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Abstract

This study presents a comprehensive numerical simulation of a fully inorganic, lead-free perovskite solar cell
(PSC) based on the FTO/WS3/RbGels/CuCrO; configuration, aimed at achieving high efficiency with
environmental stability. The optimized device architecture exhibits excellent electronic coupling and favorable
band alignment, as indicated by a small conduction band offset at the WS,/RbGeljs interface and efficient hole
extraction through CuCrO,. The generation—recombination analysis confirms strong photon absorption
concentrated near the WS3/RbGels junction with minimal bulk recombination, resulting in effective carrier
separation and transport. The simulated device demonstrates outstanding performance with an open-circuit
voltage (Vo) of 1.20 V, short-circuit current density (Jy) of 34.22 mA/cm?, fill factor (FF) of 79.80%, and power
conversion efficiency (PCE) of 32.92%. Quantum efficiency analysis shows nearly 100% response across the
visible region extending up to 900 nm, confirming superior optical utilization. The absorber thickness
optimization study further reveals that an RbGels layer of ~600 nm provides the best trade-off between photon
absorption and charge extraction. These findings highlight the promise of RbGel 3-based all-inorganic, lead-free
perovskite solar cells as a highly efficient and sustainable alternative for next-generation photovoltaic
technologies.
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L. Introduction

Perovskite solar cells are an exciting new type of solar technology that can convert sunlight into
electricity very efficiently and at a lower cost than traditional silicon solar cells. In the last few years, their
performance has improved rapidly, making them strong candidates for future clean energy systems [1].
However, most high-performing perovskites contain lead, which is toxic and poses environmental risks if the
cells degrade or are disposed of improperly. To make these devices safer and more sustainable, researchers are
now developing lead-free perovskite materials that can still provide high efficiency and long-term stability.
These materials are especially important for future applications, such as flexible solar panels, portable power
sources, and solar cells built into windows or walls building-integrated photovoltaics [2].

One of the most promising lead-free materials is RbGels, which combines rubidium (Rb) and
germanium (Ge) in a stable crystal structure that absorbs sunlight effectively. Germanium replaces the toxic lead
while maintaining good electrical performance, and rubidium helps make the material more stable under heat
and light [3]. In this study, we explore a solar cell design that uses RbGels as the main light-absorbing layer in a
device structure made up of FTO/WS,/RbGels/CuCrO,/Au. Here, WS, acts as the layer that helps move
electrons, while CuCrO, helps move holes (positive charges). Both of these materials are stable and
environmentally friendly, making them suitable for all-inorganic solar cell designs [4].

Using simulation (SCAPS-1D), we can understand how this solar cell works internally without needing
expensive experiments. The simulation helps us study how sunlight is absorbed, how charges move, and where
energy losses occur inside the device [5]. It also allows us to find the best layer thicknesses and material
properties to get the highest efficiency. This kind of modeling helps researchers design better solar cells before
building them in the lab. Overall, the FTO/WS,/RbGels/CuCrO,/Au solar cell structure offers a safe, stable, and
efficient lead-free alternative that could play an important role in the future of green and sustainable solar
energy technologies.

182


http://www.ijerd.com/

Numerical simulation of Lead-Free RbGels Perovskite Solar Cells with all inorganic WS> and ..

II. Methodology

All numerical simulations in this study were conducted using the Solar Cell Capacitance Simulator
(SCAPS-1D), a widely utilized one-dimensional solar cell modeling software developed by Dr. Marc
Burgelman and his research team at the Department of Electronics and Information Systems, University of Gent,
Belgium [6]. SCAPS-1D primarily functions by solving the fundamental one-dimensional semiconductor
equations to accurately simulate the behavior of thin-film solar cells. Within the bulk of each layer, these
governing equations include Poisson’s equation alongside the carrier continuity equations (1), as outlined below,
in combination with the relevant constitutive relations (2)
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Where G, and G, are the electron and hole generation rate (cm--s™!) respectively, caused by external influences
such as the optical excitation with photons or impact ionization under large electric fields. The recombination
rates can be given by
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The above set of equations is solved numerically to extract the required solar parameters.In the present study,
One-dimensional planar n-i-p configuration (FTO/WS,/RbGels/CuCrO,/Au) was used for simulation by SCAPS
1D.

RbGels
CuCrO2

Fig. 1: Schematic diagram of solar cell configuration for the present study.
I11. Results and discussion

3.1 Energy band diagram

The energy band diagram of the FTO/WS,/RbGels/CuCrO, configuration illustrates a well-defined
heterojunction alignment that facilitates efficient charge carrier separation and transport within the device. The
conduction band minimum (E.) and valence band maximum (E,) of the RbGel; absorber layer are suitably
positioned between those of the WS, electron transport layer (ETL) and the CuCrO; hole transport layer (HTL),
ensuring a balanced band offset for effective charge extraction. The conduction band offset (CBO) at the
WS,/RbGel; interface is small and positive, forming a spike-type alignment that acts as a potential barrier
against electron backflow while allowing easy transport of photogenerated electrons toward the FTO electrode.
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Similarly, the valence band offset (VBO) between CuCrO, and RbGels supports efficient hole transfer while
suppressing electron recombination at the back contact. The separation of quasi-Fermi levels for electrons (Fy)
and holes (F,) within the absorber confirms a strong built-in electric field, promoting carrier drift and
minimizing interfacial recombination losses [7].

This optimized band configuration plays a crucial role in determining the photovoltaic performance of
the lead-free RbGels-based perovskite solar cell. The smooth alignment across the ETL/absorber and
absorber/HTL interfaces ensures rapid charge extraction, reduced recombination, and enhanced open-circuit
voltage (Vo) [8]. The absence of deep potential wells or abrupt discontinuities in the band structure indicates
minimal energy barriers for carrier transport, which is essential for maintaining high fill factor (FF) and overall
device efficiency. Moreover, the fully inorganic stack, comprising WS, and CuCrO, as robust transport layers,
contributes to excellent thermal and chemical stability, making the architecture suitable for long-term operation
and integration into next-generation, environmentally sustainable photovoltaic systems.
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Fig. 2: Energy band diagram of RbGels with all inorganic transport layers with quasi-Fermi levels for electrons
(F») and holes (Fp).

3.2 Generation Recombination profile

The generation—recombination profile of the FTO/WS,/RbGels/CuCrO, device reveals the underlying
charge carrier dynamics consistent with the previously discussed band alignment. The generation rate, which
peaks sharply near the WS,/RbGels interface (~1.0 um), indicates that most photogenerated carriers are
produced close to the junction where optical absorption and electric field strength are highest. This behavior
aligns with the favorable conduction band alignment that facilitates rapid electron extraction toward the WS,
layer [9]. The recombination rate remains relatively low across the active region, with a mild increase observed
deeper within the RbGel; layer and near the CuCrO, interface, suggesting limited trap-assisted recombination at
the back contact. This spatial separation between high-generation and moderate-recombination regions
demonstrates effective charge separation, supported by the strong built-in potential evident from the energy
band diagram. Overall, the optimized band offsets and balanced carrier transport across the ETL and HTL
interfaces contribute to enhanced photocurrent generation, minimal recombination losses, and improved
photovoltaic efficiency for the lead-free RbGels-based solar cell.
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Fig. 3: Generation recombination rates of solar cell.

3.3 J-V characteristics

The current density—voltage (J-V) characteristics of the FTO/WS,/RbGels/CuCrO, lead-free perovskite
solar cell exhibit outstanding photovoltaic performance, achieving an open-circuit voltage (Voc) of 1.20 V, a
short-circuit current density (Ji) of 34.22 mA/cm?, a fill factor (FF) of 79.80%, and a corresponding power
conversion efficiency (PCE) of 32.92%. The high V. is primarily attributed to the optimized band alignment
between the WS, electron transport layer (ETL), RbGels absorber, and CuCrO, hole transport layer (HTL),
which creates a strong built-in electric field that drives efficient charge separation. As observed in the energy
band diagram, the small conduction band offset (CBO) at the WS,/RbGels interface and favorable valence band
offset (VBO) at the RbGels/CuCrO, junction minimize carrier trapping and backflow, enabling smooth charge
extraction. The nearly ideal diode behavior reflected in the sharp J—V curve transition near V. indicates low
series resistance and suppressed interfacial recombination losses, confirming excellent electronic coupling
between layers [10].

The high Js value aligns well with the generation—recombination profile, which shows a pronounced
generation rate peak near the WS,/RbGels interface, confirming that the majority of photogenerated carriers
originate close to the region of strongest internal field. The relatively low recombination rate across the absorber
thickness further supports efficient carrier collection and minimal bulk recombination. The balanced transport
characteristics between WS, and CuCrO, allow both electrons and holes to move rapidly toward their respective
electrodes, sustaining a high fill factor close to 80%. These synergistic effects optimal energy band alignment,
strong light absorption, high carrier generation, and minimal recombination collectively account for the
exceptional simulated efficiency of 32.92%. This performance demonstrates the strong potential of RbGels-

based all-inorganic, lead-free perovskite solar cells as a viable route toward high-efficiency and environmentally
sustainable photovoltaic technologies [11].
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Fig. 4: J-V characteristics of solar cell with obtained photovoltaic parameters from SCAPS-1D.

3.4 External Quantum Efficiency analysis

The presented data collectively indicate an optimized device physics picture: the energy band diagram
shows a favorable band alignment with a small conduction-band spike at the WS,/RbGels interface and a
supportive valence-band offset at the RbGels/CuCrO, contact, producing a strong built-in field and effective
separation of quasi-Fermi levels [12]. The generation—recombination profile confirms this: a sharp generation
peak near the WS,/RbGels junction (high photon absorption and field-assisted carrier generation) and only
modest recombination deeper in the absorber and at the back contact, implying limited trap-assisted losses.
These factors are reflected in the electrical output — a high short-circuit current density (Jsc = 34.22 mA cm™)
and a large open-circuit voltage (Voc = 1.20 V) together with a high fill factor (FF = 79.8%) yield an excellent
simulated PCE of 32.92%. The external quantum efficiency, which remains near unity across the visible band
and extends toward the near-IR cutoff (~900—1000 nm), validates the strong broadband photon harvesting that
produces the large Jsc; meanwhile the low recombination and smooth energy-level matching explain the high

Voc and FF. Overall, the combined band alignment, localized high generation with suppressed recombination,
and broad QE response coherently account for the superior device performance [13].
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Fig. 5: External quantum efficiency plot simulated from SCAPS-1D.
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3.5 J-V curves with varying absorber thickness

The influence of absorber layer thickness on the J-V characteristics of the FTO/WS,/RbGelz/CuCrO,
solar cell reveals a clear dependence of photocurrent generation on the optical absorption and carrier transport
dynamics within the RbGel; layer [14]. As depicted in the figure, increasing the absorber thickness from 100
nm to 800 nm leads to a substantial rise in short-circuit current density (Jsc) from approximately 18 mA/cm? at
100 nm to around 34 mA/cm? beyond 600 nm, demonstrating improved photon absorption and enhanced carrier
generation with thicker films. This trend correlates with the previously discussed generation—recombination
behavior, where higher generation rates were observed near the WS,/RbGel; interface, indicating that a thicker
absorber allows for deeper light penetration and more complete photon utilization. However, beyond 600-700
nm, the J-V curves begin to saturate, suggesting that further thickness increase does not yield significant
photocurrent gain due to recombination losses and carrier diffusion limitations in the bulk absorber. The nearly
constant open-circuit voltage (Vo = 1.2 V) across different thicknesses indicates that the built-in potential and
band alignment remain unaffected, consistent with the optimized energy band structure and efficient charge
extraction previously analyzed. Hence, an RbGels thickness of around 600 nm offers the best trade-off between
light absorption and carrier transport, resulting in maximum device performance with minimal recombination
losses [15].
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Fig. 6: J-V plots with varying absorber (RbGels) thickness

IV. Conclusions

In conclusion, the simulation study of the FTO/WS,/RbGel3/CuCrO, lead-free perovskite solar cell
demonstrates excellent optoelectronic performance supported by optimized band alignment, efficient carrier
generation, and minimal recombination losses. The energy band diagram confirms favorable conduction and
valence band offsets that promote smooth charge transport, while the generation—recombination profile indicates
strong photon absorption near the WS,/RbGel; interface with limited trap-assisted losses. The device achieves a
high Vo of 1.20 V, Ji of 34.22 mA/cm?, FF of 79.80%, and PCE of 32.92%, corroborated by nearly 100%
quantum efficiency extending up to 900 nm. Thickness variation analysis further reveals that an RbGels layer of
around 600 nm provides an optimal balance between absorption and carrier collection. These results collectively
validate the potential of the RbGelz-based fully inorganic, lead-free perovskite solar cell as a high-efficiency
and environmentally sustainable photovoltaic configuration for next-generation energy technologies.
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