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Abstract

This study evaluates the potential of the lead-free double perovskites CsGel, and CsSnl, for high-performance photovoltaic
applications through a combined approach integrating SCAPS-1D solar cell modeling with density functional theory (DFT). Using the
Au/Cul/CsGel,/CsSnl,/ZnSe/FTO device configuration, SCAPS-1D simulations identified optimal absorber-layer parameters, including
thicknesses of 1000 nm for CsGel, and 700 nm for CsSnl,, a doping level of 10" cm™, and a defect density of 10" cm™. Under these
optimized conditions, the device achieved high performance, delivering a Voc of 1.17534 V, Jsc of 30.54 mA-cm2 FF of 88.08%, and a
PCE of 31.61%. To complement these device-level results, DFT calculations were performed to examine the structural, mechanical,
thermodynamic, and electronic characteristics of both materials. The optimized lattice parameters, elastic constants, and derived
mechanical moduli confirmed structural integrity and ductile behavior, while the calculated sound velocities and Debye temperatures
supported their thermal stability. Electronic-structure analyses revealed narrow mBJ band gaps of 0.71 eV for CsGel, and 0.69 eV for
CsSnl,, indicating strong absorption capabilities across the visible-NIR region. This work presents the first application of a CsGel,-
CsSnl, dual-absorber solar cell, offering a promising strategy for improving light absorption, carrier transport, and overall device
performance. Furthermore, these combined results demonstrate that CsGel, and CsSnl, possess favorable optoelectronic properties
and high simulated photovoltaic efficiency, making them excellent candidates for future eco-friendly solar-energy technologies.
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1 Introduction

Current research on perovskite solar cells (PSCs) faces
a major challenge: developing devices that are both effi-
cient, stable, and lead-free, in order to meet environmen-
tal requirements while maintaining high energy conver-
sion efficiency. In particular, the combination of inorganic
perovskite compounds in a dual-absorber configura-
tion remains poorly explored, despite the potential syn-
ergy between materials with complementary properties.
The main objective of this study is therefore to identify
and optimize a lead-free perovskite combination capable

of enhancing photovoltaic conversion while ensuring high
thermal and chemical stability. In recent years, PSCs have
achieved remarkable progress, attracting strong scien-
tific interest due to their rapid efficiency improvement,
increasing from 3.8% to 25.7% within a decade [1-3].
This improvement is mainly attributed to the excep-
tional optoelectronic properties of halide perovskites,
including high absorption coefficients, low exciton bind-
ing energies, long carrier diffusion lengths, ideal band
gaps, and high carrier mobilities [2-5]. Their tunable
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band gaps, wide absorption range, low effective car-
rier masses, and abundant point defects further enhance
their potential for photovoltaic and optoelectronic appli-
cations [6-13]. Several studies have investigated CsGel,
or CsSnl, as a single absorbing layer in perovskite solar
cells. For example, Asfandyar Ali Khan et al. employed
a PSC structure of the type CMTS/CsGel,/CdZnS
based solely on CsGel, and achieved an efficiency
of 25% [14]. Similarly, Anas Ahmad et al. analyzed three
structures using CsSnl,; among them, the GO/CsSnl,/CeO,
configuration exhibited the highest PCE (21.52%), fol-
lowed by GO/CsSnl,/WO, (21.4%) and MoS,/CsSnl./
WO, (15.64%) [15]. However, none of these works exam-
ined the simultaneous use of CsGel, and CsSnl, within
the same solar cell, which represents the main original-
ity of the present study. In this context, combining CsGel,
and CsSnl, in a dual-absorber architecture appears to be a
promising approach to enhance light absorption, optimize
charge-carrier transport, and reduce recombination losses.
Such a configuration has the potential to achieve higher
efficiency than structures based on a single active layer.
Similarly, several other studies are found on Cs-based
perovskites [13, 16-23], using generalized gradient
approximation methods, the study of Aneer et al. [24]
investigates the impact of cation and anion substitutions
under isosymmetric compression. The results reveal how
these substitutions influence the perovskites' properties.
Un-Gietal. [25] conducted a detailed investigation into the
thermoelectric properties of cubic CsBI, (B = Pb, Sn, Ge)
perovskites at 700 K, utilizing first-principles lattice
dynamics, anharmonic phonon renormalization, and
the Boltzmann transport equation. Their study revealed
that these materials exhibit extremely low lattice ther-
mal conductivities (<0.6 W/mK?) and substantial ther-
mopower factors (>1.5 mW/mK?). Notably, CsGel, and
CsSnl, showed ZT values exceeding 0.95 when n-type
doping was applied, underscoring their potential as effi-
cient, low-cost thermoelectric materials. In another
study, Md et al. [26] explored lead-free cubic perovskites
CsBX, (B = Sn, Ge; X = I, Br, Cl) for solar cell appli-
cations, examining their structural, electronic, optical,
and mechanical characteristics using Density Functional
Theory (DFT). The results showed these materials are
stable, with high optical absorption, low reflectivity, and
strong optical conductivity, especially in the Ge-based
compounds, indicating their promise for photovoltaic use
which outperforms Pb-based alternatives. Among the
materials, CsGel, and CsGe(I ,Br,), show the highest

potential for solar cell applications, with the latter offer-
ing improved mechanical ductility.

Furthermore, the findings of Khalil et al. [27] indicate
metallic behavior due to a lack of a bandgap, with lat-
tice constants determined using both PBE-GG and LDA
functionals. FrGaH, shows promise for hydrogen stor-
age, achieving a gravimetric capacity of 2.1 wt%, while
all compounds exhibit antiferromagnetic properties and
minimal energy loss with high conductivity. The study of
Noor et al. [28] explores the potential of double perovskite
halides A _ScInl (A = Rb, Cs) for renewable energy appli-
cations, analyzing their structural, electronic, and optical
properties using FP — LAPW + lo DFT methods. Results
confirm their stability, ductility, and infrared light absorp-
tion, making them suitable for optoelectronic devices.
Additionally, transport properties like electrical and
thermal conductivity, Seebeck coefficient, and figure of
merit suggest promising thermoelectricperformance, sup-
porting their use in energy-related technologies. Earlier
research has demonstrated that all-inorganic perovskite
CsSnl, can be produced via a melting-solidification pro-
cess, with a high melting point of 451 °C, highlighting its
remarkable inherent thermal stability [29, 30]. In contrast,
organic-inorganic hybrids like MASnI, and FASnI, begin
to break down at temperatures around 200 °C, showcasing
their relatively lower thermal durability [31].

The reviewed studies collectively advance sustain-
able hydrogen production, CO, management, and LNG
liquefaction by integrating renewable energy, waste-
heat recovery, and advanced thermodynamic cycles.
Works [32-34] achieved major reductions in hydrogen
liquefaction energy demand, lowering SPC to 4.32-
6.60 kWh kg™ LH, with efficiencies up to 65%. Studies
[35,36] further improved performance through liquid-air
energy recovery and cascade He/H, refrigeration, reach-
ing SEC values near 5.96 kWh kg™ LH, and SOFC effi-
ciencies exceeding 62%, with economically attractive
payback periods (~4.25 years). Research [37, 38] enhanced
solar-energy utilization and CO, capture/liquefaction,
reporting liquid CO, production of 2.641 kg s and COP
values of 3.66. Additional contributions in [39] demon-
strated high-output CO, liquefaction (9307 kmol h™)
and exergy efficiencies up to 58.48% using load-shift-
ing and geothermal-ORC integration. Finally, study [40]
optimized solar-assisted LNG liquefaction, achieving a
COP of 3.20, SEC of 0.229 kWh kg LNG, and exergy
efficiency of 42.77%. Overall, these works highlight
how hybrid renewable-wasteheat systems significantly



improve efficiency and economic viability in clean energy
technologies. In this study, we explore the physical prop-
erties of CsGel, and CsSnl, using advanced computational
techniques to provide a clear and focused understanding
of their potential in modern energy technologies. Unlike
previous works that examined these materials separately,
our study presents a combined, systematic investigation
integrating density functional theory (DFT) calculations
with SCAPS-1D photovoltaic simulations, offering a
more comprehensive assessment of their performance in
the same device architecture. This dual-method approach
enables us to correlate intrinsic material characteris-
tics — such as structural stability, mechanical behavior,
electronic band features, and optical response — with
devicelevel efficiency. By addressing existing gaps in the
literature and highlighting the advantages of lead-free
perovskites, our work brings forward new insights, meth-
odological clarity, and practical value for the design of
next-generation environmentally friendly solar cells.

2 Computational details

This research was conducted using the SCAPS-1D sim-
ulator, a numerical tool specifically designed for mod-
eling thin-film heterojunction solar cells. Developed
by Marc Burgelman and his team at Ghent University
in Belgium, SCAPS is built on the LabWindiws/CVI
platform by National Instruments. Since its introduc-
tion at the 2nd World Conference on Photovoltaic Solar
Energy Conversion in 1998, it has been made available
to selected research institutions specializing in photovol-
taics. SCAPS-1D solves the fundamental semiconductor
transport and continuity equations across multiple lay-
ers, accounting for position-dependent doping profiles
and energy band distributions under various illumination
conditions. The simulation involves iterative processes
that continue until the algorithm reaches convergence.
Originally intended for the CulnSe, and CdTe families
of solar cells, SCAPS has since been upgraded to include
the simulation of crystalline solar cells (such as Si and
GaAs) as well as amorphous cells (like @-Si and Si micro-
morphs) [41, 42]. Fig. 1 illustrates the solar cell configura-
tion of Au/Cul/CsGel,/CsSnl,/ZnSe/FTO, as well as the
energy band alignment simulated using the SCAPS tool.
By investigating this configuration, we examine its effi-
ciency and performance, which could inform the devel-
opment of high-efficiency, environmentally friendly
photovoltaic devices. This software enables the model-
ing of solar cells with up to seven distinct layers, each
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Fig. 1 (a) Structure of the Au/Cul/CsGel,/CsSnl,/ZnSe/FTO solar cell,
(b) energy band alignment

defined by specific characteristics such as doping pro-
files, thickness, energy levels at donor or acceptor sites,
and light absorption. It computes parameters including
charge concentrations, energy band structure, currents,
and current-voltage (J—V) characteristics. The material
properties and spectral response are derived through solu-
tions to three fundamental equations, starting with the
Poisson equation [43]:

-0/ ox[ e (x)oV / ox]

:q[p(x)—n(x)+Ng(x)—N;(x)+pt(x)—n, (x)} M
The hole continuity equation [44]:

oP/ot=1/q(8J,)/ox+G,-R, ©)
The electron continuity equation [44] :

on/or=1/q(dJ,)/&x+G,—R, 3)

With: ¢ is the charge; V is the potential; ¢ is dielec-
tric permeability # is concentration offree electrons; p is
concentration of free holes; N} (x) is the concentration
of ionized acceptors; N (x) is the concentration of ion-
ized donors; Gp is the hole generation rate; G, is the rate
of generation of electrons; n,(x) is the density of trapped
electrons; p (x) is the density of trapped holes; R is the
recombination rate of holes; R is the recombination rate
of electrons; J, is the current density of the hole; J is the
current density of the electron. The simulations were con-
ducted with SCAPS-1D version 3.3.07, using the input
parameters listed in Tables 1 and 2 [40, 43, 45, 46] and
applying standard test conditions: AMI1.5G solar spec-
trum, a temperature of 300 K, and a power density of
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Table 1 Properties of the materials (Cul, CsGel,, CsSnl,, ZnSe and FTO) utilized in cell simulation
Parameters Cul (p-type) [24]  CsGel, (p-type)  CsSnl, (p-type) ZnSe (n-type) FTO (n-type)
Thickness (nm) 100 400 400 100 100
Band gap (eV) 2.98 1.6 1.3 33 3.5
Electron affinity (eV) 2.1 3.52 39 4.1 4.0
Dielectric permittivity 6.5 18.0 18 9.0 9.0
CB effective density of states (cm™) 2.8 x 10" 1.0 x 10" 2.2 x 107 4 x 10 2.2 x 10"
VB effective density of states (cm™) 1.1 x 10" 1.0 x 10" 1.8 x 10" 1.0 x 10" 1.8 x 10"
Electron thermal velocity (cm s™) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
Hole thermal velocity (cm s™) 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107 1.0 x 107
Electron mobility (cm? V' s7) 100 20 0.2 100 20
Hole mobility (cm? V' s™) 439 20 0.2 25 10
Shallow uniform donor density ND (cm ™) 0 0 0 1.0 x 10* 2 x 10"
Shallow uniform acceptor density NA (cm™) 2.0 x 10" 2.0 x 10" 2.0 x 10" 0 0
Nt (cm) total 1.0 x 10 1.0 x 10 1.0 x 10" 1.0 x 10% 1.0 x 10
Reference
Table 2 The input properties for the Cul/; /and /ZnSe interfaces
Interface layer Cul/CsGel, CsGel /CsSnl, CsSnl,/ZnSe
Type of defect neutral neutral neutral
Electrons capture cross-section (cm?) 1.0 x 10 1.0 x 10 1.0 x 10
Hole capture cross-section (cm?) 1.0 x 10" 1.0 x 10 1.0 x 10
Energy distribution single single Single
Defect energy level reference (E) above the highest EV above the highest EV above the highest EV
Energy level related to reference (eV) 0.6 0.6 0.6
Total density (integrated over all energies) (cm?) 1.0 x 10" 1.0 x 10" 1.0 x 10"

(1000 W m™) [47]. In this study, we also conducted a
detailed analysis of the structural, electronic, optical, elas-
tic, and mechanical properties of CsGel, and CsSnl, using
the WIEN2k [48] based on the full-potential linearized
augmented plane wave (FP-LAPW) approach under the
framework of density functional theory (DFT) [49].
Structural optimizations, including lattice parameters
and atomic positions, were performed using the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional
within the generalized gradient approximation (GGA) [50].
To achieve accurate electronic structure calculations,
the modified Becke-Johnson (mBJ) potential [51] was
employed, which is known for improving band gap pre-
dictions for semiconductor materials such as CsGel, and
CsSnl,. The parameters used in this study included a plane-
wave cutoff RmtKmax = 7 and Gmax = 16 Ry, chosen to
ensure sufficient convergence. Muffin-tin radii (Rmt) were
set to 2.5 atomic units (a.u.) for Cs, 2.2 a.u. for Ge and Sn,
and 2.0 a.u. for I, to fit the atomic sizes into the crystal struc-
ture. For accurate integration in reciprocal space, a dense
k-point grid of 10 x 10 x 10 was used for Brillouin zone

sampling [45, 52]. The optical properties such as absorption,
refractive index, and extinction coefficient were derived from
the dielectric function, showing strong potential for CsGel,
and CsSnl, in photovoltaic applications. Additionally, the
thermal stability of these materials was explored to evaluate
their feasibility for use in practical energy systems.

3 Results and discussion

3.1 SCAPS 1D simulation study

3.1.1 Optimization of CsGel, and CsSnl, thickness
Optimizing the thickness of active layers in perovskite
solar cells is crucial for maximizing energy conversion
efficiency. The active layers, particularly those made of
perovskite, play a key role in light absorption and charge
carrier generation (electrons and holes), which contributes
to the production of electric current. An appropriate thick-
ness ensures maximum light absorption while minimizing
recombination losses, which could otherwise reduce cell
efficiency [53]. Several studies have focused on optimizing
the thickness of various perovskite absorber layers, demon-
strating that precise thickness adjustments can significantly



enhance key photovoltaic parameters, such as open-circuit
voltage (Voc), short-circuit current (Jsc), fill factor (FF),
and power conversion efficiency (PCE) [54-56].

In this study, we explored the impact of CsGel, and
CsSnl, layer thicknesses on solar cell performance to deter-
mine the optimal thicknesses for maximizing the cell's over-
all energy efficiency. The results obtained are represented in
the contour maps Fig. 2(a)-(d), each illustrating the relation-
ship between layer thickness and photovoltaic performance.

Contour map (Fig. 2(a)): This map shows the variation of
Voc with the thickness of the absorber layers. Voc generally
decreases as the thickness of the layers increases. However,
the optimal thicknesses of 1000 nm for CsGel, and 700 nm
for CsSnl, lead to a Voc of 1.01065 V. These values were
chosen as they strike a balance between maximum light
absorption and minimal recombination losses. With these
optimized thicknesses, the generated charge carriers reach
the electrodes more quickly, reducing non-radiative recom-
bination and enhancing overall cell performance.

Contour map (Fig. 2(b)): This map shows the variation
of Jsc with thickness. As the thickness of the absorbing
layers increases, Jsc initially increases due to enhanced
light absorption, but it stabilizes beyond the optimal thick-
ness. For the chosen optimal thicknesses (1000 nm for
CsGel, and 700 nm for CsSnl,), a Jsc of 33.9614 mA ¢cm™
is achieved. The initial increase in Jsc is due to the greater
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number of electron-hole pairs generated in thicker layers.
However, beyond these optimal thicknesses, Jsc plateaus,
suggesting that charge carrier collection is maximized, and
excess recombination losses do not significantly increase.

Contour map (Fig. 2(c): This map shows the variation
of the fill factor (FF) with layer thickness. The FF remains
relatively stable across a broad range of thicknesses,
although it decreases slightly with greater thickness. At the
optimal thicknesses (1000 nm for CsGel, and 700 nm for
CsSnl,), an FF of 81.6793% is achieved. This stability indi-
cates effective management of parasitic resistances, and the
observed decrease in FF with increasing thickness is min-
imal, suggesting that the increased thickness does not sig-
nificantly affect the cell's internal resistance. As a result,
the device maintains optimal performance [57, 58].

Contour map (Fig. 2(d)): This map illustrates the power
conversion efficiency (PCE) as a function of the absorber
layer thickness. The PCE reaches its maximum at the opti-
mized thicknesses of 1000 nm for CsGel, and 700 nm
for CsSnl,, resulting in a PCE of 28.0348%. This optimal
efficiency is achieved by balancing high light absorption
with minimized recombination losses. The chosen thick-
nesses ensure that enough light is absorbed to generate
a large number of charge carriers, without excessively
increasing the probability of recombination, thereby max-
imizing the cell's overall efficiency.
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Fig. 2 Contour maps showing the variation of photovoltaic parameters with CsGel, and CsSnl, thicknesses: (a) Voc (V), (b) Jsc (mA.cm™),
(c) FF (%), and (d) PCE (%)
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Fig. 3 presents Nyquist diagrams for different thick-
nesses of CsGel, with a fixed CsSnl, thickness of 700 nm.
The results show an increase in impedance (—Z") with
CsGel, thickness, reaching a peak and then decreasing.
The initial increase in —Z" reflects the accumulation of
charge carriers and elevated series resistance within thicker
absorber layers, which hinder efficient charge transport and
lead to higher recombination losses. This is consistent with
the formation of more trap states and longer carrier diffu-
sion paths that elevate the recombination probability.

As the thickness increases further, the impedance
begins to decline, indicating a shift where excessive thick-
ness no longer contributes meaningfully to recombina-
tion or resistive buildup, possibly due to saturation effects
or improved bulk transport. At the optimal thickness of
1000 nm for CsGel,, the impedance reaches a balance
point where charge extraction is efficient and recombina-
tion losses are minimized, thus correlating directly with
improved photovoltaic performance [59].

The optimal thicknesses of 1000 nm for CsGel, and
700 nm for CsSnl, allow the solar cell to achieve max-
imum performance, with a Voc of 1.01065 V, a Jsc
of 339614 mA.cm?, an FF of 81.6793%, and a PCE
0f28.0348%. These results highlight the importance of opti-
mizing the thickness of absorbing layers to maximize light
absorption while controlling recombination and transport
losses. This work aligns with similar studies that have inves-
tigated analogous parameters and achieved high efficien-
cies by optimizing the CsSnl, absorber thickness through
simulations, underscoring the impact of absorber thickness
and resistance minimization on performance [60, 61].
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Fig. 3 Nyquist plot illustrating the evolution of impedance as a function
of absorber thickness

3.1.2 Optimization of CsGel, and CsSnl, doping density
Optimizing the doping density in perovskite solar cells
is a key strategy for enhancing their overall perfor-
mance and power conversion efficiency. Numerous stud-
ies have shown that tuning the doping levels within the
absorber layers can significantly impact critical photovol-
taic parameters, including the open-circuit voltage (Voc),
short-circuit current density (Jsc), fill factor (FF), and
power conversion efficiency (PCE). A clear understand-
ing of the relationship between doping density and device
performance is essential for the development of high- effi-
ciency solar cells and for mitigating the limitations asso-
ciated with recombination losses [62, 63]. In this study,
the impact of doping density in the absorbing layers
CsGel, and CsSnl, on solar cell performance was exam-
ined. The results reveal significant trends in key perfor-
mance parameters: Voc, Jsc, FF, and PCE, as shown in the
contour maps of Fig. 4, ranging from Fig. 4(a) to Fig. 4(d).
Contour map in Fig. 4(a) shows that varying the dop-
ing density reveals a complex relationship with solar cell
performance metrics. For CsGel,, the Voc remained rel-
atively stable at around 1.003 V across the different dop-
ing densities, indicating that the increase in doping did not
adversely affect the voltage output. However, the most nota-
ble improvements were observed in Jsc, FF, and PCE as
the doping density of CsSnl, was increased. Contour map
in Fig. 4(b) indicates that the short-circuit current den-
sity (Jsc) also followed a positive trend, reaching a max-
imum of 34.05 mA.cm™ at the highest doping level. This
increase reflects a direct consequence of enhanced light
absorption and the generation of more electron-hole pairs,
which are critical for achieving higher current output.
Contour map in Fig. 4(c) reveals that the fill factor (FF)
showed a progressive increase, peaking at 88.08% with a
doping density of 10" cm™. This increase suggests bet-
ter management of series and shunt resistances, likely
due to more favorable carrier mobility at optimal doping
levels. Higher doping concentrations may facilitate effec-
tive charge transport, reducing recombination losses and
allowing for a more efficient collection of generated carri-
ers. Contour map in Fig. 4(d) indicates that at lower dop-
ing levels (10" cm™), the PCE was approximately 24.11%,
which gradually increased with higher doping concen-
trations. Notably, at a doping level of 10" cm™, the PCE
peaked at 31.61%. This enhancement can be attributed to
improved charge carrier concentration leading to increased
light absorption and enhanced collection efficiency of
charge carriers [64, 65]. These results underscore the
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Fig. 4 Contour maps showing the variation of photovoltaic parameters with CsGel, and CsSnl, doping density: (a) Voc (V), (b) Jsc (mA.cm™),
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significant role of doping density in optimizing the perfor-
mance of perovskite solar cells. The findings indicate that
while maintaining a stable Voc, increased doping densities
in CsSnl, substantially improve Jsc, FF, and PCE, demon-
strating the importance of tuning doping levels to enhance
solar cell efficiency. A doping density of 10" c¢cm™ was
chosen as optimal for the CsGel, and CsSnl, layers, corre-
sponding to a Voc of 1.17533 V, a Jsc of 30.5308 mA cm2,
a FF of 88.0836%, and an efficiency of 31.6076%.

These results are in good agreement with the findings
of Tariq et al., who investigated the impact of doping con-
centration on the performance of lead-free perovskite
solar cells. Their study highlighted the critical role of dop-
ing density in enhancing solar cell efficiency, with a spe-
cific focus on key photovoltaic parameters.

Throughnumerical modeling ofa germanium (Ge)-based
solar cell structure, they initially achieved a power conver-
sion efficiency (PCE) of 17.74%. By optimizing the doping
concentration and employing copper-based hole transport
materials, the efficiency was further improved, reaching
up to 23.56% [53].

3.1.3 Optimization of CsGel, and CsSnl, defect density
Optimizing the defect density in perovskite solar
cells is essential for enhancing their performance and

overall power conversion efficiency. Numerous studies
have shown that variations in defect densities within the
absorbing layers can significantly influence key parame-
ters such as open-circuit voltage (Voc), short-circuit cur-
rent density (Jsc), fill factor (FF), and power conversion
efficiency (PCE) [55, 57]. Understanding the relation-
ship between defect density and solar cell performance is
essential for developing high-efficiency devices and over-
coming limitations posed by recombination losses.

In this study, the impact of defect density in the absorb-
ing layers CsGel, and CsSnl, on solar cell performance
was examined. The results reveal significant trends in key
performance parameters: Voc, Jsc, FF, and PCE, as shown
in the contour maps in Fig. 5, ranging from Fig. 5(a) to
Fig. 5(d). The contour map in Fig. 5(a) shows that the vari-
ation of defect density reveals a complex relationship with
the performance metrics of the solar cells. For CsGel,,
the Voc remained relatively stable at around 1.175 V across
the different defect densities, indicating that the increase
in defect density did not have a detrimental effect on the
output voltage. However, the most notable improvements
were observed in Jsc, FF, and PCE as the defect density
of CsSnl, increased [59]. The contour map in Fig. 5(b)
indicates that at lower defect densities (10" cm™), the PCE
was approximately 31.61%, which gradually decreased
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Fig. 5 Contour mapping of PV parameters for CsGel, and CsSnl, defect density: (a) Voc (V), (b) Jsc (mA.cm™), (c) FF (%), and (d) PCE (%)

with higher defect densities. Notably, at a defect density
of 10" cm™, the PCE dropped to 1.22%. This decline can
be attributed to increased recombination losses, resulting
in a reduced concentration of charge carriers and therefore
lower light absorption [59].

The contour map in Fig. 5(c) reveals that the fill fac-
tor (FF) showed a progressive decrease, reaching a max-
imum of 88.08% with a defect density of 10" cm™. This
decrease suggests that higher defect densities negatively
affect the management of series and shunt resistances,
likely due to reduced carrier mobility [62, 66].

The contour map in Fig. 5(d) indicates that the short-cir-
cuit current density (Jsc) decreases with increasing defect
density. A value of 30.54 mA cm™ was obtained at the
lowest defect density (10' cm™).

This decrease is directly due to increased defect-in-
duced recombination losses, which reduce the number of
photogenerated electron-hole pairs contributing to the out-
put current [63, 67]. These results underscore the signifi-
cant role of defect density in optimizing the performance
of perovskite solar cells, as illustrated in Fig. 6.

The findings indicate that while maintaining a rela-
tively stable Voc, increased defect densities in CsSnl,
significantly reduce Jsc, FF, and PCE, demonstrating
the importance of minimizing defect levels to enhance
solar cell efficiency. A defect density of 10" cm™ has
been chosen as the optimal defect density for these
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Fig. 6 J-V characteristics of the optimized cell

two layers, corresponding to the following parame-
ters: Voc (V) = 1.17354, Jsc (mA cm™?) = 30.53567,
FF (%) = 88.0837, PCE (%) = 31.613

3.2 DFT investigation

3.2.1 Structural robustness, along with elastic,
mechanical, and thermodynamic properties

Structural Robustness

The compounds CsBI, (where B = Sn, Ge) adopt a cubic
crystal structure that aligns with the space group Pm3m
(no. 221). In this arrangement, each unit cell contains a total



of five atoms, representing a single formula unit of the com-
pound. Here, Cs atoms are located at the corners of the cube,
assigned to the 1a Wyckoff position with fractional coordi-
nates (0, 0, 0). Meanwhile, the B atom is centrally positioned
in the unit cell providing structural stability, associated with
the 1b Wyckoff site and coordinates (1/2, 1/2, 1/2), estab-
lishing the central point of the cubic framework. The halide
atoms (X) are distributed at the face centers, occupying the
3¢ Wyckoff sites with fractional coordinates (0, 1/2, 1/2).
This spatial arrangement results in a three-dimensional net-
work where each B atom is octahedrally coordinated by
X atoms, forming a robust [BX,] octahedron and impart-
ing structural stability to the perovskite lattice. The stabil-
ity of these compounds is further supported by analyzing
the total energy as a function of volume, as illustrated in
Fig. 7. The Murnaghan EOS was utilized for the mechanical
optimization in this investigation [64]. For both materials,
the curves exhibit a minimum point corresponding to the
equilibrium volume, where the system is most stable. CsGel,
achieves its minimum energy at a smaller volume compared
to CsSnl,, reflecting the smaller atomic size of Ge relative to
Sn. The well-shaped parabolic curves signify the mechani-
cal stability of both materials, ensuring that they can with-
stand small deformations without experiencing significant
energy changes. For CsGel,, the optimized lattice constant
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is 6.0075 A, while for CsSnl, it is slightly larger at 6.2994 A,
as seen from the calculated data in Table 3 [68—74].

This difference in lattice constants is primarily
attributed to the larger atomic radius of Sn compared
to Ge, which causes CsSnl, to have a larger unit cell vol-
ume (1686.9281 A%) compared to CsGel, (1463.1486 A%).

These results are consistent with experimental and the-
oretical values [64, 75-80], although minor discrepan-
cies exist due to the computational methods employed,
which can introduce small variations depending on
exchange-correlation functionals. CsGel, has a bulk mod-
ulus of 17.5930 GPa, indicating that it is slightly stiffer
than CsSnl,, which has a bulk modulus of 15.2334 GPa.
A lower bulk modulus in CsSnl, suggests a material that is
more compressible, consistent with the larger atomic size
of Sn, which leads to weaker bonds between atoms.

Additionally, the pressure derivative of the bulk modulus
(B") provides insights into how the material's compressibil-
ity changes under pressure. The value for CsGel, is 4.9865,
which is slightly higher than that for CsSnl, (3.5259). This
suggests that CsGel, will experience a more significant
increase in resistance to compression as pressure increases
compared to CsSnl,. When compared to other works,
the lattice constants and bulk moduli for both CsGel,
and CsSnl, show reasonable agreement, although slight
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Fig. 7 The total energy as a function of volume for (a) CsGel, and (b) CsSnl,

Table 3 The lattice parameters, bulk modulus, pressure derivative (B'), and formation energy (E,) for CsGel, and CsSnl,

Compound VO (a.u)? a0 (A) B0 (GPa) B’ EO (Ry) Eg (eV)
CsGel This work 1463.14 6.00 17.59 498 —62493.46 0.71
sGe
’ Other Exp 1451.36° 5.991° 16.60¢ —62493.39° 0.62¢
This work 6.05° 1.60f
1686.92 6.29 15.23 3.52 —70653.58 0.69
CsSnl,
Other Exp 6.245¢ 16.56¢ 4.27¢ —70653.52¢ 0.44¢
6.21¢ 1.27¢

Notes: a: [68], b: [69], c: [70], d: [71], e: [72], f: [73], g: [74]
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variations are observed due to different computational
approaches. For instance, other studies report a lattice con-
stant of 5.98 A for CsGel,, which is slightly lower than our
computed value of 6.0075 A. Similarly, the bulk modulus
for CsSnl, reported in other work (22.70 GPa) is higher
than our calculated value of 15.2334 GPa, possibly due to
different treatment of the exchange-correlation effects.

3.2.2 Elastic, mechanical and thermodynamic
properties

The elastic constants are essential in evaluating a mate-
rial's mechanical response and resilience under different
stress conditions, offering valuable information about
its potential for structural and mechanical applications.
For cubic crystals, mechanical stability depends on three
key elastic constants: C,, C,,,
obtained from the second derivative of the total energy

and C,,. These constants,

with respect to strain, are essential for assessing stability
via the Born criteria [81]:

C,-C,>0 “4)
C,>0 ®)
C,>0 (©)
and

G, +2C, >0 (M

From these values, the bulk modulus B, shear modu-
lus G [83], and Young's modulus E are calculated utiliz-
ing the Voigt-Reuss-Hill averaging approach [68]. In cubic
systems, the bulk modulus is estimated as follows [48]:

Bv=1/3(C, +C,) @®)

Shear modulus, Young's modulus, and Poisson's ratio
(V\nuv) are calculated using:
9BG 3B-2G
y- 986, (38-20) ©)
(3B+G") (2(3B+G))
The anisotropy factor 4 and Pugh's ratio B/G further
characterize the elastic behavior. 4, defined as:

4=(2C,)/(C,+Cp) (10)

assesses elastic anisotropy, while Pugh's ratio B/G indi-
cates ductility; values above 1.75 suggest ductile behav-
ior [69], while values below 1.75 indicate brittleness [70].

Elastic constant

For CsGel,, the elastic constants C,, C,,, and C,, are
36.554 GPa, 4.415 GPa, and 8.387 GPa, respectively, as
detailed in Table 4 [71, 78]. These values indicate rela-
tively higher stiffness along the [1 0 0] direction, which
is consistent with its cubic symmetry. In comparison,
CsSnl, has lower elastic constants with C, = 28.860 GPa,
C, = 4582 GPa, and C,, = 7.313 GPa, implying that
CsSnl, is more flexible and softer than CsGel,. These
values suggest that CsGel, exhibits better resistance to
deformation under stress compared to CsGel,. When
comparing with previous works, the elastic constants for
CsGel, are slightly lower than those reported in literature
(C,, = 40.32GPa, C, = 8.18 GPa), but remain in the same
order of magnitude, reflecting minor discrepancies poten-
tially arising from different computational approaches,
which is in very agrrement with other work [72, 78].

Resistance to compression and shear response
The bulk modulus (B) quantifies how a material withstands
isotropic compression, is 15.127 GPa for CsGel,, while

Table 4 Elastic and mechanical properties of CsGel, and CsSnl,, showcasing parameters such as Young's modulus, shear modulus, and poisson's ratio

Parameters CsGel, Other work [79] CsSnl, Other work [72]
C, 36.55 40.15 28.86 33.59
C, 4.41 6.84 4.58 16.79
C, 8.38 8.51 731 8.65
Bulk modulus B 15.12 17.98 12.67 15.57
Shear modulus G (GPa) 10.91 11.17 8.96 8.78
Young modulus Y (GPa) 26.39 27.76 21.76 22.19
Pugh ratio B/G 1.38 1.61 1.41 1.77
Poisson ratio v 0.20 0.24 0.21 0.26
Anisotropy factor 4 0.52 0.51 0.60 -
c,-C, -3.97 -1.67 —2.73 8.11

Melting temperature 7, (K) 769.03 +300 K

790.31 + 300 K

723.56 + 300 K -




CsSnl, exhibits a lower bulk modulus of 12.674 GPa. This
difference indicates that CsGel, is less compressible than
CsSnl,, aligning with its higher stiffness. The shear mod-
ulus (G) of CsGel, is also higher at 10.914 GPa compared
to 8.968 GPa for CsSnl,, suggesting stronger resistance
to shape changes under shear stress for CsGel,. These
moduli play a critical role in determining the mechanical
robustness of materials under different stress conditions.

A comparative analysis of tensile stiffness

Young's modulus (Y) serves as an indicator of a material's
tensile stiffness. In this context, CsGel, exhibits a higher
Young's modulus of 26.394 GPa, in contrast to CsSnl,,
which has a value of 21.769 GPa. This higher Young's mod-
ulus for CsGel, confirms its superior mechanical strength,
making it a more suitable candidate for applications where
mechanical durability is essential. The literature shows
slightly higher values for both materials, with CsSnl, hav-
ing Y = 26.61 GPa, indicating that although our results
show slight deviations, the trends remain consistent.

Pugh ratio (B/G) and ductility

Pugh's ratio (B/G) is a measure of a material's ductility.
A value greater than 1.75 suggests ductile behavior, while
a lower value indicates brittleness. CsGel, has a Pugh ratio
of 1.386, indicating brittle behavior, while CsSnl, has a
value of 1.413, which also classifies it as brittle. However,
when compared with other works, CsSnl, is closer to the
ductile-brittle transition point with a reported Pugh ratio
0f2.221, showing a more ductile character in previous stud-
ies. This discrepancy suggests that CsSnl, might exhibit
varying ductile tendencies under different conditions.

Poisson's Ratio (v), Anisotropy Factor (4), C,,— C,,
Difference and Melting Temperature (T )

The Poisson's ratio (v) reflects the material's response in
the transverse direction when subjected to longitudinal
strain. CsGel, has a Poisson's ratio of 0.209, while CsSnl,
has a slightly higher value of 0.213, indicating that both
materials exhibit similar deformation behaviors under
applied stress. The values are consistent with the brittle
nature of these compounds. Additionally, the anisotropy
factor (4) for CsGel, is 0.521, slightly lower than the 0.602
for CsSnl,, which indicates that CsSnl, has a more pro-
nounced directional dependence of its elastic properties,
making it slightly more anisotropic compared to CsGel,.
Typically, for materials governed by central forces, v
falls between 0.25 and 0.5 [72]. The anisotropy factor 4
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measures the directional dependence of the elastic proper-
ties. For isotropic materials, 4 equals 1, while deviations
from this value indicate anisotropy.

The melting temperature (7)) is a critical parameter in
evaluating the thermal stability of materials.

Lastly, these values were calculated using empirical
relationships between the elastic properties and melting
behavior of the compounds [73]:

T,(K)=[553(K)+(5.911)C,, |GPa+300K (11)

High melting temperatures indicate good thermal resis-
tance, making these materials suitable for high-tempera-
ture applications. The melting temperature (7 ) calculated
for CsGel, is 769.0347 K, significantly higher than the
melting temperature of CsSnl, at 723.5626 K. This rein-
forces the observation that CsGel, is structurally more
robust than CsSnl,, making it more thermally stable,
which is beneficial for high-temperature applications. In
summary, CsGel, shows higher stiffness, greater mechan-
ical strength, and enhanced thermal stability compared
to CsSnl,. Both materials exhibit brittle behavior, though
CsSnl, appears to be closer to the ductile-brittle transi-
tion in some cases. These properties highlight CsGel,
as a stronger candidate for applications requiring higher
mechanical and thermal robustness.

1/2

—((3B+4G)/3p) ", v =(G/ p)”,
v =((3B+4G)/3p) -‘?/3( P) "
v, =[1/3(2/) +1/3})]

Furthermore, the Debye temperature (0,), a measure
related to the material's thermal properties, is obtained
based on the mean sound velocity. This temperature indi-
cates the material's phonon behavior and is calculated
through the following expression, which incorporates both
the elastic properties and atomic mass [83]:

0, =h/k,[3n/4n((N,p)/ M)] ™ (13)

The transverse and longitudinal sound velocities are
critical parameters in determining the elastic behavior
and thermal conductivity of materials, as summarized
in Table 5. For CsGel,, the transverse sound velocity (v,)

Table 5 The calculated sound velocities and Debye temperatures of

CsGel, and CsSnl,
Parameters CsGel, CsSnl,
Transverse sound velocity v, (m/s) 1559.07 1460.19
Longitudinal sound velocity v, (m/s) 2571.01 2419.95
Average sound velocity v, (m/s) 1722.9 1614.43
Debye temperature (¢,) (K) 146.00 133.86
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is 1559.07 m s™', while the longitudinal sound velocity (v,)
is 2571.01 m s™'. In comparison, CsSnl, has slightly lower
values, with v =1460.19 m.s™ and v =2419.95 m.s™. The
average sound velocity (v ), calculated from the transverse
and longitudinal velocities, gives an overall indication of
how sound propagates through the material. CsGel, exhib-
its a higher average sound velocity (v, =1722.9 ms™) com-
pared to CsSnl, (v, = 1614.43 m s™'), confirming its stiffer
lattice and stronger interatomic bonds. These sound veloc-
ity values suggest that CsGel, would transmit sound waves
more efficiently, which is associated with stronger atomic
interactions and a more tightly bonded crystal structure.

The Debye temperature (0,) is a crucial parameter
related to the vibrational properties of the crystal lat-
tice, heat capacity, and thermal conductivity. It is directly
proportional to the average sound velocity, reflecting the
material's stiffness and bond strength. For CsGel,, the
Debye temperature is 146.004 K, while for CsSnl,, it is
slightly lower at 133.864 K. A higher Debye temperature
indicates that CsGel, has stiffer bonds and a higher ther-
mal stability compared to CsSnl,. The Debye temperature
also provides information on the temperature range over
which the material exhibits quantum mechanical behav-
ior, where specific heat decreases with temperature. Since
CsGel, has a higher 0, it will remain in this quantum
mechanical regime at higher temperatures compared to
CsSnl,, making it more suitable for applications requiring
stability under high thermal loads.

3.3 Electronic properties

The bandgap energy plays a crucial role in determining
the material's optical and electronic properties, specifi-
cally for optoelectronic applications. The relatively nar-
row bandgap of CsGel, suggests that it can absorb a wide
range of the visible spectrum, making it suitable for pho-
tovoltaic applications. Additionally, a reduced bandgap
typically correlates with an increased density of electronic
states around the Fermi level, facilitating greater carrier
mobility and potentially enhancing electrical conductivity.
This characteristic is particularly advantageous for tech-
nologies such as solar cells, where effective transport of
charge carriers is crucial. The analysis of the band struc-
ture for CsGel,, conducted using both GGA and GGA-
mBJ methods, reveals the presence of a direct bandgap,
as illustrated in Fig. 8. The GGA approximation yields a
bandgap of 0.65 eV, while the more accurate GGA-mBJ
approximation gives a slightly higher value of 0.71 eV.
This increase in the bandgap with GGA-mBJ is consistent
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Fig. 8 The electronic band structures of CsGel, calculated with
GGA and GGA-mBJ approaches at equilibrium, with the dotted line
indicating the Fermi level

with its improved handling of electronic correlations and
exchange interactions, which often results in a better match
to experimental values and theoretical work [84—86].
It is widely recognized that the Generalized Gradient
Approximation (GGA) tends to yield lower estimates of
the electronic band gap, especially in the case of semicon-
ductors and insulators [87, 88]. The electronic band struc-
tures of CsSnl, using the same computational methods,
with the Fermi level shown as a dotted line for reference
is plotted in Fig. 9.

For CsSnl,, the band structure also exhibits a direct
band gap, with values of 0.50 eV using GGA and 0.69 ¢V
with GGA-mBJ, as shown in Fig. 8.

The increase in the bandgap when using GGA-mBJ
reflects the method's ability to account for the electronic
structure more accurately. This direct bandgap implies that
photon absorption in CsSnl, can occur without phonon
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Fig. 9 The electronic band structures of CsSnl, using the same
computational methods, with the Fermi level shown as a dotted line for

reference



assistance, which enhances its efficiency in optoelectronic
devices compared to materials with an indirect bandgap.
In Ge-based compounds, the electronic band gaps are typ-
ically larger compared to those found in Sn-based counter-
parts. This difference arises because the conduction band
edge in Ge-containing materials tends to shift towards
higher energies [89]. This upward shift results from the
smaller atomic radius of Ge, which leads to greater orbital
overlap and hence a wider band gap. This trend is char-
acteristic of this class of materials, where the substitution
of Ge for Sn generally increases the band gap, influenc-
ing their electronic properties and potential applications
in optoelectronics. Our calculated band gaps (0.71 eV
for CsGel, and 0.68 eV for CsSnl,) align closely with other
theoretical works that also use standard DFT methods,
though as mentioned, these results typically underestimate
the actual values. For example, other computational stud-
ies using similar GGA approaches report band gaps for
CsGel, around 0.62 €V and for CsSnl, around 0.44 eV, both
of which are even lower than our calculated values. This
underestimation highlights the importance of using more
accurate methods for band gap prediction when design-
ing materials for practical applications. The low GGA and
GGA-mBJ bandgap values for CsGel, (0.71 €V) and CsSnl,
(0.69 eV) arise from the well-known underestimation of
bandgaps by standard DFT methods. While experimental
values are typically >1.1 eV, our use of the mBJ potential
improves accuracy but still lacks many-body corrections
like GW. Nonetheless, our results align well with other the-
oretical works and provide reliable insights into the elec-
tronic structure and optical transitions of these materials.

Both CsGel, and CsSnl, exhibit small bandgaps, mak-
ing them suitable candidates for light absorption and uti-
lization in energy conversion applications, particularly in
the near-infrared region. The difference in their bandgap
values and response to different computational methods
reflects the subtle variations in their electronic structures,
which can influence device performance. CsGel, with its
slightly larger bandgap might offer better thermal stabil-
ity and lower leakage currents, while CsSnl, could pro-
vide better infrared absorption.

Analyzing the density of states (DOS) offers critical
information regarding the electronic characteristics of
CsGel, and CsSnl,. Here's a detailed discussion of each
material's DOS, investigating the roles of different atomic
orbitals and their relevance to the band structure is essen-
tial. The density of states (DOS) analysis for CsGel, indi-
cates its semiconducting behavior, with band gap values
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of 0.65 eV and 0.71 eV obtained from the GGA and GGA-
mBJ methods, respectively, as shown in Fig. 10. Within
the valence band region, the lodine (I) p orbitals primar-
ily govern the DOS, while the Germanium (Ge) p orbit-
als contribute minimally, underscoring the dominant
influence of lodine in shaping the characteristics of the
valence band. The conduction band, on the other hand, is
largely influenced by (Ge) p states, with a slight contri-
bution from Cesium (Cs) orbitals. This distribution sug-
gests that upon excitation, electrons primarily transition
from I p orbitals to Ge p orbitals, characterizing the mate-
rial's charge-transfer nature. The presence of a narrow
band gap suggests potential applications in infrared opto-
electronic devices, where lower-energy photons can be
absorbed. The DOS profile of CsSnl, also indicates semi-
conducting behavior, with band gaps of 0.50 eV (GGA)
and 0.69 eV (GGA-mBJ), as
Similar to CsGel,, the valence band is dominated by

shown in Fig. 11
I p orbitals, while the conduction band shows significant
contributions from Tin (Sn) p states. Additionally, Sn s
orbitals contribute slightly below the Fermi level, indi-
cating a strong covalent interaction with I p states. This
interaction enhances the valence band's stability and sup-
ports effective electronic transitions across the band gap.
The narrow band gap of CsSnl,, especially under mBJ
correction, suggests its utility in near-infrared optoelec-
tronic applications, where the material can effectively
absorb photons of lower energy. The notable presence of
Sn in the conduction band further implies potential for
high electronic mobility, which is advantageous for appli-
cations requiring efficient charge transport.
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Fig. 10 The total and partial density of states (DOS) for CsGel,,
showing the contributions of different atoms and orbitals to the
electronic states near the Fermi level
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Fig. 11 The total and partial density of states (DOS) for CsSnl,,
showing the contributions of different atoms and orbitals to the
electronic states near the Fermi level

3.4 Optical behavior

The optical behavior of CsGel, and CsSnl, was analyzed
using the GGA-mBJ method within the WIEN2k frame-
work, aimed at assessing their suitability for optoelectronic
applications. The assessment of the complex dielectric func-
tion, expressed as e(w) — &,(w) + ig,() [71, 90-96], sheds
light on the interaction of these materials with electromag-
netic radiation at varying photon energies, w. In this con-
text, & (w) represents the material's dispersion properties,
while ¢ (w) reflects its ability to absorb light. Important
optical parameters, including the refractive index n(w),
extinction coefficient k(w), reflectivity R(w), and absorp-
tion coefficient a(w), were derived from the dielectric func-
tion, providing a detailed understanding of their optoelec-
tronic characteristics. The refractive index and extinction
coefficient are crucial for analyzing the propagation of light
and the mechanisms of loss within the material [95-100]:

n(@)=1/2 {(85 (0)+ 2 (@) +5, (a))}z (14)

1

k(w)= 1/\/§|:(812 (0)+é; (w))% te, (a))}z (15)

R(@)=(V (@) -1)/( (¢ (@) +1)] (16)

3.4.1 Dielectric function

The real component of the dielectric function, & (®), illus-
trated in Fig. 12(a) demonstrates the dispersive character-
istics of CsGel, and CsSnl,, revealing how these materials
respond to external electric fields. In both cases, ¢ (w) exhib-
its a notable peak in the lower energy spectrum. For CsGel,,
this peak occur around 2 eV, with a value that slightly
exceeds that of CsSnl,, indicating enhanced dispersion and
polarizability. This suggests that CsGel, has a marginally
higher capacity to store electrical energy in this region.
As the energy increases, ¢ (w) diminishes, crossing zero at
approximately 10 eV for both materials, marking the plasma
edge. Beyond this threshold, CsGel, and CsSnl, behave
similarly to transparent dielectrics, as they cease to support
free-electron oscillations at elevated photon energies.

The imaginary part of the dielectric function,
&,(w) shown in Fig. 12(b), pertains to the absorption proper-
ties of the materials, indicating electronic transitions from
the valence band to the conduction band. Both CsGel, and
CsSnl, display significant peaks in ¢,(w) within the energy
interval of 2 to 6 €V. CsGel, exhibits a slightly higher peak
than CsSnl,, indicating that CsGel, has a higher absorp-
tion capacity at these energies, which could be advanta-
geous for applications requiring efficient light absorption.
Both materials exhibit multiple absorption peaks within
this range, corresponding to transitions involving different
electronic states. These strong absorptive features suggest
that CsGel, and CsSnl, are well-suited for optoelectronic
applications, particularly in the visible spectrum, with
CsGel, showing a marginally stronger absorption profile.

3.4.2 Absorption coefficient and optical conductivity (o)
The optical conductivity spectra of CsGel, and CsSnl,, as
illustrated in Fig. 12(c), provide insights into their electronic
response under optical excitation. Both materials exhibit
notable peaks within the energy range of 2 to 12 eV, indi-
cating strong optical transitions. For CsGel,, the maxi-
mum optical conductivity reaches around 4500 (Q cm)™" at
approximately 9 eV, whereas CsSnl, shows a slightly high
peak conductivity of about 5200 (2 cm) ' in the same energy
range. These peaks correspond to interband transitions and
reflect the materials' ability to conduct electrical currents
under light exposure. The higher optical conductivity of
CsGel, suggests it may offer better performance in optoelec-
tronic devices, as it implies a greater capacity for photon-in-
duced charge carrier movement. Both materials show multi-
ple peaks, with a slight red shift for CsSnl,, indicative of the
differing band structures and transition energies.
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Fig. 12 Provides (a) the real part of the dielectric function ¢ (@), (b) the imaginary part ¢,(w), (c) the absorption coefficient a(w), (d) the refractive

index n(w), (¢) the extinction coefficient k(w), and (f) the reflectivity R(w) as functions of photon energy (eV) for CsGel, and CsSnl,

The absorption coefficient, o, indicates the extent to
which CsGel, and CsSnl, absorb light at varying photon
energies, a factor that is vital for their use in photovoltaic and
photodetector applications, as shown in Fig. 12(d). For both
compounds, a shows a marked increase past 2 eV, peaking at

approximately 120 cm™ for CsGel, and 140 cm™ for CsSnl,
in the 8 to 10 eV energy range. This elevated absorption level
signifies a strong interaction with both visible and ultravio-
let light, positioning these materials as promising candidates
for devices that require effective light absorption. The higher
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absorption coefficient of CsGel,, particularly in the ultravi-
olet range, suggests it may be more effective in applications
requiring UV light capture. This behavior is consistent with
the observed electronic band gaps, where has slightly higher
photon absorption capacity, enhancing its suitability for
optoelectronic applications. Although excitonic effects and
carrier diffusion lengths were not directly computed in this
study, the strong absorption onset near the band edges and
the absence of distinct excitonic peaks suggest that exciton
binding energies are relatively low, favoring spontaneous
exciton dissociation into free charge carriers. Furthermore,
the high optical conductivity values observed — especially
for CsGel, — imply efficient charge carrier transport and
reduced recombination losses. These features point toward
favorable conditions for long diffusion lengths, making these
materials strong candidates for use as absorber layers in per-
ovskite-based photovoltaic and optoelectronic systems.

3.4.3 Refractive index and extinction coefficient
The refractive index spectra of CsGel, and CsSnl, exhibit
similar trends across the photon energy range, with both
materials showing high refractive indices at lower ener-
gies, which gradually decrease as the photon energy
increases, as depicted in Fig. 12(e). CsGel, reaches a peak
refractive index of approximately 2.7 around 2 eV, while
CsSnl, peaks slightly lower at around 3.25 V. These values
indicate that CsGel, and CsSnl, have strong polarizability
and a high capacity for light bending, which are advanta-
geous for optoelectronic applications such as waveguides
and lenses. As the energy exceeds 6 ¢V, the refractive
indices for both materials start to converge towards 2.0,
reflecting a reduction in optical density and indicating a
transition to more transparent behavior at higher energies.
The extinction coefficient, which signifies the amount
of light attenuation within the material, shows significant
peaks for both CsGel, and CsSnl,, particularly between 2
and 8 eV, as shown in Fig. 12(f). CsGel, has a peak extinc-
tion coefficient of about 1.3 near 3 eV, while CsSnl, reaches
a maximum of around 1.7 at a slightly lower energy level.
This behavior suggests that CsGel, has a higher capacity
for absorbing light in the visible region, making it poten-
tially more effective in applications requiring high light
absorption, such as photovoltaic cells. Beyond 6 eV, both
materials display a gradual decline in the extinction coef-
ficient, indicating diminished absorption in the ultraviolet
range and signifying a reduction in photon energy dissipa-
tion within these materials.

3.4.4 Reflectivity

The reflectivity spectra of CsGel, and CsSnl, exhibit char-
acteristic peaks and troughs across the energy range, which
offer insights into their optical behavior, as illustrated in
Fig. 12(g). For CsGel,, the reflectivity starts at around 0.15
in the low-energy region and reaches its minimum value of
approximately 0.06 near 5 eV. The material then demon-
strates a noticeable increase in reflectivity, peaking at about
0.4 at energies beyond 12 eV. This trend suggests that CsGel,
has lower reflectivity in the visible range, which indicates
higher light absorption and less surface reflection, making
it suitable for applications in solar cells where minimizing
reflection is beneficial for enhanced photon absorption.

In contrast, CsSnl, starts with a slightly higher ini-
tial reflectivity of around 0.18, with a gradual decrease to
its minimum value of about 0.05 near 5 eV. CsSnl, then
exhibits an increase similar to CsGel,, though it peaks
at a slightly lower reflectivity of around 0.38 at energies
exceeding 12 eV. The reflectivity of CsSnl, remains gener-
ally lower than CsGel, in the 4-6 eV range, indicating that
it may be slightly more effective in absorbing light within
the visible region. This behavior aligns with its potential
use in optoelectronic devices where reduced reflection can
improve device efficiency. The higher reflectivity at ener-
gies above 10 eV for both materials indicates increased
reflection in the ultraviolet region, which could be advan-
tageous for UV-blocking applications.

4 Conclusion

In conclusion, this work provided a comprehensive eval-
uation of the lead-free perovskites CsGel, and CsSnl,
by combining SCAPS-1D device simulations with
detailed DFT calculations. The SCAPS-1D analysis of
the Au/Cul/CsGel,/CsSnl,/ZnSe/FTO solar cell revealed
that optimal photovoltaic performance was achieved using
a CsGel, absorber thickness of 1000 nm and a CsSnl, layer
thickness of 700 nm, with both perovskites doped at 10" cm™
and having a defect density of 10" cm™. Under these opti-
mized conditions, the device delivered an open-circuit volt-
age (Voc) of 1.17534 'V, a short-circuit current density (Jsc)
0f 30.54 mA cm, a fill factor (FF) of 88.08%, and an over-
all power conversion efficiency (PCE) of 31.61%. These
values highlight the strong photovoltaic potential of com-
bining CsGel, and CsSnl, within a single device architec-
ture. The DFT results further corroborated these findings
by confirming the structural, mechanical, and electronic
suitability of both materials. CsGel, and CsSnl, exhibited



stable cubic structures with optimized lattice parameters
consistent with reported values, while their elastic con-
stants, bulk modulus, shear modulus, and Young's modu-
lus verified their mechanical stability and ductile nature.
Thermodynamic parameters including sound velocities
and Debye temperatures also supported their structural
robustness. Furthermore, the electronic structure calcula-
tions revealed narrow band gaps of 0.71 €V for CsGel, and
0.69 eV for CsSnl, (mBJ), making them promising absorb-
ers for visible and near-infrared light. Overall, the excellent
photovoltaic metrics obtained through SCAPS simulations,
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