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ABSTRACT
This study investigates the optimization of CsPbI3-based perovskite solar cells using SCAPS-
1D simulation with a device structure of FTO/ZnO/CsPbI3/Spiro-OMeTAD/metal. Key param-
eters, including absorber thickness, defect density, acceptor concentration, and transport
layer properties, were systematically analyzed. The results show that absorber thickness
significantly affects device performance, with an optimal thickness of 1.6 µm yielding an
efficiency of 17.66%. Optimization of defect density and acceptor concentration further
enhances device performance. After overall optimization, the power conversion efficiency
increases from 16.3% to 23.1%, with V oc improving from 1.19 V to 1.39 V, Jsc from 18.33
to 20.5 mA/cm2, and FF from 75.2% to 87.4%. The improvement is supported by en-
hanced J–V characteristics and near-unity quantum efficiency over a wide wavelength range.
These results demonstrate that parameter optimization plays a crucial role in achieving
high-performance CsPbI3 perovskite solar cells.
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1. INTRODUCTION

Fossil fuels are currently the most widely used energy source.
The increasing population also requires high energy needs
[1]. Thus, the increasing demand for fossil fuels drives their
scarcity. To reduce the use of fossil fuels, technological up-
dates are needed to utilize renewable energy sources, such
as solar energy, which has great potential [2]. Furthermore,
silicon is the most widely used semiconductor material in so-
lar cell applications. However, production costs for Si-based
photovoltaic devices are higher than those of other thin-film
technologies, which is a significant drawback for the continu-
ous production of Si-based solar cells.

Therefore, since 2009, perovskite materials have become
a choice for use as semiconductors in solar cell systems [3].
Perovskite solar cells have attracted attention because they
are relatively inexpensive and easy to manufacture, and their
excellent performance has spurred significant research. The
efficiency of perovskite solar cells has increased from 3.8%
to 25.2% in a short time from 2009 to 2021 [4]. In 2009, per-
ovskite halides were first used as visible-light sensitizers in
dye-sensitized solar cells, achieving a power conversion effi-
ciency (PCE) of 3-4%. Perovskite halide shows extraordinary
optoelectronic properties, making this semiconductor very
good for photovoltaic applications. Perovskite solar cells
exhibit good stability, with a PCE of 9.7% reported in 2012.
These advancements have driven extensive research into the
optoelectronic properties of perovskite materials, particularly
their high absorption coefficient, long carrier diffusion length,

and tunable bandgap [5].
Among various perovskite materials, organic-inorganic

hybrid perovskites such as methylammonium lead iodide
(MAPbI3) have been extensively studied due to their high
efficiency and excellent light-harvesting capability. In our
previous studies, MAPbI3-based perovskite solar cells have
been investigated using various optimization approaches,
including modification of the electron transport layer via dop-
ing [6], control of TiO2 thickness [7], adjustment of precursor
molarity [8], and surface passivation with FAI and MAI [9],
which have yielded significant improvements in device per-
formance. Furthermore, precise optical characterization using
techniques such as spectroscopic ellipsometry has been iden-
tified as a critical factor for the continuous advancement and
performance enhancement of these perovskite-based devices
[10]. However, despite their promising performance, MAPbI3-
based solar cells still suffer from stability issues, particularly
under thermal stress and moisture exposure [11,12,13]. To
overcome these limitations, researchers have explored all-
inorganic perovskite materials such as cesium lead iodide
(CsPbI3), which offer improved thermal stability and better re-
sistance to environmental degradation [14,15,16]. CsPbI3 has
attracted considerable attention due to its suitable bandgap
and potential for high photovoltaic performance.

In developing perovskite solar cells, theoretical optimiza-
tion can be used to minimize material consumption and fabri-
cation time and to study the effects of various factors. SCAPS-
1D is software for simulating one-dimensional solar cells.
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Table 1. Physical characteristics of the solar cell layers used for simulation.

Parameters Spiro-OMeTAD CsPbI3 ZnO FTO

Thickness (nm) 170 100–900 50–100 500
Bandgap (eV) 2.9 1.73 3.3 3.5
Electron affinity (eV) 2.2 3.95 3.9 4.0
Dielectric permittivity (relative) 3 6 9 9
Effective density of conduction band (1/cm3) 2.2 × 1018 1.1 × 1020 1.0 × 1019 2.2 × 1018

Effective density of valence band (1/cm3) 2.2 × 1018 8.0 × 1019 1.0 × 1019 1.8 × 1019

Electron mobility (cm2/Vs) 1.0 × 10−4 1.6 × 101 5.0 × 101 2.0 × 101

Hole mobility (cm2/Vs) 2.0 × 10−4 1.6 × 101 5 2.0 × 101

Donor density Nd (1/cm3) - - 5.0 × 1017 2.0 × 1019

Acceptor density Na (1/cm3) 1.3 × 1018 1.0 × 1015 - -
Electron/Hole thermal velocity (cm/s) 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107

Defect density (cm−3) 1.0 × 1015 2.1 × 1014 1.0 × 1015 1.0 × 1018

References [19] [19] [25] [26]

This software is widely used to optimize factors affecting the
efficiency of perovskite solar cells [17]. Aseena et al. (2020)
simulate the optimization of perovskite solar cell layers with
different thicknesses [18]. This study shows that maximum
efficiency is achieved by optimizing the absorber layer thick-
ness relative to other layers. Another group simulated the
performance of CsPbI3 heterojunction perovskite solar cells
using SCAPS-1D [19]. Under optimal conditions, the PCE
of the CsPbI3 heterostructure increased from 13.1% to 20.2%.
Chowdhury et al. simulate the effect of the defect density in
the absorber layer on the efficiency of perovskite solar cells
[20]. This study explains the detrimental impact of density
defects on solar cell performance and how to mitigate this by
increasing the absorber layer thickness. Reyes et al. studied
the effect of acceptor concentration (Na) and the absorber
layer’s defect density on the efficiency of solar cells [21]. This
study shows that an increase in Na can increase the efficiency
of the solar cell.

Figure 1. Design of a perovskite solar cell structure.

In this study, the performance of CsPbI3-based perovskite
solar cells is systematically investigated using SCAPS-1D
simulation. While individual parameter optimizations are
common, our study provides a comprehensive simultane-
ous optimization mapping that specifically focuses on the
interplay between the all-inorganic CsPbI3 absorber and the
specific combination of ZnO and Spiro-OMeTAD transport
layers. We have highlighted how our unique parameter space
exploration yields a highly optimized theoretical efficiency,
which serves as a robust and necessary benchmark to guide
future experimental fabrication of these specific device ar-
chitectures. The simulation evaluates the effects of key pa-
rameters on device performance, including absorber-layer
thickness, defect density (Nt), and acceptor concentration
(Na). Furthermore, the influence of transport layers is also

analyzed by varying the thickness of the electron transport
layer (ETL) and hole transport layer (HTL), as well as the
donor density (Nd) of the ETL. In addition, the effect of op-
erating temperature on device performance is examined to
assess thermal stability under different conditions. Finally,
the overall device performance is evaluated through current
density–voltage (J–V) characteristics and quantum efficiency
(QE) analysis to provide a comprehensive understanding of
the optimized solar cell.

Figure 2. J-V curves with various absorber thicknesses under
standard operating temperature (300 K) and AM1.5G

illumination condition.

2. METHODS

The material structure is FTO as the transparent conduct-
ing oxide (TCO), ZnO as the electron transport layer (ETL),
CsPbI3 as the absorber layer, and Spiro-OMeTAD as the hole
transport layer (HTL). The composition of the perovskite
structure to be optimized is presented in Figure 1. More-
over, Table 1 presents the physical characteristics used in the
SCAPS-1D software for numerical analysis. The physical and
optical parameters for the ZnO transport layer, such as defect
density and electronic transitions, were specifically chosen
based on detailed experimental characterizations of spray-
fabricated ZnO thin films reported in our previous works
[22,23]. Table 2 presents the light source parameters, using
the solar radiation spectrum of AM 1.5G, a power density of
100 mW/cm2, and a working temperature of 300 K [24]. In
this study, the parameters varied were the thickness of each
layer (absorber, ETL, and HTL), defect density (Nt), acceptor
concentration (Na), donor density, and working temperature.
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Figure 3. Effect of CsPbI3 thickness on (a) efficiency (η), (b) Voc, (c) Jsc, and (d) Fill Factors.

Optimal conditions were strictly defined as the precise
combination of physically realistic parameters that maximizes
the Power Conversion Efficiency (PCE). Thickness is an im-
portant parameter that increases efficiency in increasing cur-
rent density. Increasing the absorber layer thickness can in-
crease charge-carrier generation by increasing light absorp-
tion in the material [18].

Figure 4. J-V curves with various defect densities (Nt) of
CsPbI3 layer.

Acceptor concentration is an important parameter to op-
timize efficiency, as altering the acceptor concentration pri-
marily modulates the material’s electrical conductivity, car-
rier concentration, and built-in potential (Vbi) [21]. Optimal
doping shifts the Fermi energy level closer to the valence
band, thereby enhancing the built-in electric field (Vbi) at the
junction, which effectively promotes charge separation and

directly boosts the Open Circuit Voltage (Voc). Nt is very im-
portant because it can affect the efficiency of the solar cell.
Defect density is the number of defects in a material based on
a specific energy. Therefore, SCAPS-1D can vary the effect of
Nt on the efficiency of the solar cell. Defect density is based
on the Shockley-Read-Hall model (Eq. 1):

R =
np − n2

i
τp(n + n1) + τn(p + p1)

(1)

where n and p are the electron and hole concentrations
obtained by continuity and Poisson equations. The cell char-
acteristics studied are efficiency, J-V characterization, open
circuit voltage (Voc), short circuit current (Jsc), and Fill Factor
(FF). FF is calculated by equating the maximum power (Pmax)
with the theoretical power (PT) that will produce Jsc and Voc.
The ratio of energy output to energy input from solar energy
is Power Conversion Efficiency (PCE), as in Eqs. 2 and 3 [21]:

FF =
Pmax

Jsc × Voc
(2)

PCE (%) =
Voc × Jsc × FF

Pin
× 100 (3)

3. RESULTS AND DISCUSSIONS

3.1 Validation of simulation
Before proceeding with the detailed parameter optimization,
the baseline simulation results of our unoptimized CsPbI3 so-
lar cell model were compared with experimental data of sim-
ilar CsPbI3 architectures available in recent literature. This
direct comparison demonstrates that our initial model pa-
rameters yield highly realistic device performance metrics,
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Figure 5. The efficiency (η), Voc, Jsc, and FF with various defect density (Nt) of absorber.

thereby validating the fundamental physical models and ma-
terial definitions utilized within our SCAPS-1D simulation
framework.

3.2 Thickness of absorber layer
Figure 2 is the J-V curve obtained from the simulation. Figure
3 shows the simulation results for the effect of the absorber
layer thickness on efficiency (PCE), Voc, Jsc, and FF with a
thickness variation of 100–2000 nm. As the absorber layer
thickness increases, efficiency increases, reaching a maximum
of 17.66% at 1600 nm. The CsPbI3 material reaches its fun-
damental absorption depth limit around 1 µm, meaning it
absorbs nearly all incident photons with energies above its
bandgap. Consequently, increasing the thickness beyond
this optimal point does not significantly contribute to addi-

Figure 6. J-V curve of perovskite solar cells with various Na.

tional photogeneration, but instead unnecessarily increases
the travel distance for charge carriers, which subsequently
raises the probability of non-radiative recombination before
they can be effectively collected at the electrodes. This cor-
relation between device efficiency and absorber thickness
is inherently non-linear. The non-linearity arises from the
fundamental physical competition between two opposing
processes within the semiconductor: the generation of charge
carriers and their subsequent recombination. Initially, the
rapid increase in efficiency is heavily dominated by enhanced
photon absorption and carrier generation; however, as the
thickness continues to grow, the recombination rate begins to
dominate due to longer carrier transit times, causing the effi-
ciency curve to flatten and eventually decline [27]. Therefore,
finding the optimal absorber thickness is necessary to achieve
a good balance between light absorption and charge-carrier
transport [28,29].

Moreover, the increase in absorber thickness causes the
Voc value to decrease. This decrease occurs because the re-
verse saturation current increases as charge accumulates on
the electrodes. When charge builds up on the electrodes, cur-
rent can no longer flow through the device. The value of
Jsc increases with thickness because the spectral response at
longer wavelengths increases with thickness. The increase in
electron-hole pairs is related to photon absorption. Therefore,
Jsc increases with the absorber thickness. The value of the
Fill Factor (FF) also decreased. This occurred due to photon
absorption and charge-carrier recombination. The optimum
thickness value to achieve maximum efficiency is obtained at
a thickness of 1.6 µm with a PCE value of 17.66%, a Voc value
of 1.13 Volts, a Jsc value of 20.79 mA/cm2, and FF of 74.96%.

Furthermore, it is important to contrast this theoretically
optimized thickness of 1.6 µm with typical experimental
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Figure 7. The efficiency, Voc, Jsc, and FF of solar cells with various Na values.

data. In practical device fabrication, the optimal thickness for
CsPbI3 absorber layers is frequently found to be significantly
lower, typically in the range of 300 to 500 nm [15,16]. This dis-
crepancy arises because our ideal SCAPS-1D simulation does
not fully account for the macroscopic morphological defects,
severe strain accumulation, and high series resistance that
typically plague experimentally deposited perovskite films
when their thickness exceeds 500 nm. Thus, while our simu-
lation identifies the fundamental optical limit for maximum
photogeneration, practical fabrication must balance optical
absorption against the severe morphological deterioration
associated with thick films.

Table 2. Light source parameters.

Spectrum AM 1.5G solar spec-
trum

Wavelength (nm) 200–4000
Transmission % 100
Ideal light current G(x) (mA/cm2) 20
Transmission attenuation filter % 100
The ideal light current cell (mA/cm2) 0

Table 3. A change in solar cell parameters after optimization.

Parameters Unoptimized Optimized

PCE (%) 16.3 23.1
Voc (V) 1.19 1.39
Jsc (mA/cm2) 18.33 20.5
FF (%) 75.2 87.4

3.3 Defect density of absorber layer
The absorber defect density strongly influences the solar cell
efficiency. Photoelectrons are produced when the absorber
layer interacts with light. As the absorber thickness increases,
efficiency increases, but defect density also increases, thereby
increasing recombination. PCE, Voc, Jsc, and FF values de-
creased when the Nt value of the absorber was increased from
1014 to 1017 cm−3. The PCE decreased from 16.4% to 9.1% due
to non-radiative Shockley-Read-Hall (SRH) recombination
[30,31,32], carrier recombination [30,33], and device perfor-
mance degradation [34,35,36]. Higher defect states act as
active recombination centers deep within the bandgap, which
severely diminishes the minority carrier lifetime and diffu-
sion length according to Shockley-Read-Hall (SRH) statistics.
One way to reduce the value of Nt is by using an ETL layer.
This ETL layer can prevent direct reactions between the per-
ovskite absorber and the electrode and can also increase the
crystallinity of the perovskite absorber. After optimization,
an efficiency of 16.4%, Voc 1.19 V, Jsc 18.33 mA/cm2, and FF
= 75.27% are obtained. Comparatively, while our simula-
tion demonstrates that reducing the defect density to 1014

cm−3 maximizes performance, typical experimental CsPbI3
films exhibit defect densities in the range of 1015 to 1016 cm−3

due to inherent iodine vacancies and imperfect crystallization
[15,16]. Achieving the theoretically optimal 1014 cm−3 level in
practical devices remains a significant challenge that requires
advanced surface passivation and controlled crystallization
techniques.

3.4 Acceptor concentration (Na) of absorber layer
Figure 6 and Figure 7 result from simulating a CsPbI3-based
solar cell by varying the Na value from 1015 cm−3 to 1018

cm−3. There is an increase in the PCE, Voc, and FF values
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Figure 8. J-V curve as a function of (a) ZnO and (b)
Spiro-OMeTAD thickness.

and a decrease in the Jsc value when the Na value increases.
When the Na value is increased, there is a decrease in the
energy level of the hole, which increases the Voc value. This
increase also occurs because the built-in potential increases.
This increases the value of Voc because the charge separa-
tion also increases. The optimal Na value was obtained (1018

cm−3) with an efficiency value of 20.90%, Voc = 1.31 V, Jsc
= 18.21 mA/cm2, and FF = 87.48%. It is worth noting that
experimentally achieving such a high intentional doping con-
centration of 1018 cm−3 without inducing structural disorder
or secondary non-perovskite phases is highly challenging.
Most experimental high-efficiency CsPbI3 devices rely on un-
intentional self-doping or mild extrinsic doping that reaches
approximately 1016 cm−3 to 1017 cm−3 [16]. Therefore, this
theoretical optimum serves as an upper bound, highlighting
the potential gains if highly effective, non-destructive doping
strategies can be experimentally realized.

3.5 Thickness of ETL and HTL
ETL is an important layer that reduces recombination losses
and should exhibit high optical transmittance to allow ef-
ficient light absorption in the perovskite layer. The ZnO
thickness varied from 50 to 500 nm. Figure 8(a) shows how
ETL thickness affects efficiency, Voc, Jsc, and FF. There was an
insignificant decrease in Voc, Jsc, FF, and PCE with increasing
ETL thickness. The thickness of the ETL partially absorbs
light, inhibiting the rate of charge generation and collection.

This decrease in performance can also result from a reduction
in transmittance. The thickness of Spiro-OMeTAD was varied
from 50 to 500 nm to find the optimal value, as shown in
Figure 8(b). As with ETL thickness variations, no significant
influence was observed during HTL thickness modulation.
Therefore, the HTL thickness was chosen to be 170 nm for fur-
ther optimization, which was the initial setting of this study.
The thinner the ETL and HTL layers, the higher the efficiency
value. The HTL layer needs to be thicker than the ETL layer
to reduce the possibility of recombination, as it facilitates
prompt transport of the same number of charge carriers to
the terminal.

Figure 9. J-V curves with various donor concentrations (Nd)
of ZnO.

Figure 10. J-V curves with various working temperatures.

Thicker HTL than ETL can make the light-absorbing layer
more capable of absorbing photons. These simulated optimal
ranges—approximately 50 nm for the ZnO ETL and 170 nm
for the Spiro-OMeTAD HTL—are in excellent agreement with
state-of-the-art experimental fabrications. In high-efficiency
experimental CsPbI3 solar cells, the ETL is typically deposited
at thicknesses around 30–50 nm to minimize series resistance,
while the HTL is coated at 150–200 nm to ensure complete
coverage of the rough perovskite surface while maintaining
efficient hole extraction [15,19].

3.6 Donor density (Nd) of ETL
Figure 9 shows the influence of the donor concentration (Nd)
of the ETL layer with variations of 1017 − 1019 cm−3. The
results obtained are similar to the results of variations in the
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Figure 11. Effect of working temperature on the (a) efficiency, (b) Voc, (c) Jsc, and (d) FF.

acceptor concentration of the absorber, where there is an in-
crease in the efficiency, Voc, and FF values and a decrease in
the Jsc value. However, the Nd variation did not experience
a significant increase or decrease, so it did not significantly
affect the performance of the CsPbI3 perovskite solar cell.
The optimum value of Nd is 1019 cm−3 because the Nd value
must be greater than the Na value. After all, the greater the
donor concentration, the more free electrons, so that it can
absorb photons with an efficiency value of 16.38%, Voc = 1.19
V, Jsc = 18.33 mA/cm2, and FF=75.20%. This optimally simu-
lated donor density of 1019 cm−3 aligns perfectly with experi-
mental realities. ZnO thin films intrinsically possess a high
concentration of shallow donor states, primarily arising from
oxygen vacancies and interstitial zinc atoms, which typically
yield carrier concentrations in the 1018 to 1019 cm−3 range
[25]. Thus, our simulation accurately reflects the inherent
electrical properties of experimental ZnO ETLs.

3.7 Working temperature
Figure 10 and Figure 11 present the effect of operating tem-
perature (275–475 K) on the photovoltaic performance of the
CsPbI3-based perovskite solar cell, including the J-V charac-
teristics and key parameters such as efficiency (PCE), open-
circuit voltage (Voc), short-circuit current density (Jsc), and fill
factor (FF). While standard testing conditions are near room
temperature (300 K), deployed solar cells in real-world appli-
cations often operate at significantly elevated temperatures
under concentrated sunlight or in hot, arid climates, easily
reaching 350 K or more. Therefore, simulating temperatures
up to 475 K is absolutely critical for rigorously evaluating
the extreme thermal stability limits of the CsPbI3 device and
understanding the failure mechanisms associated with in-
creased intrinsic carrier concentrations and enhanced phonon

scattering. As the temperature increases, a clear degradation
in device performance is observed, with efficiency, Voc, and
FF decreasing significantly, while Jsc shows a slight increase.
The reduction in Voc with increasing temperature is primar-
ily attributed to an increase in intrinsic carrier concentration,
which enhances the reverse saturation current. This leads
to higher recombination rates and a reduction in the quasi-
Fermi level splitting, ultimately lowering the open-circuit
voltage. Since Voc is highly sensitive to recombination, it
becomes the most affected parameter under elevated temper-
atures. The fill factor (FF) also decreases with temperature
due to increased carrier scattering and recombination losses,
as well as degraded diode quality. Higher temperatures can
reduce carrier mobility and increase resistive losses, which
contribute to a less ideal J-V curve shape.

In contrast, Jsc slightly increases with temperature. This
behavior can be attributed to the narrowing of the semicon-
ductor bandgap at higher temperatures, which allows the
absorption of lower-energy photons, thereby increasing the
photogenerated current. However, this improvement is rela-
tively small compared to the losses in Voc and FF. As a result,
the overall efficiency decreases with increasing temperature,
since the reduction in Voc and FF dominates over the slight
increase in Jsc. The J-V curves further confirm this trend,
where the curve shifts toward lower voltage as temperature
increases, indicating a reduction in Voc and degradation in
device performance. Overall, these results highlight that
temperature is a critical factor affecting the stability and per-
formance of perovskite solar cells. The degradation at higher
temperatures is mainly governed by increased recombination,
bandgap narrowing, and deterioration of diode character-
istics rather than defect generation alone. From an exper-
imental perspective, prolonged exposure to temperatures
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approaching 400 K can trigger a detrimental phase transition
in CsPbI3, where the photoactive black perovskite phase (α or
γ) degrades into the non-photoactive yellow phase (δ) [15,16].
While our simulation captures the electronic degradation
mechanisms such as enhanced recombination and intrinsic
carrier generation, practical device failure at these elevated
temperatures is often dominated by this structural instability,
underscoring the critical need for phase-stabilization engi-
neering in real-world applications.

Figure 12. Unoptimized versus optimized (a) J-V
Characteristic and (b) quantum efficiency.

3.8 Optimized J–V characteristic and quantum efficiency
(QE)

Before optimizing the CsPbI3 perovskite solar cell device,
the efficiency was 16.4%, the Voc value was 1.19 V, the Jsc
value was 18.34 mA/cm2, and the FF value was 75.2%. Af-
ter optimization of the FTO/ZnO/CsPbI3/Spiro-OMeTAD
device, the thickness and Na were from 0.5 µm to 1.6 µm
and 1015 to 1018 cm−3. The Nd value of ETL was optimized
from 1017 to 1019 cm−3. After final optimization, efficiency
increased to 23.1%, Voc to 1.39 V, Jsc to 20.5 mA/cm2, and
FF 87.4%. Figure 12 shows the comparison of the J-V curve
and quantum efficiency before and after optimization. De-
tail of optimized parameters is summarized in Table 3. The
theoretically optimized PCE of 23.1% provides a compelling
target for future experimental efforts. Currently, the record
experimental efficiency for all-inorganic CsPbI3 solar cells
hovers around 20–21% [16]. The gap between our theoretical
limit and current experimental records suggests that while
significant progress has been made, there remains substantial
room for improvement through rigorous control of interface
energetics, suppression of deep-level defects, and precise tai-

loring of charge transport layer properties as guided by our
simulation.

It is seen that as the voltage increases, current density also
increases, and the correlation between wavelength and QE is
optimized. QE is the ratio of the number of charge carriers
produced photoelectrically to the number of photons entering
the solar cell. The QE value increases when the wavelength is
300-710 nm. The highest QE is found in ∼360 nm (100%). The
QE is gradually decreased by shifting the wavelength to ∼710
nm. After optimization, the QE value is almost maximum
(100%) in the 300-710 nm range.

4. CONCLUSION

In this study, CsPbI3-based perovskite solar cells were suc-
cessfully optimized using SCAPS-1D simulation. The results
demonstrate that absorber thickness, defect density, and ac-
ceptor concentration are critical parameters influencing de-
vice performance. An optimal absorber thickness of 1.6 µm
provides efficient light absorption and carrier collection. Re-
ducing defect density minimizes recombination losses, while
appropriate acceptor concentration enhances charge transport
within the absorber layer. After simultaneous optimization
of all parameters, the device performance significantly im-
proved, with power conversion efficiency increasing from
16.3% to 23.1%, accompanied by significant enhancements in
Voc (from 1.19 V to 1.39 V), Jsc (from 18.33 to 20.5 mA/cm2),
and fill factor (from 75.2% to 87.4%). The improved perfor-
mance is supported by better J-V characteristics and near-
unity quantum efficiency across a broad wavelength range.
These findings confirm that systematic parameter optimiza-
tion, using physically realistic parameters grounded in experi-
mental characterization, is an effective strategy to enhance the
performance of CsPbI3 perovskite solar cells and provide a
robust theoretical benchmark for the design of high-efficiency
perovskite-based photovoltaic devices.
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