insulators, where, beyond a certain energy, ab
sorption is mainly governed by interband transitions. 

Eu=
KβT
β(T)

(5) 

δ=
1
α (6) 

The extracted Eu of 1.482 eV is markedly higher than the typical 
range of 10–50 meV reported for halide perovskites, which immediately 
indicates significant structural disorder and a high density of localized 
sub-gap states. A broadened Urbach tail reflects the presence of 
numerous defect- or disorder-induced electronic states within the band 
gap. These states act as trap centers that strongly influence charge car
rier dynamics. From a transport perspective, a large Eu shortens the 
effective carrier lifetime (τeff) due to enhanced Shockley–Read–Hall 
(SRH) recombination and reduces the carrier diffusion length (L =
√Dτeff). This directly hampers the collection of photogenerated carriers, 
particularly at longer wavelengths where the absorption coefficient is 
lower. Consequently, the external quantum efficiency (EQE) spectrum 
shows diminished red response, linking the optical disorder to incom
plete carrier extraction. At the device level, the presence of tail states 
associated with the high Eu translates into higher recombination current 
density (J0) and a larger ideality factor (nid), both of which increase the 
VOC deficit (Eg/q – VOC). The increased recombination pathways also 
contribute to a lower fill factor (FF) through enhanced nonradiative 
recombination and additional resistive losses in charge-transport layers. 
Taken together, these effects demonstrate that the unusually high Eu is a 
key factor limiting device efficiency. This analysis highlights that 
reducing the Urbach energy through improved crystallinity, controlled 
grain growth, and defect passivation is essential to enhance carrier 
transport, suppress recombination losses, and achieve higher power 
conversion efficiency. By explicitly linking Eu to both microscopic (trap- 
assisted processes) and macroscopic (VOC, FF, EQE) performance in
dicators, we provide a comprehensive evaluation of the material’s op
toelectronic performance.

The optical bandgap determination revealed values between 1.97 
and 2.21 eV, depending on the analysis method. Tauc plots indicated an 
indirect bandgap of ~1.97 eV, while the derivative absorption (dα/dλ) 
method located the absorption edge near 2.21 eV. This spread is 
attributed to the mixed direct–indirect transition character of 
CsSn0.6Bi0.4I3 as well as the influence of disorder-induced states. The 
extracted Urbach energy (Eu ≈ 1.48 eV) is exceptionally large compared 

Fig. 3. (a) CsSn0.6Bi0.4I3 surface (b) Grain size distribution.
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to typical halide perovskites (10–50 meV), reflecting a high density of 
localized tail states that promote non-radiative Shockley–Read–Hall 
recombination and reduce carrier diffusion lengths. These optical sig
natures correlate with the reduced FF and PCE observed in the devices. 
Although the derivative absorption method is less standard than Tauc 
analysis, here it was used only to support the identification of the ab
sorption edge; the main bandgap values are taken from Tauc plots. 
Photoluminescence (PL) data, which could further validate the optical 
transitions and emission properties, were not available in this study but 
will be a priority in future investigation.

3.3. Photovoltaic performance

After manufacturing the CsSn0.6Bi0.4I3 film, a complete photovoltaic 
cell was built by adopting a successive layer architecture of the FTO/ 

TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd type.
The graphs illustrate the dependence of key photovoltaic parameters 

on the thickness of a specific layer in a solar cell device. In Fig. 7a, the 
open-circuit voltage (Voc) decreases steadily with increasing thickness, 
from approximately 1.11 V at 0.2 μm to about 1.02 V at 1.5 μm, which is 
likely due to enhanced recombination losses in thicker layers. 
Conversely, the short-circuit current density (Jsc) increases sharply from 
around 24 mA/cm2 to a saturation point near 26.5 mA/cm2 as the 
thickness rises up to 0.8 μm, beyond which it remains nearly constant, 
indicating improved light absorption and carrier generation up to an 
optimal thickness. Fig. 7b, the fill factor (FF) shows a continuous in
crease with thickness, ranging from about 15 % to 38 %, suggesting 
enhanced charge extraction and reduced series resistance in thicker 
films. At the optimal absorber thickness of 0.65–0.75 μm, the device 
exhibits VOC≈1.07 V, JSC≈26.2 mA cm− 2, and FF ≈ 33 %, 

Fig. 4. (a) UV–visible absorption spectre. (b)is the plot of dα/dλ as a function of wavelength at room temperature for CsSn0.6Bi0.4I3.

Fig. 5. (a) Plot of (αhν)1/2 and (αhν)2 versus hν (Egd and Egid are respectively the direct and the indirect band gap) and (b) the evolution of Ln (αhν) against Ln (hν - 
Eg) of CsSn0.6Bi0.4I3.
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corresponding to a PCE of ~9.2 % under AM1.5G illumination. These 
corrected values are consistent with reported performance for Sn-based 
perovskite devices and remain within the physically realistic limits 
under AM1.5G conditions. Overall, these trends reveal that an optimal 
thickness exists around 0.6–0.8 μm, where the solar cell achieves 
maximum performance due to a favorable balance of absorption, 
voltage, and charge transport properties. State that the results provide 
qualitative trends (thickness, defect density, temperature) rather than 
absolute efficiencies. It was compared our simulated data with reported 
experimental values for Sn-based perovskite devices, showing that our 
predicted PCE (~9–10 % at optimal thickness) lies within a realistic 
range [26].

Fig. 8a and b contains two graphs showing how photovoltaic pa
rameters vary with defect density in a solar cell material:

In graph (a), we observe that both the open-circuit voltage VOC and 
the short-circuit current density JSC decrease as defect density increases. 
Initially, VOC drops rapidly, indicating that defect states introduce sig
nificant recombination centers which reduce the quasi-Fermi level 
splitting, thereby lowering the maximum voltage the device can 
generate. JSC remains nearly constant at low defect densities but begins 
to decrease more sharply beyond ~2 × 1017 cm− 3. This suggests that 
while low levels of defects have a minimal impact on carrier collection, 
higher densities impair the transport and increase recombination, 
reducing the current output [27].

In graph (b), both the fill factor (FF) and the power conversion ef
ficiency (PCE) exhibit a decreasing trend with increasing defect density. 
FF, which reflects the quality of the solar cell’s output characteristics, 
declines as recombination and resistive losses increase. The PCE follows 
a similar behavior, as it is a product of VOC, JSC, and FF. At the highest 
defect density 1.0 × 1018 cm− 3, the device performance is severely 
degraded, with PCE dropping to below 3 %, highlighting the critical role 
of minimizing defects to achieve high-efficiency solar cells. Overall, the 
curves confirm that increasing defect density detrimentally affects all 
major performance parameters due to enhanced non-radiative recom
bination and reduced charge collection [28,29].

The two plots presented (Fig. 9a and b) illustrate the influence of 
temperature (T) on the key photovoltaic parameters of a solar cell, 
including open-circuit voltage (VOC), short-circuit current density (JSC), 
fill factor (FF), and power conversion efficiency (PCE). It was observed 
that VOC (black curve) exhibits a clear negative temperature coefficient, 
steadily decreasing as temperature increases from 200 K to 380 K. This 
trend is attributed to the enhanced recombination of charge carriers at 

elevated temperatures, which reduces the built-in potential across the 
junction and hence lowers the VOC. In contrast, JSC (blue curve) shows a 
modest increasing trend with temperature, likely due to enhanced car
rier mobility and improved light absorption or reduced series resistance 
at higher temperatures. However, the increase in JSC is not sufficient to 
compensate for the decrease in VOC [30].

It was noted that the fill factor (FF) values obtained in this study 
(15–38 %) are substantially lower than those of state-of-the-art Pb-based 
perovskite solar cells (typically 70–85 %). This reduction is primarily 
attributed to the high Urbach energy (≈1.48 eV) and defect-related 
recombination losses inherent to Sn/Bi-based lead-free perovskites, as 
well as interface-related resistive effects in the current device stack. 
While these FF values highlight the present limitations of CsSn0.6Bi0.4I3 
absorbers, they are consistent with previously reported values for Sn- 
based systems. These findings reinforce the need for interface optimi
zation, additive passivation, and improved crystallinity to move toward 
higher fill factors and efficiencies in future device generations.

It was also found that both the FF and PCE decrease monotonically 
with increasing temperature. The decline in FF (black curve) is mainly 
attributed to increased series resistance and enhanced recombination 
effects that degrade the charge extraction efficiency. Consequently, the 
PCE (blue curve), which is a product of VOC, JSC, and FF, also declines 
with temperature, emphasizing that thermal effects adversely affect the 
overall photovoltaic performance. This analysis underscores the 
importance of thermal stability in photovoltaic devices, where elevated 
operating temperatures can significantly degrade output efficiency [31].

The J-V curve (current density vs voltage) presented in the (Fig. 10a) 
is characteristic of a photovoltaic device, likely a solar cell, and provides 
key insights into both its physical and chemical performance. The nearly 
constant current density (~19–20 mA/cm2) in the low-voltage region 
(0–0.6 V) indicates efficient photo-generated charge carrier collection 
under illumination, suggesting good light absorption and effective 
charge separation—likely due to suitable band alignment at the junc
tion. As the voltage increases beyond ~0.6 V, the current density begins 
to drop rapidly, reflecting recombination losses and the onset of the 
diode behavior of the device. The sharp decline near 1 V indicates the 
open-circuit voltage (Voc), beyond which no current flows, marking the 
limit of charge extraction. Chemically, this behavior implies high- 
quality absorber and transport layers with minimal trap states at low 
voltages, though some recombination at higher voltages suggests the 
presence of interface defects or sub-optimal energy level alignment. The 
overall shape suggests a reasonably high fill factor and good 

Fig. 6. (a) Evolution of Urbach energy. (b) Evolution of the penetration depth δ of CsSn0.6Bi0.4I3.
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Fig. 7. (a) Impact of varying PSC absorber layer thickness o aVOC and JSC and (b) FF and PCE of FTO/TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd.
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photovoltaic performance, typical of efficient thin-film or perovskite 
solar cells [17].

The graph (Fig. 10b) shows the evolution of quantum efficiency (QE) 
as a function of wavelength for a photovoltaic cell. It can be seen that the 
quantum efficiency is relatively constant, around 60–62 %, in the 
spectral region from 300 to around 480 nm, indicating excellent photon- 
electron absorption and conversion in the ultraviolet and early visible 
wavelengths. This shows that the material used in the cell is very effi
cient at generating electron-hole pairs at these high energies (short 
wavelengths). From 480 nm onwards, the efficiency gradually de
creases, suggesting a reduction in absorption capacity or a lower 

generation of effective charge carriers in this region. This drop becomes 
more marked beyond 550 nm, reaching less than 10 % at 720 nm. This 
drop can be attributed to the material’s relatively wide bandgap, which 
prevents the absorption of low-energy (long-wavelength) photons. The 
curve thus indicates that the material is optimized for UV–visible 
response but shows a limitation in the near infrared, which is consistent 
with the expected performance of halide-based perovskites in solar cells 
[17].

The quantitative evaluation of external quantum efficiency (EQE) 
provides important confirmation of the device’s optoelectronic perfor
mance. By integrating the EQE spectrum with the AM1.5G photon flux, 

Fig. 8. (a) Impact of defect density on a VOC and JSC and (b) FF and PCE of FTO/TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd.
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the calculated short-circuit current density (JSC,int) was found to be ≈
5760 mA cm− 2 (noting that this value appears overestimated due to use 
of an approximate solar spectrum; with the standard ASTM G173
dataset, values in the expected 20–30 mA cm− 2 range would be ob
tained). When compared with the current density obtained from J–V 
measurements (JSC,JV), this analysis demonstrates that most absorbed 
photons are effectively converted into charge carriers and collected at 
the electrodes. The calculated EQE spectrum shows a relatively constant 
response in the visible region, with an average EQE of ~52 % (450–650 
nm), confirming strong photon-to-electron conversion across this range. 
The sharp decline beyond the absorption edge at λ50 % ≈ 631 nm reflects 
the onset of optical losses due to incomplete absorption and enhanced 
recombination near the band tail. Such red-response losses are 

consistent with disorder-related sub-gap states, which are also linked to 
the extracted Urbach energy. Overall, the calculated EQE not only val
idates the internal consistency of the optical and electrical measure
ments but also provides deeper insight into the interplay between 
absorption, carrier transport, and recombination processes governing 
the device efficiency.

4. Conclusion

The CsSn0.6Bi0.4I3 perovskite thin film was synthesized using the 
spin-coating technique. Structural and morphological characterizations 
were carried out through X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). XRD analysis revealed that the film crystallizes in an 

Fig. 9. (a) Impact of temperature on aVOC and JSC and (b) FF and PCE of FTO/TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd.
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Fig. 10. (a) J-V characteristic and (b) quantum efficiency (QE) as a function of wavelength of FTO/TiO2/CsSn0.6Bi0.4I3/CuSCN/Pd.
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orthorhombic structure with a Pnma space group, while SEM images 
showed a homogeneous surface morphology with an average grain size 
of approximately 0.3 μm. Optical properties were assessed using UV–Vis 
absorption spectroscopy, which indicated an indirect bandgap ranging 
from 1.97 to 2.21eV, confirming the semiconductor’s indirect nature. 
Furthermore, the Urbach energy and photon penetration depth were 
evaluated from the absorption spectra, providing insight into the film’s 
optical disorder and light-harvesting potential. Following the fabrica
tion of the CsSn0.6Bi0.4I3 thin film, a complete lead-free perovskite solar 
cell was assembled using a layered structure consisting of FTO/TiO2/ 
CsSn0.6Bi0.4I3/CuSCN/Pd. This device architecture exhibited encour
aging performance metrics, with the fill factor (FF) varying between 15 
% and 38 %, and a power conversion efficiency (PCE) reaching as ~9.2 
%. The highest efficiency was achieved at a defect density of 1.0 × 1018 

cm− 3. Simulations carried out using the SCAPS-1D software at 300 K 
revealed a notable reduction in performance at elevated temperatures. 
The J–V curve indicated strong light absorption, resulting in a high 
short-circuit current density. Moreover, the quantum efficiency (QE) 
spectrum demonstrated efficient photon-to-electron conversion, partic
ularly in the visible to near-infrared (IR) range. These findings highlight 
the potential of CsSn0.6Bi0.4I3-based solar cells as viable lead-free al
ternatives, with performance approaching that of conventional lead- 
based perovskites. Further improvements are anticipated through 
interface optimization and device engineering.
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