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ABSTRACT: In this study, a lead-free double perovskite solar cell structure based on Cs;BiAgl, was simulated and
optimized to enhance photovoltaic performance. The device architecture follows the configuration: ITO/PCBM/
Cs0/Cs,BiAgls/CdTe/Au. The thicknesses of the electron transport layer (ETL), absorber layer, and hole transport layer
(HTL) are systematically optimized to evaluate their impact on key performance parameters. The results indicate that
optimal performance is achieved with 600 nm thicknesses for all ETLs and HTL, and 2 um for the Cs,BiAgls absorber.
Under these conditions, the device exhibits a short-circuit current density of 23.23 mA/cm?, an open-circuit voltage of
1.08 V, and a fill factor of 86.35%, resulting in a power conversion efficiency exceeding 22%. The improved performance
is attributed to favorable energy band alignment and enhanced charge transport, which together facilitate efficient
carrier extraction and reduce recombination losses. In addition, the device demonstrates a high quantum efficiency
of approximately 96% within the 200-733 nm wavelength range. These findings highlight the promise of lead-free
perovskite solar cells in delivering high performance while offering a more sustainable and environmentally friendly
alternative to traditional lead-based technologies.

KEYWORDS: Lead-free perovskite; solar cells; bilayer ETL; renewables; photovoltaic; simulation

1 Introduction

Lead-free perovskite solar cells have recently gained significant interest as an alternative to
conventional lead-based systems, primarily due to concerns related to toxicity and long-term environmental
impact [1,2]. Among proposed candidates, double perovskites such as Cs;BiAgls have drawn particular
attention. Their fully inorganic composition offers enhanced chemical and thermal stability, particularly
under conditions where hybrid perovskites are prone to degradation, such as exposure to moisture and
elevated temperatures [2,3]. This characteristic makes them particularly suitable for stable photovoltaic
applications.

Despite these advantages, Cs;BiAgly and related lead-free double perovskites are still limited by
intrinsic material properties. In particular, the presence of an indirect bandgap is typically associated with
reduced optical absorption, which can limit overall device performance [3,4]. Consequently, improving
efficiency cannot rely solely on the absorber layer; instead, careful design of the device architecture,
especially the selection and optimization of charge-transport layers, is essential.

In this context, metal-oxide hole-transport layers (HTLs), including NiO, Cu,0, and other wide-bandgap
semiconductors, have been extensively investigated due to their chemical stability, favorable valence band
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alignment, and relatively high hole mobility [2,5]. Compared to conventional organic HTLs, these materials
offer improved durability and can effectively suppress recombination while enhancing charge extraction. It
is widely recognized that proper selection and engineering of transport layers can significantly improve
the performance of lead-free perovskite solar cells.

To address these challenges, the present work proposes a novel device architecture aimed at improving
charge transport, reducing recombination, and enhancing overall performance. The absorber layer is
based on Cs;BiAglg, a lead-free double perovskite that has recently attracted attention for its stability and
potential for photovoltaic applications.

Although Cs;BiAgl offers clear advantages in terms of stability and environmental compatibility,
its indirect bandgap and moderate absorption require careful device-level optimization. In particular, the
absorber thickness and transport layer design must be carefully tuned to achieve efficient carrier generation
and collection.

The proposed architecture also incorporates CdTe (Cadmium Telluride), a well-established material in
thin-film solar technology [6,7]. While CdTe is traditionally used as an absorber, its favorable electronic
properties, including suitable band alignment and good hole transport characteristics, make it a viable
candidate for use as a hole-transport layer in the present configuration. CdTe has demonstrated high
efficiency and technological maturity, which further supports its integration into advanced device
architectures [8-11]. Additionally, recent studies have explored light-trapping strategies to further enhance
CdTe-based device performance [7].

For electron transport, a bilayer structure consisting of PCBM (Phenyl-C¢;-butyric acid methyl ester)
and Cq is employed. PCBM is widely used to facilitate efficient charge separation at interfaces, while
Ceo provides excellent electron transport properties due to its high electron affinity and mobility [12,13].
Although both materials belong to the fullerene family, their roles are complementary rather than redundant.
PCBM primarily improves interfacial charge extraction and passivation, whereas Cq supports efficient
carrier transport and reduces resistive losses within the ETL stack. The combination of these two materials
is therefore expected to enhance the overall performance of the device.

Finally, ITO (Indium Tin Oxide) functions as the transparent conductive electrode (TCE). Its excellent
electrical conductivity and optical transparency in the visible range make it ideal for allowing light into the
device while conducting the generated current [14,15].

However, the device performance of Cs;BiAgls-based solar cells remains limited due to inefficient
charge transport and unfavorable energy band alignment. To address these challenges, designing appropriate
transport layers and heterojunction architectures is essential.

In this work, a novel double-heterojunction device structure incorporating a PCBM/Cg bilayer electron
transport layer and a CdTe hole transport layer is proposed. The device performance and energy band
alignment are systematically analyzed using wxAMPS simulation to optimize the photovoltaic characteristics
of the proposed structure.

By thoughtfully combining these materials, this solar cell design aims to deliver both high efficiency and
improved environmental compatibility, potentially offering a superior alternative to traditional lead-based
solar technologies.

2 Simulation Framework and Numerical Model

The electrical and optical performance of the perovskite solar cell was simulated using the wxAMPS
(Analysis of Microelectronic and Photonic Structures) software. It is a one-dimensional device simulator
widely employed for modeling multilayer photovoltaic structures. The simulator solves Poisson’s equation
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coupled with the continuity equations for electrons and holes under steady-state conditions, enabling
accurate modeling of charge transport, recombination, and electrostatic potential distribution [16].

Simulations were conducted under AM1.5G illumination (1000 W/m?) at a temperature of 300 K to
represent standard operating conditions. The device structure was modeled as a multilayer heterojunction
consisting of ITO/PCBM/C¢y/Cs;BiAgls/CdTe/Au.

For each layer, the relevant electronic parameters-bandgap energy (E,), electron affinity (X), relative
permittivity (&), donor (Ny) and acceptor (N,) densities, effective density of states (N, N,), and carrier
mobilities (u, 1) were defined based on reported experimental data. The selected values are summarized
in Table 1 [3,17-19].

The optical absorption coefficient of the absorber layer was estimated using the Tauc relation, providing
a realistic description of photon absorption and carrier generation. After defining all material parameters,
wxAMPS computed the steady-state solutions for potential distribution and carrier transport.

The device structure considered in the simulation is described in detail in Section 3. In the present study,
thickness optimization was performed by varying one layer at a time (ETL, absorber, or HTL thickness)
over a defined range, while keeping all other device parameters constant, in order to isolate the effect of
each parameter on the overall device performance.

Table 1: The electric parameters sitting for the simulated Cs,BiAgls solar cell used in the wxAMPS [3,17-19].

ITO PCBM C60 Cs,BiAgl, CdTe
E, (eV) 3.5 2 1.7 1.6 1.5
3 9 3.9 4.2 6.5 9.4
X (eV) 4 3.9 3.9 3.9 3.9
N, (cm™3) 2.2 x 10 2.5 x 10%! 8 x 10" 1.0 x 10" 8 x 10"
N, (cm™3) 1.8 x 10%° 2.5 x 10% 8 x 10" 1x 10" 1.8 x 10%°
M, (cm?/v/s) 20 0.2 8 x 1072 2 320
My, (cm?/v/s) 10 0.2 3.5%x 1073 2 40
N; (em™3) 1x10% 2.93 x 107 1x 10V 0 0
N, (cm™) 0 0 0 1x10% 2 x 10

3 Device Structure

In this investigation, the double heterojunction perovskite solar cell (PSC) was modeled using wxAMPS
simulation software. The device structure, [[TO/PCBM/Cq0/Cs;BiAgls/CdTe/Aul, is illustrated in Fig. 1.
This novel structure consists of Cs,BiAgly, a lead-free double perovskite, as the absorber layer. While the
electron transport layer (ETL). Organic semiconductors were chosen, bilayers of PCBM and Cg. The p-type
CdTe is used as a hole transport layer (HTL). At the same time, ITO serves as a transparent conductive
oxide (TCO). This novel solar cell design builds upon previous research, aiming to combine the advantages
of CsyBiAgls and CdTe with efficient charge transport layers to achieve high power conversion efficiency
and stability.

Energy Band Alignment

The energy band alignment of the proposed device is evaluated using the bandgap and electron affinity
values listed in Table 1. The conduction band minimum (CBM) and valence band minimum (VBM) positions
of each layer are determined using the electron affinity rule. Energy band alignment of the PSC device
structure is illustrated in Fig. 2.
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Figure 1: Schematic diagram of the simulated Cs;BiAgl; solar cell structure.
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Figure 2: Energy band alignment of the proposed PSC device structure.

PCBM has E of about 2.0 eV and a x of 3.9 eV, giving a CBM near —3.9 eV and a VBM around —5.9 eV.
Likewise, Cq exhibits a Eg ~1.7 eV with the same x value of 3.9 eV, resulting in a CBM of about —3.9 eV and
a VBM near —5.6 eV. The Cs;BiAgls absorber layer has a E; of 1.6 €V and a X of 3.9 eV, corresponding to a
CBM of about —3.9 eV and a VBM near —5.5 eV.

The conduction band alignment among PCBM, Cg, and Cs;BiAgl, is therefore nearly ideal, with an
almost-zero conduction band offset. Such a negligible offset provides a barrier-free pathway for electron
extraction from the absorber to the ETL side, thereby facilitating efficient electron transport and suppressing
interfacial carrier accumulation. In addition, the small valence band offset between Cq and Cs;BiAgls
[AE, = 0.1 V] helps maintain carrier selectivity and reduces back-transfer losses.

Although CdTe is traditionally used as an absorber material on thin-film solar cell, in the present study,
it is employed as a hole-transport layer due to its favorable electronic properties. It has an E; of about 1.5 eV
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and ax of 3.9 eV. That gives a CBM near —3.9 eV and a VBM around —5.4 eV. The energy band alignment
analysis reveals a small valence band offset (~0.1 V) between Cs;BiAgls and CdTe, which enables efficient
hole extraction across the interface. Moreover, the nearly flat conduction band alignment (AE. = 0) helps
to block electron backflow and suppress interfacial recombination. In addition, CdTe exhibits relatively
high hole mobility and p-type conductivity, which further enhances hole transport toward the back contact.
These characteristics make CdTe a suitable HTL candidate in the proposed device architecture despite its
conventional use as an absorber material.

Overall, the band structure of the proposed device shows favorable energy-level matching at both
the ETL/absorber and absorber/HTL interfaces. The near-flat CB alignment promotes efficient electron
collection through PCBM/Cg4y. Whereas the small VB offset between Cs;BiAgls and CdTe enables effective
hole transport. Such a favorable band alignment is expected to reduce interfacial recombination and
contribute to the enhanced photovoltaic performance of the simulated perovskite solar cell.

4 Results and Discussions

To optimize the performance of the simulated solar cell structure, it’s crucial to ensure that the layer
thicknesses are at their optimal value. These layer thicknesses influence the photovoltaic performance.
Therefore, we investigated the effects of Cgo-ETL, CdTe-HTL, and Cs;BiAgls-absorber layer thicknesses on
various solar cell performance parameters. These parameters include Jg, Vo, FF, and Eff.

4.1 The Effect of ETL Thickness on Electrical Properties

The study examined how the thickness of the ETL layer affects device performance, with the ITO layer
fixed at 50 nm, the absorber layer at 2 pm, and both PCBM and CdTe at 200 nm. The ETL thickness varied
from 100 nm to 600 nm in 100 nm steps.

Fig. 3 shows the obtained solar cell performance as a function of the Cgp-electron transport layer (ETL)
thickness. As the thickness increases from 100-600 nm, we observe a modest rise in the (J.) value, shifting
from 23.74 to 23.81 mA/cm?. In contrast, the (V,.) value remains relatively unchanged, as illustrated in
Fig. 3a,b. From a carrier-transport perspective, the Cg layer facilitates selective electron extraction while
blocking holes due to its favorable conduction-band alignment with the absorber. Increasing the ETL
thickness can improve interfacial coverage and reduce defect-assisted recombination at the absorber/ETL
interface. This leads to a marginal improvement in electron collection efficiency, which explains the slight
increase in Jsc. However, since the conduction band alignment is already nearly ideal (AE. = 0), further
increases in ETL thickness do not significantly enhance charge separation, resulting in minimal variation
in V. At the same time, increasing ETL thickness introduces additional series resistance, which limits
further performance gains. This behavior is consistent with drift-diffusion transport models, where carrier
extraction efficiency depends on both interface quality and layer resistance.

Furthermore, the fill factor (FF) increases from 86.06% to 86.19% as the thickness increases. Additionally,
the rise in ETL thickness affects the efficiency (Eff), which varies from 22.10% to 22.22%, as shown in Fig. 3c,d.

Efficiency is a function of Jg, Voc, and FF. The slight increases in J;. and FF, combined with stable
Voo, lead to a slight improvement in overall efficiency. This indicates that moderate thickening of the
Ceo-ETL enhances performance, but beyond a certain point, gains plateau or may even reverse due to
resistive losses. Thicker ETLs can improve quality and charge extraction, but at the cost of increased series
resistance [20-22]. Performance benefits are modest, suggesting the system is nearing an optimal ETL
thickness. Further thickening could eventually harm performance.
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Figure 3: Effect of C4 (ETL) thickness on the photovoltaic performance of the proposed device. (a) Short-circuit
current density (J.), (b) open-circuit voltage (V,.), (c) fill factor (FF), and (d) power conversion efficiency (Eff). The
x-axis represents the Cg thickness (nm), and the y-axis represents the corresponding electrical parameter. All other

device parameters were kept constant during the simulation.

4.2 The Effect of HTL Thickness on Electrical Properties

The study investigated how HTL layer thickness influences device performance, with the ITO fixed at
50 nm, the absorber layer at 2 um, and both PCBM and Cg at 200 nm. The HTL thickness was varied from
100 nm to 600 nm, in 100 nm increments.

Fig. 4 illustrates the effect of varying the thickness of the CdTe hole transport layer (HTL) from 100
to 600 nm on solar cell performance. The Js. remains constant at 23.76 mA/cm? throughout this range, as
observed in Fig. 4a. This indicates that changes in CdTe-HTL thickness have minimal impact on photon
absorption or charge carrier generation. This makes sense, as the HTL primarily affects hole transport
rather than light absorption, which is dominated by the absorber layer. From a carrier dynamics perspective,
the primary role of the HTL is to facilitate efficient hole extraction and transport while blocking electrons.
The small valence band offset (~0.1 V) between Cs,BiAgls and CdTe enables efficient hole transfer across
the interface, minimizing energy barriers for hole transport. As the HTL thickness increases, a slight
improvement in V. is observed, as shown in Fig. 4b. This behavior can be attributed to reduced interfacial
recombination and improved hole selectivity, which enhances the quasi-Fermi level splitting. Additionally,



Chalcogenide Lett. 2026;23(5):5 7

a thicker HTL can improve the built-in electric field distribution near the back contact, contributing to

more efficient carrier extraction.
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Figure 4: Effect of CdTe (HTL) thickness on the photovoltaic performance of the proposed device. (a) Short-circuit
current density (Js), (b) open-circuit voltage (V,.), (c) fill factor (FF), and (d) power conversion efficiency (Eff). The
x-axis represents the CdTe thickness (nm), and the y-axis represents the corresponding electrical parameter. All other

device parameters were kept constant during the simulation.

The FF improves slightly from 85.92% to 86.21%. As a result, the Eff experiences a minor enhancement,
increasing from 21.90% to 22.21%, as depicted in Fig. 4c,d. The results indicate that HTL thickness optimization
primarily influences recombination dynamics and carrier selectivity rather than photogeneration, leading to
gradual improvements in V., FF, and overall efficiency.

4.3 The Effect of the Absorber Layer Thickness on Electrical Properties

The study examined how the thickness of the absorber layer affects device performance, with the
ITO fixed at 50 nm and both PCBM and Cg at 200 nm, as well as the CdTe at 200 nm. The absorber layer
thickness was varied from 100 nm to 2 pwm, in 100 nm steps.

Fig. 5 presents the impact of varying the thickness of the Cs,BiAgls absorber layer, ranging from
100 nm to 2 pum, on the performance metrics of the solar cell. As shown in Fig. 5a, the J, initially increases
from 24.97 mA/cm? to a peak of 25.32 mA/cm? at thicknesses of 300-400 nm. Beyond this point, J,. declines,
reaching 23.43 mA/cm? at 900 nm, followed by a slight recovery to 23.76 mA/cm? at greater thicknesses.
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The initial increase in Js. suggests improved light absorption due to greater material volume. However,
beyond a certain thickness of 400 nm increased recombination and poor charge transport likely reduce
carrier collection, resulting in a drop in Js.
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Figure 5: Effect of Cs,BiAgls—absorber layer thickness on the photovoltaic performance of the proposed device.
(a) Short-circuit current density (Js.), (b) open-circuit voltage (V,.), (c) fill factor (FF), and (d) power conversion
efficiency (Eff). The x-axis represents the Cs;BiAgl, thickness (nm), and the y-axis represents the corresponding
electrical parameter. All other device parameters were kept constant during the simulation.

Fig. 5b illustrates that the V. consistently increases with thickness, starting at 0.79 V and reaching
up to 1.08 V. This behavior may be associated with improved junction operation and reduced effective
recombination losses under the optimized device configuration.

Fig. 5¢ shows that the FF initially drops from 81.67% to a minimum of 67.27% at 400 nm, but then
improves to a peak of 86.09% at 2 um. Consequently, the power conversion efficiency (Eff), shown in Fig. 5d,
follows a similar trend, dropping from 16.13% to a minimum of 15.29% at 300 nm before increasing to a
maximum of 22.13% at 2 pm thickness. What emerges here is a fairly typical trade-off. Increasing the
absorber thickness does help with light harvesting, but it also starts to push against the limits of transport
charge. In the case of Cs;BiAgl, this balance becomes even more sensitive because of its indirect bandgap
and only moderate absorption.
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So, the improvement at larger thickness is not really about the material suddenly performing better
optically. It has more to do with how the device is put together. With favorable band alignment and efficient
transport layers. It enables improved carrier extraction and reduced recombination, ultimately leading
to enhanced overall device efficiency. For that reason, the peak efficiency observed at 2 um should be
understood as the outcome of overall structural optimization. It does not provide evidence that Cs,BiAgl
intrinsically behaves like a highly absorbing direct-bandgap perovskite.

From a practical perspective, achieving such thickness may introduce challenges, including increased
bulk defect density and enhanced recombination losses during fabrication. Therefore, the results obtained
in this work should be considered as an optimized theoretical scenario. Future experimental studies may
explore alternative strategies, such as light trapping or optical enhancement techniques, to achieve similar
performance with reduced absorber thickness.

4.4 Performance of the Optimized Device Configuration

Based on the simulation results discussed in the previous sections, the optimal thicknesses of the
individual layers in the solar cell structure were determined to maximize device performance. The finalized
configuration includes an indium tin oxide (ITO) layer with a thickness of 50 nm, a PCBM electron-transport
layer of 600 nm, a Cg interlayer also at 600 nm, a Cs;BiAgls perovskite absorber layer of 2 pm, and a CdTe
hole transport layer of 600 nm. This carefully engineered layer structure balances efficient light absorption,
charge carrier separation, and transport, resulting in high overall device performance.

Fig. 6 presents the current density-voltage (J-V) characteristics of the optimized solar cell under
standard illumination conditions. Key performance indicators obtained from the simulation include a J,
of 23.23 mA/cm?, a V. of 1.08 V, a R of 0.25 Q-cm?, and a Ry, of 7123 Q-cm?. The device also exhibited a
high FF of 86.35% and an Eff of 22.33%. These values indicate strong photovoltaic performance and efficient
charge carrier dynamics within the cell.
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Figure 6: The current density-voltage (J-V) characteristics of the optimum solar cell performance.
The use of Cs;BiAgls as a lead-free double perovskite absorber offers significant advantages in terms

of environmental safety and material stability compared to conventional lead-based perovskites. Its optimal
thickness (2 um) ensures sufficient photon absorption across the solar spectrum, while the PCBM and Csg
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layers effectively facilitate electron transport and reduce interfacial recombination. CdTe, widely recognized
for its high hole mobility, serves as an efficient hole-transport layer, thereby further enhancing carrier
extraction. The low series resistance and high shunt resistance values indicate minimal resistive losses
and leakage currents, which contribute to the high fill factor observed. Altogether, these results highlight
the potential of the proposed structure for high-efficiency, lead-free solar cells, demonstrating both strong
performance metrics and environmentally sustainable material choices.

Fig. 7 illustrates the quantum efficiency (QE) spectrum of the optimized solar cell under standard
operating conditions. The QFE remains consistently high across a broad wavelength range, demonstrating
strong photon-to-electron conversion efficiency. Specifically, in the spectral range of 200-733 nm, the device
exhibits a nearly constant quantum efficiency of approximately 96%, indicating effective light absorption
and carrier collection in this region. Beyond 733 nm, the QE sharply declines and reaches zero at around
788 nm, marking the cutoff wavelength beyond which the device no longer responds to incident photons.
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Figure 7: The quantum efficiency for the optimum solar cell performance.

The high and steady quantum efficiency observed between 200 and 733 nm confirms the excellent
optical absorption and charge carrier extraction capabilities of the active layers, particularly the Cs,BiAglg
absorber in combination with the transport layers. The strong QE in the visible and near-UV region implies
that most photons in this range are successfully converted into electrical current, which significantly
contributes to the high Js. observed.

The abrupt decline in QE after 733 nm dropping to zero by 778 nm, suggests that photons with
wavelengths longer than this threshold do not possess sufficient energy to overcome the bandgap of the
absorber material. This behavior aligns with the expected spectral response of perovskite-based absorbers,
where the absorption edge is determined by the material’s bandgap. The sharp cutoff indicates minimal
sub-bandgap absorption or parasitic losses, which is favorable for efficient device operation. Overall, the
QE spectrum reinforces the effectiveness of the material selection and layer design in maximizing light
harvesting and charge collection, particularly within the high-intensity portion of the solar spectrum.

One of the inherent limitations of Cs;BiAgl, is its relatively weak absorption in the near-infrared (NIR)
region, primarily due to its indirect bandgap nature. As a result, a significant portion of the solar spectrum
remains unutilized, which limits the achievable photocurrent density.

To address this limitation, advanced photonic strategies, such as the incorporation of upconversion
materials, have been proposed in recent studies [23]. Rare-earth-doped phosphors, such as NaYF,:Yb*,
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Er’*, and NaYF,:Yb*>*, Tm?*, are capable of converting low-energy NIR photons into higher-energy visible
photons through nonlinear optical processes. These converted photons can then be effectively absorbed by
the perovskite layer, thereby enhancing the device’s spectral response.

Although the present study is based on numerical simulation and does not explicitly include
upconversion layers, the integration of such materials represents a promising direction for future work to
overcome the intrinsic absorption limitations of Cs;BiAgls and further improve device efficiency.

The simulated energy band diagram of the optimized PSC is shown in Fig. 8. It includes the conduction
band edge E., valence band edge E, and the quasi-Fermi levels for electrons Eg, and holes Eg, along the
device thickness.
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Figure 8: Simulated energy band diagram of the proposed PSC structure showing the Eq, Ey, Eg,, and Eg, along the
device thickness.

The band diagram reveals clear discontinuities at the material interfaces, confirming the formation
of a multilayer heterojunction structure. At the front side of the device, the conduction band alignment
between the ETL layers (PCBM/Cg) and the Cs;BiAgl, absorber provides a favorable pathway for electron
transport toward the front contact. The small conduction band offset reduces potential barriers for electron
extraction and minimizes interfacial recombination losses.

Within the Cs;BiAgly absorber layer, noticeable band bending is observed, indicating the presence
of a built-in electric field across the junction. This internal electric field facilitates the separation of
photogenerated carriers, driving electrons toward the ETL side while holes move toward the CdTe layer.

At the absorber/HTL interface, the valence band alignment between Cs;BiAgl, and CdTe enables
efficient hole extraction toward the back contact. Meanwhile, the conduction band discontinuity acts as an
electron-blocking barrier, suppressing electron back transfer and reducing recombination at the rear interface.

Furthermore, the separation between the electron and hole quasi-Fermi levels inside the absorber
confirms effective carrier separation under illumination conditions. Overall, the simulated band structure
demonstrates that the proposed device architecture provides favorable energy-level alignment for efficient
charge transport and enhanced photovoltaic performance.

The quasi-Fermi level splitting observed in the absorber region corresponds to the photovoltage
generated in the device and reflects the capability of the proposed structure to maintain efficient carrier

separation.
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As shown in Table 2, previously reported different double perovskite solar cells generally exhibit
relatively low efficiencies due to intrinsic limitations such as indirect bandgap characteristics and weak
absorption. In contrast, the proposed device achieves a significantly higher efficiency of 22.33%.

Table 2: Comparison of reported different double perovskite solar cell performance.

Reference Structure Method Efficiency
Wu et al. [24] ITO/SnO,/Cs,AgBiBr,/P;HT/Au Experimental 1.44%
Mustafa et al. [25] Cs,BiAgl¢-based devices SCAPS simulation 21.2%

Hossain et al. [3] Cs,BiAgls-based device SCAPS simulation ~14.4-21.5%
Current study PCBM/C60/Cs,BiAgl,/CdTe wxAMPS simulation 22.33%

This improvement is primarily attributed to the optimized double-heterojunction architecture, which
enhances charge separation and reduces recombination losses. The incorporation of a bilayer ETL
(PCBM/C¢p) improves electron extraction and transport, while the CdTe layer provides efficient hole
extraction due to favorable band alignment. Additionally, absorber thickness optimization plays a key role
in improving overall device performance. These results demonstrate the effectiveness of the proposed
design strategy in overcoming the limitations of lead-free double perovskite materials.

5 Conclusion

This work presents a comprehensive simulation-based optimization of a lead-free double perovskite
solar cell using Cs;BiAgls as the absorber material. The study focused on tuning the thicknesses of
the transport and absorber layers to identify the configuration that yields maximum device efficiency.
Results indicate that increasing the thickness of the Cg-ETL and CdTe-HTL to 600 nm yields modest
gains in efficiency, attributed to enhanced charge transport and reduced recombination. More significantly,
optimizing the absorber layer thickness to 2 pm enhances photon absorption without incurring excessive
recombination losses, thereby substantially improving the overall performance.

The finalized device configuration demonstrated excellent electrical characteristics, including a high
fill factor and an efficiency of 22.33%. The quantum efficiency analysis confirmed that the cell maintains
high responsiveness across the majority of the solar spectrum, with a sharp cutoff at 778 nm, indicative
of well-defined optical properties and effective energy conversion. Notably, the use of a lead-free double
perovskite not only achieves competitive efficiency but also addresses the environmental concerns associated
with lead-based perovskite solar cells. These findings open the door for the development of high-efficiency,
environmentally friendly photovoltaic technologies.
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