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ARTICLE INFO ABSTRACT

Keywords: In the search for alternatives to toxic lead-based perovskite materials, RbSng 5Geg s5I3 has emerged as a promising

SCAPS numerical simulation candidate. It offers a nontoxic composition while holding favorable photovoltaic properties. This investigation

SnO, . concentrates exclusively on the utilization of RbSngsGepsls in perovskite solar cells (PSCs), employing

E;:;:Sklte SCAPS_1D simulations to evaluate its performance. Through systematic investigation of a range of parameters

Efficiency such as the thickness of the perovskite layer, the effect of different HOLE TRANSPORT LAYER (HTL) materials,
ELECTRON TRANSPORT LAYER (ETL) doping concentration, HTL doping concentration, the defect density of
perovskite layer, the defect density of ETL/absorber and absorber/HTL interface, the defect density of ETL and
HTLs, series resistance, shunt resistance, various back contacts, and also the temperature on the performance of
perovskite solar cells. This investigation aims to optimize the efficiency and stability of RbSng s5Geg sI3-based
PSCs. The optimized device displayed a power conversion efficiency (PCE) of 24.28 %, fill factor (FF) of 78.48 %,
and quantum efficiency (QE) of 100 % in the visible range. By revealing the potential of this material in
renewable energy applications, the research contributes to the advancement of sustainable photovoltaic tech-
nologies. The toxicity of lead-based perovskite materials has been a concern in the development of perovskite
solar cells. The investigation for low-toxicity alternatives has led to the exploration of different materials,
including Sn_based halide perovskites. The development of stable and efficient perovskite solar cells is required
for the advancement of renewable energy technologies, and the research on RbSng s5Ge sIs_based PSCs con-
tributes to this purpose. Future work will focus on enhancing the scalability of RbSngsGegsls solar cells,
exploring tandem configurations with other photovoltaic materials, and conducting long-term stability assess-
ments in real-world conditions to further validate its commercial viability.

1. Introduction challenges, transforming sunlight into electricity employing semi-
conductor materials [10,11]. The past two decades have seen consid-

In recent years, solar cells have been contrived by the increasing erable advancements in solar cell technology, with the most widely used
global energy need and the demand for endurable [1-5], cost-effective, being silicon-based PV cells [12-14]. Nevertheless, the high production
and environmentally friendly energy sources [6-9]. Solar cells, mainly costs associated with these cells have conducted researchers to explore
photovoltaic (PV) cells, have occurred as a principal solution to these alternative materials and structures, such as lead-free perovskite solar
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Fig. 1. (a) Device architecture (b) band energy diagram of HTL-based device.

cells (PSCs) [15,16]. Alongside these developments, significant progress
has also been made in battery technology, enhancing energy storage
solutions for solar power systems [17,18]. Lead-free PSCs present
several benefits over traditional silicon-based solar cells, comprising:
Higher efficiency due to faster charge carrier diffusion and reduced
recombination losses, lower fabrication costs, as they require fewer
processing steps and less specialized equipment, environmentally
friendly processing, annihilating the use of toxic lead and decreasing
waste [19-22]. These advantages have sparked a considerable amount
of research and evolution in the field of lead-free PSCs, with various
groups investigating different materials and structures to optimize their
performance. Some of the key challenges in this area include improving
the stability of lead-free PSCs to provide their long-term durability and
reliability [23,24], determining the optimal thickness and doping con-
centrations for the diverse layers of the solar cells to maximize efficiency
and minimize production cost and developing adequate encapsulation
methods to protect it from environmental degradation and improve their
lifetime [25-29].

Among several perovskite compositions, the RbSng 5Geg 5I3 material
has garnered considerable attention for its desirable characteristics in
executing high-performance photovoltaic devices [30,31]. Despite the
promising theoretical predictions for RbSngsGegsls as a lead-free
alternative in photovoltaic applications, there is currently a lack of
extensive experimental data to validate these findings, highlighting the
need for further research to explore its practical performance and sta-
bility. To exploit the full potential of RbSng5Geg sIs PSCs, a compre-
hensive understanding of the complex interplay between material
properties, device architecture, and external parameters is essential.

The novelty of this work lies in its focused exploration OF
RbSng 5Geg sl3 as a lead-free alternative in PSCS, utilizing SCAPS-1D
Simulations to systematically analyze a wide range of parameters that
influence device performance. Unlike previous studies, this research not
only investigates the effects of various etl and htl materials but also
delves into the critical role of defect densities and temperature varia-
tions on the efficiency and stability of RbSng 5Geg 5I3 PSCS.

The choice of ETL is essential in determining charge carrier dynamics
within the perovskite thin film. in this work, we investigate the influence
of using SnO; as the ETL [32-34], coupled with various HTL materials
including Nickel Oxide (NIO) [35], Molybdenum Disulfide (MOS5),
[36], 2,2,7,7-Tetrakis(N,N-DI-P-Methoxyphenylamine)-9,9'-Spirobi-
fluorene (Spiromeotad), Copper(I) Iodide (CUI), Copper(I) Oxide
(CU20) and Molybdenum Trioxide MOOs3 [37-41]. Each combination
introduces specific charge transport and recombination characteristics,
influencing the overall device performance. Furthermore, we delve into
the effects of absorber and interface defect densities on the efficiency of
RbSng 5Gep sI3 PSCs. Understanding and minimizing defects are critical
for reaching high-performance and stable devices [42,43]. Further, the
investigation on the influence of back contact, series resistance (Rs), and
shunt resistance (Rsh) on the device performance, was also considered,
providing insights into optimizing the electrical characteristics of the
solar cells.

Temperature is a critical parameter influencing the efficiency and
stability of solar cells [44,45]. Therefore, we examine the temperature

dependence of RbSng 5Geg sl PSCs, elucidating the thermal effects on
their photovoltaic performance. The optimized device exhibited a power
conversion efficiency of 24.28 %, a fill factor of 78.48 %, and a quantum
efficiency of 100 % in the visible range. This indicates that the device is
highly efficient in converting solar energy into electrical power. These
results combine findings from a comprehensive exploration of these
parameters, drawing upon a rich literature base that spans the broader
context of perovskite solar cells, thin film technology, and the physics of
charge transport in semiconductor devices. By elucidating the intricate
relationships between material properties and device parameters, this
work contributes to the ongoing efforts to enhance the efficiency and
stability of RbSng 5Geg sl PSCs for a sustainable and robust photovoltaic
future.

This study employs the SCAPS-1D simulation framework to investi-
gate the efficiency and stability of RbSng 5Geg sIs-based perovskite solar
cells by analyzing various parameters that influence device perfor-
mance. In particular, the effects of different electron transport layers and
hole transport layers, defect interface density, back contact properties,
series resistance, and shunt resistance, alongside the impact of defect
densities and temperature on photovoltaic performance. Notably, the
findings presented in this study contribute significantly to our under-
standing of optimization strategies for RbSng 5Geg sl3 pscs, elucidating
the intricate relationships between material properties and device ar-
chitecture. Ultimately, this research underscores the potential impact of
advancing lead-free pscs technology in future applications.

2. Modeling and simulation parameters

SCAPS_1D is a one-dimensional simulation software tool employed
for simulating the behavior of solar cells [46-48,1,19]. It is a widely
utilized simulation tool in the field of solar cell investigation. In the
present work, SCAPS_1D has been utilized due to its advantages such as
its capability to simulate a broad range of solar cell structures, including
homojunctions, heterojunctions, and multijunctions. It simulates also
the effects of various parameters on the performance of solar cells, such
as defects and doping concentrations, temperature, and illumination
intensity. The principle of work of SCAPS_1D is based on Poisson’s
equation, the electron and hole current densities, and steady-state
electron-hole continuity, as it is presented in the following equations
[49-52]:

Poisson’s equation:

e (05 ) = ae) — ) + N5 3) ~ N} 0 + i) — o)

(@)
Continuity equation for electrons : 3—’: = % % +G,—R, (2)
. . op 1dJ,
forholes : — =— -2 -
Continuity equation for holes 3t q ox +G,—R, 3)

where q is charge, ¢ is dielectric permittivity, V is potential, p(x) is the
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Table 1 concentration of free holes, n(x) is the concentration of free electrons,
SCAPS input parameters for the Initial Device configuration. N3 (x) is the concentration of ionized donor, N (x) is a concentration of
SnO, RbSng 5Geg 513 FTO ionized acceptor, p(x) is hole trap density, n.(x) is electron trap density,

Eg (eV) 32 12 23 Jn is electron current density, J;, is hole current density, G, is generation

T (nm) 100 _ 50 rate of electrons, G, is generation rate of holes, R, is electron recombi-

x(eV) 4 4 4.1 nation rate and R, is hole recombination rate.

er(eV) , o 65 | SO In Fig. 1(a), a planar perovskite solar cell structure of the n-i-p type is

x,((cm 3)) ;2 1818 ; 1818 fz 1219 presented. This structure consists of a front contact made of Fluorine-

cm . . . . . . .
””(cmz V) 20 5 50 Doped Tin Oxide (FTO) coated Glass, Thin Dioxide (SnO3) as the Elec-
”e(cmz /Vz ) 10 2 50 tron Transport Layer (ETL), RbSng 5Geg I3 as the light_absorbing ma-
P . . . .

Np(em™3) 210'® 110 2108 terial, and various Hole Transport Layers (HTLs) along with Silver (AG)

Na(cm™3) 0 110 0 as the back contact.

Ure 1107 1107 1107 The initial simulation employs this PSC structure, and the input pa-

7 7 7 . .

Uh 110 110 110 rameters, detailed in Table 1 and Table 2 [53-57]. The parameters
include bandgap (Eg), electron affinity (x), relative permittivity (er),
conduction band effective density of states (NC), valence band effective

Table 2 density of states (NV), electron mobility (pe), hole mobility (up), donor
SCAPS input parameters of different HTLs [63,64]. concentration (ND) and acceptor concentration (NA). [58-62].
Cul Cuo Cu,0 MoS, NiO Spiro  MoOj The simulation considers a constant illumination of 1000 W.m ™2 at

Tam) =00 =00 =00 =00 =00 =00 =00 AM 1.5 G and a temperature of 300 K. To heighten the authenticity, we

Eg (eV) 31 1.48 217 1.03 3.10 200  3.00 simulate a modified PSC by introducing interface layers specifically,

(eV) 2.1 4.07 3.2 4.2 2.1 3.20 2.5 SnOy/ RbSng 5Gep 5I3 and RbSng 5Geg 5I3/HTLs. These layers are char-

x y

er(eV) 6.5 1810  7.11 4 6.5 3.00  12.50 acterized by a neutral defect density of 10'® cm™ and a characteristic

Ny (em™?) 1019 ?;)519 1'0119 1'(37 16819 3019 1;)819 energy of 0.6 eV for both interfaces. Additionally, 1v;re incgrporate defects

No(cm?) 28 21 2107 75 29 1 99 in all layers with a neutral defect density of 10°° cm™~ and a charac-

c . " N . " . . . .
101 1019 107 10 1019 1019 teristic energy of 0.6 eV for both interfaces. The work function of the
pe(cm?/Vs) 100 100 200 100 100 10 25 back contact, Ag, is assumed to be 4.57 eV.

Hplcm?/Vy) 439 0.1 80 150 43.9 10 100

Np(cm™2) 0 0 0 0 0 0 0 3. Results and discussion

Nj(cm™3) 108 910" 110" 10" 108 10 108

7 7 7 7 7 7 7
z“ 187 187 187 187 187 187 187 3.1. Effect of absorber layer thickness
Th
The thickness of the absorber layer is a critical parameter that
significantly affects the efficiency and characteristics of perovskite solar
cells [65-67]. To optimize the performance of these photovoltaic
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Fig. 2. PCE, Vo, Jsc, and FF as a function of the thickness of the absorber.
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Fig. 3. PCE, Voc, Jsc, and FF as a function of the ETL doping density.

devices, an appropriate absorber thickness should be chosen [68]. The
thickness of the absorbing layer, in combination with electron transport
and hole transport layers, largely determines the performance of the
tested device architectures [69]. Increasing the perovskite layer thick-
ness can increase the short-circuit current density of the solar cells [66].
However, the impact of the absorber layer thickness on the overall ef-
ficiency of perovskite solar cells is complex and requires meticulous
investigation [70]. For that purpose, the thickness of the absorber layer
RbSng 5Gepsl3 was investigated between 200 nm to 2000 nm for
different HTLs.

Fig. 2 shows the variation in device performance for different
absorber thicknesses and different HTLs.

For all the hole transport layers considered, the solar cells exhibit a
consistent trend. As the absorber layer thickness increases, the short
circuit current and overall efficiency initially experience a rapid ascent,
particularly up to 800 nm, due to substantial photon absorption in this
range. However, beyond 800 nm, there is a gradual decline in Jsc and
efficiency with increasing thickness. This can be attributed to the
increasing recombination rates associated with the heightened absorber
thickness [71,72]. Conversely, the open-circuit voltage and fill factor
show a decreasing trend as the absorber thickness increases, also due to
the increase in recombination. The MoS, has shown the highest pa-
rameters for all thickness values, whereas Cul has exhibited lower
values. To strike a balance between enhanced photon absorption and
mitigated recombination effects, the optimal thickness for the absorber
layer is identified as 600 nm for further simulation.

3.2. Effect of ETL doping density

The electron transport layer used in studied perovskite solar cells is
SnO,. Sn0,, known as tin dioxide, is a promising candidate for ETL due
to its chemical stability and suitable energy levels for electron transport
in perovskite solar cells [73]. The doping density of the ETL is critical for
modulating charge transport and recombination dynamics, which in
turn impacts the overall efficiency of the perovskite solar cells. It

requires careful consideration to optimize the performance and stability
of the devices [74,75]. By understanding the nuanced impact of SnO5
doping density on the photovoltaic characteristics of solar cells, re-
searchers can tailor the properties of the ETL to enhance device effi-
ciency and stability [76]. In this context, the doping density of SnO5 was
investigated in a range of 10'? to 10'8 cm 3 for different HTLs as Fig. 3
illustrates.

The research outcomes demonstrate that alterations in SnO5 doping
exerted a notable influence on all device parameters within the inves-
tigated structure. Notably, the use of spiroMeOTAD as the hole transport
layer resulted in marginal variations in device parameters, while other
configurations exhibited distinct responses to SnO, doping density. In
the case of Voc and efficiency, an incremental enhancement was
observed with increasing SnO, doping density until reaching 10'” cm ™3,
after which the improvements tapered off. Conversely, Jsc exhibited a
gradual decline with escalating SnO, doping density. The fill factor (FF)
data revealed a decreasing trend with diminishing SnO; doping density
until 107 cm™3, beyond which it began to decline. Notably, when CuO
and MoS, were employed as the HTL, the parameters continued to
improve even after reaching a doping density of 10'7 cm™>. This
behavior of SnO5 doping density on perovskite solar cell parameters can
be attributed to several factors. Firstly, it affects the charge transport
and recombination dynamics in the perovskite solar cell, which in turn
affects the device efficiency [77]. Further, optimal carrier mobility is
achieved at a specific doping density, contributing to the enhancement
of the device efficiency [78]. Moreover, the doping density of SnO2 can
affect the charge carrier diffusion length, which is a crucial parameter
for the performance of perovskite solar cells. The choice of hole trans-
port layer can also influence the behavior of SnO, doping density on
device parameters. For example, the use of MoS; as the HTL resulted in
continuous improvements in device parameters even after reaching a
doping density of 10'7 cm™3.

The value of 10*7 em™3, which represents a critical point in the
behavior of SnO; doping density on perovskite solar cell parameters,
will be adopted as a key reference point for the upcoming work. This
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Fig. 4. PCE, Vo, Jsc, and FF as a function of the HTL doping density.

value signifies an important threshold at which the influence of SnOy
doping density on the device parameters undergoes a significant change,
as revealed in the study.

3.3. Effect of HTL doping density

The doping density of the hole transport layer is a critical parameter
influencing the performance of perovskite solar cells, and its impact
varies across different materials [79]. In this investigation, we explore
the distinctive effects of HTL doping density on the photovoltaic
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characteristics of perovskite solar cells utilizing a range of materials,
including MoSs, spiroMeOTAD, Cul, Cuy0, MoOs, and NiO. Each ma-
terial represents unique benefits for optimizing charge transport and
recombination dynamics. Fig. 4 represents the variation of device per-
formance with HTLs doping density.

The study explored the impact of doping densities ranging from 10
em 3 to 10%° em ™2 on various hole transport layers in perovskite solar
cells. The findings revealed a significant impact of HTL doping density
on diverse device parameters, as illustrated in Fig. 4. Both spiroMeOTAD
and CuO as HTLs exhibited diminished device parameters at lower
doping densities. However, with an increase in density for different
HTLs, there was a concurrent rise in device parameters, reaching their
respective peak values. This observation highlights the crucial role of
HTL doping density in modulating and optimizing the performance of
perovskite solar cells across different materials. The increase in HTL
doping density can lead to improvements in device parameters such as
Voc, Jsc, FF, and efficiency due to reduced recombination, improved
charge transport, and optimized fill factor [80]. The findings of this
study provide valuable insights into the optimization of HTL doping
density for improved device efficiency and stability in perovskite solar
cells. An optimal doping density of 5 10'7 cm™ will be considered for
the HTL in the subsequent paragraphs of the article.

3.4. Effect of absorber defect density

The influence of absorber defect density on the performance of
perovskite solar cells is an essential aspect that rates detailed investi-
gation. Absorber defects can particularly affect charge transport,
recombination processes, and prevailing device efficiency [81]. In this
study, we delve into the nuanced effects of varying absorber defect
density on key photovoltaic parameters. The absorber defect density was
systematically varied in this investigation, ranging from 10'% cm™3 to

10'® em ™3, Fig. 5 depicts the variations in short-circuit current, open-
circuit voltage, fill factor, and overall efficiency of the studied struc-
ture in response to changes in absorber defect density.

The findings highlight the consistent impact of perovskite defect
density on various parameters of the solar cell. It was observed that an
increase in absorber defect density led to a uniform decrease in all pa-
rameters, including the open circuit voltage, short circuit current, fill
factor, and efficiency. This underlines the critical role of perovskite
purity in influencing the overall efficiency of the solar cell. The results
underscore the importance of maintaining the purity of the perovskite
material to achieve optimal performance in perovskite solar cells. The
observed decrease in all parameters with an increase in absorber defect
density underscores the need for strategies to minimize defects and
maintain the purity of the perovskite material in solar cell applications.
The optimized value for the perovskite defect density is determined to be
10'* cm~3, which will be utilized as the designated value for subsequent
calculations.

3.5. Effect of ETL defect density

In the investigation of the effect of Electron Transport Layer Defect
Density using SnO3 as the ETL material, the role of defect density in the
performance of perovskite solar cells was examined. Fig. 6 illustrates the
impact of Electron Transport Layer defect density on device parameters
for various Hole Transport Layers.

The defect density of SnO, was systematically varied from 102 cm™
to 10%° cm 3, and the findings revealed that no significant changes were
observed in the parameters of the device. The influence of defect density
on the performance of perovskite solar cells is a subject of extensive
research, and the choice of SnO5 as the ETL material is of particular
interest due to its potential impact on device parameters. The systematic
variation of defect density provides valuable insights into the behavior

3
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of SnO, as an ETL material and its influence on the performance of
perovskite solar cells. The observed lack of significant changes in device
parameters within the studied range of defect densities underscores the
need for further investigation and optimization of SnO,-based ETLs for
improved device efficiency and stability.

3.6. Effect of HTL defect density

The defect density within the Hole Transport Layer plays also an
important role in shaping charge transport, recombination processes,
and overall device efficiency [82]. In this study, we extensively examine
the impacts arising from variations in HTL defect density on crucial
photovoltaic parameters. Through a systematic analysis of changes in
defect density across a range from 10'2 cm ™3 to 10'® cm™ for different
HTL materials, we aim to unravel the intricate interplay between defects
and device performance within the hole transport layer. Our findings
indicate a distinctive trend among HTL materials as is presented in
Fig. 7. Specifically, for HTLs such as MoOgs, Cul, and NiO, the defect
density appears to have negligible influence on device parameters. On
the contrary, in the case of CuyO, CuO, spiroMeOTAD, and MoS; as
HTLs, the device parameters exhibit sensitivity to variations in defect
density. Increasing the defect density within these HTLs corresponds to a
decrease in device parameters.

This observation underscores the material-specific nature of HTL
responses to defect density variations and provides valuable insights for
tailoring HTL properties in perovskite solar cells. The choice of HTL
material and its defect density can significantly impact the performance
of perovskite solar cells. The findings from this study contribute to the
understanding of the material-specific responses to defect density vari-
ations and guide for optimizing HTL properties for improved device
efficiency and stability in perovskite solar cells. Based on the results
presented by MoS, for a density of 10™° cm™3, identified as a hole
transport layer, it has been chosen for the subsequent calculations.

3.7. Effect of defect interface density

The examination of the Effect of Defect Interface Density is also a
necessary aspect of understanding and optimizing the performance of
perovskite solar cells [83]. Specifically, this study focuses on two critical
interfaces: SnOy/Perovskite and Perovskite/MoS,. The defect interface
density at these junctions plays a significant role in influencing charge
transport, recombination processes, and overall device efficiency. As
Fig. 8 displays, the findings from this study indicate that when the defect
interface density at the SnO,/Perovskite and Perovskite/MoS; interfaces
exceeds 1017 em 3, there is a noticeable influence on the parameters of
the solar cells. When the interface defect ranges from 10'2 cm ™ to 10%°
cm ™2 for the MoS,/Perovskite interface and 102 em ™ to 10 cm ™ for
the Perovskite/SnO, interface, we observed maximum values for Jg. at
about 37.83 mA/cm? and for efficiency at 26.42 %. Conversely, within
the ranges of 10'® em ™ to 10%° cm 2 for Perovskite/SnO, and 5 106
em ™2 to 10%° em ™3, we encountered minimum values for Jg around
34.66 mA/cm? and for efficiency about 19.18 %. The maximum fill
factor peaked at approximately 8.06 % for values exceeding 5 108 cm 3
for Perovskite/SnO,, while the minimum of FF was approximately 0.76
% within the same range. V,. measured around 6.8 V for values
exceeding 5 10'® for Perovskite/SnO,, with the maximum reaching
83.20 V for varying values.

The impact of defect density on the performance of perovskite solar
cells has been the subject of numerous studies, and the findings from this
study contribute to the understanding of the material-specific responses
to defect interface density variations. The results provide guidance for
optimizing defect interface properties for improved device efficiency
and stability in perovskite solar cells. Understanding the mechanisms
controlling perovskite solar cell behavior and the impact of defect
interface density is crucial for developing strategies to enhance the ef-
ficiency and stability of perovskite solar cells.
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3.8. Effect of back contact

The back contact in a solar cell significantly influences its overall
performance [84,85]. By analyzing the impact of different work func-
tions, we gain valuable insights into the nuanced relationship between
the back contact and device parameters, which is crucial for optimizing
perovskite solar cell designs and maximizing their efficiency.

In this study, the investigation of the impact of varying the work
function of the back contact in a solar cell, ranging from 4.6 eV to 6 eV
was conducted. As Fig. 9 presents the variation of the back contact work
function from 4.6 eV to 5 eV led to a significant improvement in the
device parameters. However, beyond 5 eV, the enhancements became
more modest, with only a slight increase observed until reaching 6 eV.

The observed phenomenon can be elucidated by the increase in the
Schottky barrier for gaps as the work function of the back contact de-
creases, as depicted by the dashed rectangle in Fig. 10 (a) [85,86].
Consequently, it is recommended that back contacts with a work func-
tion exceeding 4.9 eV, such as the base Metals Nickel (NI) and Copper
(CU), and the noble metals Gold (AU) and Platinum (PT), are suitable
electrodes for Perovskite Solar Cells. Among these, Au has been selected
for further investigation.

The band diagram of the FTO/SnOy/RbSngsGeg sls/MoSy/Au
configuration provides essential insights into energy alignment and
charge transport mechanisms within the solar cell. The conduction and
valence bands of fto and sno:. are well-aligned, promoting efficient
electron transport from the perovskite layer to the fto electrode. The
SnOy/RbSn( sGepsl3 perovskite layer, characterized by a distinct
bandgap, enables optimal sunlight absorption and the generation of
electron-hole pairs. Fig. 10 (b) represents the spike-like feature at the
perovskite/MoS, interface in FTO/SnO»/RbSngs5Geqsls/MoSy/Au
structure suggests a favorable energy alignment that facilitates hole
transport from the RbSngs5Gegsls perovskite layer to the MoS; hole
transport layer. This spike configuration can enhance charge extraction,
leading to improved efficiency in the solar cell. Conversely, if any
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regions exhibit a cliff-like alignment, this could present a potential
barrier that impedes hole transport, resulting in increased recombina-
tion rates and diminished device performance. Our analysis of the spe-
cific energy levels of the conduction and valence bands of both the
RbSng 5Gep 513 and MoS; layers, derived from our SCAPS-1D simulation,
reveals significant differences in bandgap energies and electron affin-
ities that contribute to these observed configurations. Referencing
relevant studies on similar band alignments further substantiates our
discussion and provides a comprehensive understanding of the interface
behavior.

3.9. Effect of series resistance (Rs) and shunt resistance (Rsh)

The investigation of the impact of Series Resistance (Rs) and Shunt
Resistance (Rsh) on the performance of Perovskite Solar Cells is a
fundamental aspect of understanding and optimizing their behavior
[87]. In our study, we systematically varied the Rs values from 1 to 6 O.
cm? and the Rsh values from 100 O.cm? to 106 O.cm?. As it is presented
in Fig. 11. Our findings revealed a significant influence of these resis-
tance values on the photovoltaic parameters of the PSCs. Specifically, we
observed that higher values of Rsh, in conjunction with lower values of
Rs, led to higher efficiencies. This underscores the critical importance of
meticulously optimizing the series and shunt resistances in PSCs to
enhance their overall performance. The delicate balance between these
resistance parameters plays a pivotal role in determining the efficiency
of the solar cells, providing valuable insights for the design and
improvement of Perovskite Solar Cell technologies. The origin of series
and shunt resistance in solar cells, especially in perovskite solar cells, is
attributed to various factors such as the cell structure, material prop-
erties, and manufacturing processes. The relationship between series
and shunt resistances in solar cells has been studied and estimated using
current-voltage measurements. Additionally, the impact of series and
shunt resistances on the fill factor and overall power losses in solar cells
has been extensively discussed in the literature. These findings align
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Table 3
Input parameters of used materials.
FTO Sn0, RbSng 5Geg sl3 MoS;
Eg (eV) 3.3 3.2 1.2 1.23
T (nm) 50 100 - 500
x(eV) 4.1 4 4 4.2
&-(eV) 9 9 6.5 4
N, (cm™3) 2.210% 1.810% 110" 1.810"
N.(cm™3) 1.8 10" 2.210' 210'® 7.5 10
p(cm?/Vy) 50 20 2 100
Hp(cm? | V) 50 20 2 150
Np(cm™3) 210'® 110" 110" 0
Na(cm™3) 0 0 110" 5107
Ure 1107 1107 1107 107
o 1107 1107 1107 107
Table 4

Defects interfaces.

Interfaces Defects (cm )
MoS,/Perovskite 10
Perovskite/SnO, 10'®

with our observations and contribute to the comprehensive under-
standing of the role of series and shunt resistances in the performance of
Perovskite Solar Cells.

3.10. Optimized device performance

The optimized structure is FTO/SnO2/RbSng 5Geg 513/MoS2/Au and
its parameters are presented in Fig. 12 and Tables 3 and 4 respectively.
The JV and Quantum Efficiency (QE) curves are illustrated in
Fig. 13. The QE curve exhibits the maximum conversion of photons to
electrons across the entire spectrum (Fig. 13 a). Notably, the QE reaches
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its peak value between 380 and 950 nm before dropping to zero at 1050
nm. Ultimately, the best Perovskite Solar Cell device parameters for our
configuration, considering the optimized ETL, HTL, absorber layer, se-
ries resistance (Rs = 1 Ohm.cmz), and shunt resistance (Rsh = 1 10°
Ohm.cm?), are Voc = 0.82 V, Jsc = 37.42 mA/cm?, FF=78.48 %, and 1
= 27.18 %, respectively. The investigation of the effect of Series Resis-
tance and Shunt Resistance on the performance of Perovskite Solar Cells
is a critical aspect of understanding and optimizing their behavior.

3.11. Temperature effect on PSC device performance

To gain a deeper understanding of the impact of environmental
conditions on the performance of our optimized structure, we conducted
calculations to assess the Perovskite Solar Cell parameters across various
temperatures [88]. Fig. 14 presents the J_V curve of our device recorded
at different operational temperatures.

The analysis revealed that Voc, FF, and n exhibited gradual decreases
from 0.82 to 0.63 V, 78.48 % to 69.57 %, and 24.28 % to 16.60 %,
respectively, as the temperature increased from 300 K to 420 K, as
illustrated in Fig. 15. This decline in PSC parameters can be attributed to
the heightened recombination rate and saturation current associated
with temperature elevation. However, the Jsc value showed a notable
increase from 37.42 to 37.50 mA/cm?, which can be linked to increased
coulombic scattering, which negatively impacts both carrier mobility
and lifetime. As temperature rises, the thermal energy of charge carriers
increases, leading to more frequent collisions with lattice ions, thereby
reducing their effective mobility. This heightened scattering results in
fewer charge carriers contributing to the current flow. Additionally,
higher temperatures can increase carrier recombination rates, short-
ening the lifetime of charge carriers and further diminishing the JSC.
The specific materials used, such as SnOy and the perovskite layer
RbSng 5Gey sl3, may exhibit varying responses to temperature changes,
influencing their conductivity and overall performance. In essence, the
overall performance of the device experienced degradation at higher

temperatures. The stability of PSCs at high temperatures has been a
challenge, and researchers have been exploring ways to minimize PSC
degradation at high temperatures. The fill factor of PSCs is considerably
lower than that of conventional solar cells, and it is governed by
recombination and series resistance at the maximum power point
(MPP), in the absence of shunts.

As Table 5 presents, RbSngsGegsls solar cells are distinguished
within the photovoltaic landscape due to their remarkable combination
of high efficiency—reaching up to 24 %, which is on par with lead-based
perovskites—and improved stability. These cells circumvent the toxicity
and environmental issues linked to lead, presenting a viable alternative
to tin-based perovskites, which often face challenges with lower effi-
ciency and stability. Although RbSngsGegsls cells are still in the
research phase and not yet commercially available, their promising
characteristics position them as frontrunners for future solar
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Table 5
Limitations of Other Competitive Technique.
TECHNIQUE ADVANTAGES LIMITATIONS
LEAD-BASED HIGH EFFICIENCY (UP TOXICITY OF LEAD,
PEROVSKITES [89] TO 26 %) STABILITY ISSUES,
ENVIRONMENTAL
CONCERNS

TIN-BASED
PEROVSKITES [90]

ORGANIC
PHOTOVOLTAICS
[91]

DYE-SENSITIZED
SOLAR CELLS [91]

RbSng 5Geg sI3 SOLAR
CELLS [THIS WORK]

LEAD-FREE, LOWER
TOXICITY

FLEXIBLE,
LIGHTWEIGHT

SIMPLE FABRICATION,
ECONOMICALLY
ADVANTAGEOUS
HIGH EFFICIENCY (UP
TO 24 %), STABILITY

LOWER EFFICIENCY
(TYPICALLY<15 %),

STABILITY CHALLENGES

LOWER EFFICIENCY
(TYPICALLY<10 %),
LIMITED STABILITY
LOWER EFFICIENCY
(TYPICALLY <12 %),
LIMITED LIFETIME

STILL UNDER RESEARCH,

LESS COMMERCIAL
AVAILABILITY

technologies.

4. Conclusion

The research presented in this study demonstrates a comprehensive

investigation into the performance enhancement of RbSngsGeqsls-
based perovskite solar cells (PSCs) through SCAPS-1D simulations. By
systematically exploring the impact of various parameters such as the
choice of hole transport layer and electron transport layer materials,
their thicknesses, and the doping concentrations of the different layers,
the study has contributed to the optimization of the efficiency and sta-
bility of lead-free PSCs. The findings demonstrate that the optimized
device exhibited a high-power conversion efficiency (PCE) of 24.28 %, a
fill factor (FF) of 78.48 %, and a quantum efficiency (QE) of 100 % in the

12

visible range, indicating its potential for converting solar energy into
electrical power with high efficiency and stability. The significance of
this research lies in its contribution to the development of sustainable
and robust photovoltaic technologies. By addressing the challenges
associated with lead-based perovskite materials, such as their toxicity
and the stability of PSCs at high temperatures, the study has advanced
the exploration of low-toxicity alternatives and provided insights into
minimizing PSC degradation. Furthermore, the investigation of the
intricate relationships between material properties and device parame-
ters has broader implications for the advancement of renewable energy
technologies. In conclusion, the findings of this study not only under-
score the potential of RbSng 5Geg 5l3 as a promising candidate for lead-
free PSCs but also provide valuable insights into the optimization of
PSC performance. The research contributes to the ongoing efforts to
enhance the efficiency and stability of lead-free PSCs, thereby support-
ing the transition towards a more sustainable and environmentally
friendly energy landscape. The choice of HTL and ETL materials, their
thicknesses, and the doping concentrations of the different layers have
been shown to significantly impact the performance of the lead-free
PSCs, highlighting the importance of these factors in the development
of high-efficiency and stable solar cell technologies.
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