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A B S T R A C T

Halide perovskites have emerged as promising materials for optoelectronic and photovoltaic applications owing 
to their outstanding optoelectronic properties and tunable band gaps. Among them, all-inorganic halide pe
rovskites have attracted significant attention because their structural, electronic, and optical properties can be 
effectively tailored through B-site cation substitution. However, the composition-dependent behavior of inter
mediate Pb/Sn ratios in cubic CsPb1-xSnxBr3 remains insufficiently explored, particularly through accurate 
atomic modeling of substituted configurations. In this work, the effect of partial Pb/Sn substitution on the 
structural, electronic, optical and thermodynamic properties of cubic CsPb1-xSnxBr3 with Sn concentrations of 
x = 0.25 and x = 0.75 was systematically investigated using first-principles calculations. Ordered 2 × 2 × 1 
supercell models were employed to represent the Pb/Sn distribution, while density functional theory (DFT) 
calculations were performed using the Wu–Cohen generalized gradient approximation (WC-GGA) for structural 
optimization. The electronic and optical properties were further evaluated using the KTB-mBJ exchange po
tential. The calculated band gaps are 1.45 eV for x = 0.25 and 1.67 eV for x = 0.75, accompanied by static 
dielectric constants of 3.12 and 3.85, respectively. The increase in Sn concentration leads to a slight widening of 
the band gap and induces noticeable modifications in the optical response. Furthermore, the thermodynamic 
properties were analyzed within the quasi-harmonic Debye model, revealing a physically consistent temperature- 
dependent behavior characterized by gradual lattice softening while maintaining structural stability over the 
investigated temperature range. The calculated E–V curves confirm the favorable structural stability of both 
investigated compositions within the considered configurations. These results demonstrate that controlled Pb/Sn 
substitution provides an effective approach for tailoring the electronic, optical and thermal characteristics of 
CsPb1-xSnxBr3.This study provides new insights into the composition-dependent properties of intermediate Pb–Sn 
bromide perovskites and contributes to the rational design of optimized inorganic perovskite materials for op
toelectronic applications.

1. Introduction

In comparison to nuclear and fossil fuels, solar energy represents a 
clean and sustainable source of power. Light energy conversion tech
nologies can be categorized into several types, among which photovol
taics combines both established and emerging approaches. Considerable 

efforts have been devoted to developing efficient, stable, and repro
ducible normal and inverted perovskite solar cells (PSCs) and photo
voltaic (PV) modules using low-cost, environmentally friendly, and 
large-area fabrication techniques suitable for large-scale applications 
in both residential and industrial sectors [1,2].

In recent years, halide perovskite solar cells (HPSCs), with the 
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general chemical formula ABX₃, have attracted significant attention due 
to their excellent light-harvesting properties over a broad spectral range, 
making them promising candidates for photovoltaic and optoelectronic 
applications [3]. Their solution-processable nature, which does not 
require rare or expensive elements, enables cost-effective and scalable 
fabrication [4,5]. As a result, perovskite materials have rapidly emerged 
as highly efficient light absorbers for next-generation photovoltaic 
technologies [6–10].

In addition, organic solar cells have gained considerable interest due 
to their advantages such as mechanical flexibility, lightweight structure, 
low cost, and ease of solution processing [11–14]. All-inorganic perov
skites have also attracted increasing attention because of their superior 
thermal stability compared to hybrid counterparts [15–17]. However, 
many bromide-based perovskite systems still suffer from instability is
sues under ambient conditions, which limits their practical applications 
[18–21].

The CsPb₁₋ₓSnₓBr₃ system has recently attracted attention as a 
promising lead–tin mixed perovskite due to its tunable optoelectronic 
properties. Tin (Sn) and lead (Pb), belonging to the same group in the 
periodic table, exhibit similar electronic configurations, making Sn a 
suitable partial substitute for Pb in perovskite structures. The selection 
of the CsPb₁₋ₓSnₓBr₃ system is motivated by the possibility of tailoring its 
electronic and optical properties through partial Pb/Sn substitution 
while preserving the structural simplicity and superior thermal stability 
of the all-inorganic cubic perovskite framework. In addition, partial 
substitution of Pb with Sn provides an effective strategy for reducing Pb 
content and engineering the band gap, making this system an attractive 
platform for composition-dependent first-principles investigations.Pre
vious studies have demonstrated that Pb/Sn substitution can effectively 
tune the band gap and improve the photovoltaic performance of halide 
perovskites [22–26]. Recent first-principles studies have also demon
strated that compositional modification in halide perovskites can 
effectively tailor their electronic, optical, and related functional prop
erties, highlighting the importance of theoretical investigations for un
derstanding structure–property relationships in these materials. [27]

Despite the remarkable progress achieved in mixed Pb/Sn halide 
perovskites, several fundamental challenges remain unresolved, 
including long-term stability, defect-mediated degradation, and the ac
curate understanding of their composition-dependent physical proper
ties. The incorporation of Sn into Pb-based perovskites provides an 
effective strategy for band-gap engineering and extending the light ab
sorption range; however, it also introduces additional challenges asso
ciated with Sn²⁺ oxidation, defect formation, ion migration, and material 
instability [28–30]. Recent studies have highlighted the critical role of 
defects and compositional instability in governing the degradation 
mechanisms and limiting the practical application of mixed Pb/Sn 
halide perovskites [29,30].

Furthermore, the electronic properties of halide perovskites con
taining heavy elements such as Pb are strongly influenced by relativistic 
effects, particularly spin–orbit coupling (SOC), which can significantly 
modify the electronic band structure and optical transition characteris
tics [28,31]. Therefore, careful consideration of these effects is essential 
for an accurate interpretation of the electronic properties of lead-based 
perovskite materials. In addition, excitonic effects and carrier–phonon 
interactions contribute to the optoelectronic response of halide perov
skites and influence their optical behavior [32].

Consequently, establishing a comprehensive relationship between 
chemical composition, structural configuration, electronic structure, 
and optical properties remains essential for the rational design of stable 
and efficient Pb–Sn halide perovskite materials.

Besides the electronic and optical characteristics, the thermody
namic stability of halide perovskites plays a crucial role in determining 
their practical applicability in photovoltaic and optoelectronic devices. 
Thermodynamic parameters such as the bulk modulus, Debye temper
ature, heat capacity, thermal expansion coefficient, and temperature- 
dependent unit-cell volume provide valuable insight into lattice 

stiffness, thermal resistance, anharmonic behavior, and structural sta
bility under operating conditions. Since photovoltaic devices are 
commonly exposed to varying temperatures, understanding these ther
modynamic properties is essential for evaluating the long-term reli
ability and thermal durability of mixed Pb–Sn perovskites.

In this study, we investigate the effect of Pb–Sn substitution on the 
structural, electronic, optical, and thermodynamic properties of 
CsPb₁₋ₓSnₓBr₃ perovskites with compositions x = 0.25 and x = 0.75 
using first-principles density functional theory (DFT). The KTB-mBJ 
exchange potential was employed to obtain a reliable description of 
the electronic structure and optical properties, while the quasi-harmonic 
Debye model was used to evaluate the thermodynamic behavior. The 
primary objective is to clarify how Sn incorporation influences the 
composition-dependent evolution of the structural stability, electronic 
structure, optical response, and thermal characteristics of CsPb₁₋ₓSnₓBr₃. 
The obtained results provide a comprehensive understanding of the 
interplay between composition, thermodynamic stability, and func
tional properties, demonstrating the potential of these all-inorganic 
perovskites for optoelectronic applications.

2. Computational methodology

All first-principles calculations were performed using the WIEN2k 
code, which is based on the full-potential linearized augmented plane 
wave (FP-LAPW) method within the framework of density functional 
theory (DFT) [33–35]. The structural properties of cubic CsPb₁₋ₓSnₓBr₃ 
(x = 0.25 and 0.75) were investigated using the Wu–Cohen generalized 
gradient approximation (WC-GGA). The mixed Pb/Sn compositions 
were modeled using ordered 2 × 2 × 1 supercell configurations derived 
from the cubic CsPbBr₃ structure with space group Pm-3m. In these 
models, Pb atoms at the B-site were systematically replaced by Sn atoms 
to obtain the desired Sn concentrations while maintaining an ordered 
distribution of the substituted atoms.

The Brillouin zone integration and basis-set parameters were care
fully selected to ensure reliable results. The convergence of total energy 
and electronic properties was verified with respect to the k-point mesh 
and the plane-wave cutoff parameter. The optimized structures obtained 
from WC-GGA calculations were subsequently used for the investigation 
of electronic and optical properties.

Since conventional GGA functionals generally underestimate semi
conductor band gaps, the electronic structures and optical properties 
were calculated using the Tran–Blaha modified Becke–Johnson (TB- 
mBJ) exchange potential. The TB-mBJ approach provides an improved 
description of the electronic band structure by correcting the exchange 
potential and yielding more reliable band-gap values compared with 
standard GGA methods. The TB-mBJ potential was applied consistently 
to all investigated compositions in order to analyze the effect of Sn 
substitution on the electronic and optical properties of CsPb₁₋ₓSnₓBr₃.

To investigate the thermodynamic behavior of the investigated 
compounds, temperature- and pressure-dependent thermodynamic 
properties were calculated using the Gibbs2 code, which is based on the 
quasi-harmonic Debye model. This approach enables the prediction of 
thermodynamic properties under conditions that may be difficult to 
access experimentally. The energy–volume (E–V) data obtained from the 
DFT calculations were used as input for the Gibbs2 calculations. Within 
the quasi-harmonic approximation, the non-equilibrium Gibbs free en
ergy, G(V;P,T) was minimized to determine the equilibrium thermody
namic properties as functions of temperature and pressure. Based on this 
procedure, the bulk modulus (B), Debye temperature (θD), constant- 
volume heat capacity (CV), thermal expansion coefficient (α), and 
unit-cell volume (V) were evaluated.

It should be noted that spin–orbit coupling (SOC) effects were not 
included in the present calculations. Although SOC can influence the 
electronic structure of Pb-containing halide perovskites, the objective of 
this work is to investigate the relative modification of structural, elec
tronic, and optical properties induced by Pb/Sn substitution using a 
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consistent computational framework. Therefore, the same methodology 
was applied to all compositions, allowing a comparative analysis of the 
composition-dependent trends.

2.1. Exchange–correlation functionals

The electronic and optical properties were explored using the Per
dew–Burke–Ernzerhof (PBE) functional within the generalized gradient 
approximation (GGA) to describe the exchange–correlation interactions 
of electrons. We employed the modified Becke–Johnson potential 
(hereafter referred to as KTB-mBJ). The KTB-mBJ provides a more ac
curate estimation of the band gap compared to other mBJ approaches.

2.2. Computational parameters

The muffin-tin radii (RMT) were uniformly set to 2.5 a.u. for Cs, Pb, 
Sn, and Br atoms. The plane-wave cutoff parameter Kmax was deter
mined using the relation RMTKmax = 7.0, ensuring convergence of the 
total energy to within 10⁻⁵ Ry. The self-consistent field (SCF) iterations 
were considered converged when the charge density difference reached 
10⁻³ e. The Brillouin zone was sampled using a Monkhorst–Pack k-point 
mesh of 10 × 10 × 10 for x = 0.25 and x = 0.75. This isotropic k-point 
grid was selected considering the cubic symmetry and comparable lat
tice parameters of the investigated CsPb₁₋ₓSnₓBr₃ structures, providing 
adequate Brillouin-zone sampling while maintaining computational ef
ficiency. The structures were fully relaxed until the forces on each atom 
were less than 1 mRy/a.u.

The main computational parameters adopted in the present FP- 
LAPW calculations are summarized in Table 1. The selected values 
ensured well-converged total energies and reliable structural, electronic, 
and optical properties for the investigated CsPb₁₋ₓSnₓBr₃ compositions.

2.3. KTB-mBJ exchange potential formulation

The electronic and optical properties were calculated using the 
Tran–Blaha modified Becke–Johnson (TB-mBJ) exchange potential 
within the framework of density functional theory. The TB-mBJ poten
tial was selected because conventional GGA functionals, including WC- 
GGA, generally underestimate the band gap of semiconductor materials 
due to the limitations of exchange–correlation approximations. This 
approach provides a better description of the electronic band structure 
and optical response of semiconducting systems, particularly for mate
rials containing heavy elements such as Pb.

The KTB-mBJ exchange potential is given by [36,37]: 

VmBJ
∞,σ (r) = c VBR

∞,σ(r) + (3c − 2)
1
π

̅̅̅̅̅̅
5
12

√ ̅̅̅̅̅̅̅̅̅̅̅̅
2tσ(r)
ρσ(r)

√

(1) 

Where:
VmBJ

∞,σ (r): mBJ exchange potential for spin σ

VBR
∞,σ(r): Becke – Roussel potential

ρσ(r) : Spin – dependent electron density
tσ(r) : Kinetic energy density for spin σ
In the present work, the TB-mBJ potential was applied after struc

tural optimization performed using the WC-GGA approximation to 
obtain improved electronic band gaps, density of states, and optical 
properties of the investigated CsPb₁₋ₓSnₓBr₃ compositions.

3. Results

3.1. Structural properties

The crystal structures of CsPb0.75Sn0.25Br₃, and CsPb0.25Sn0.75Br₃ 
adopt a cubic, corresponding to the Pm3ˉm space group, with one for
mula unit (CsPb1-xSnxBr3) per unit cell. Fig. 1 illustrates the three- 
dimensional arrangement of the cubic unit cell [38].

For the intermediate compositions (x = 0.25 and 0.75), an ordered 
supercell model was constructed by explicitly substituting Pb atoms with 
Sn at the B-sites in a periodic arrangement. This leads to an alternating 
distribution of [PbBr₆] and [SnBr₆] octahedra within the supercell. The 
resulting structure represents an idealized ordered approximation of the 
alloy, which was adopted to ensure structural reproducibility and to 
enable a consistent comparison with the end-member compounds.

The WC–GGA potential was obtained by analyzing the ground state 
properties lattice constant (a), bulk modulus (B), and its pressure de
rivative (B′), While structural optimization was achieved by minimizing 
the total energy with respect to cell volume [39].

Fig. 2 illustrates the calculated total energy as a function of volume 
for (a) CsPb₀.₇₅Sn₀.₂₅Br₃, and (b) CsPb₀.₂₅Sn₀.₇₅Br₃. The structural prop
erties of CsPb₁₋ₓSnₓBr₃ (x = 0.25 and x = 0.75) were examined using 
total energy versus volume (E–V) calculations.

All investigated compositions exhibit smooth and well-defined 
parabolic E–V curves with a single minimum energy point, corre
sponding to the equilibrium volume of each structure. This behavior 
indicates that the optimized cubic perovskite configurations are ener
getically favorable and structurally stable within the framework of the 
present DFT calculations. A systematic shift of the energy minimum 
toward lower volumes is observed with increasing Sn concentration, 
revealing a gradual lattice contraction. This trend can be attributed to 
the smaller ionic radius of Sn²⁺ compared with Pb²⁺, resulting in a 
reduction of the lattice parameters when Sn atoms substitute Pb atoms at 
the B-site. Furthermore, the absence of discontinuities or additional 
minima in the calculated E–V curves suggests that the investigated 
compositions maintain the same cubic structural framework without 
evidence of structural instability within the considered configurations. 
These results demonstrate that Pb/Sn alloying provides an effective 
route for tuning the lattice dimensions of CsPb₁₋ₓSnₓBr₃ while main
taining favorable structural stability. It should be noted that a complete 
assessment of dynamic stability requires phonon dispersion calculations, 
which are beyond the scope of the present study.

The calculated structural parameters of CsPb1-xSnxBr3 (x = 0.25 and 
0.75)compared with previously reported theoretical values for cubic 
CsPbBr3.thorough the lattice constant (a), bulk modulus (B), its pressure 
derivative (B′), and the equilibrim total energy (E0), are summarized in 
Table 2.

It is clearly observed that the lattice constant decreases from 
5.8394 Å for x = 0.25–5.7881 Å for x = 0.75. This reduction can be 
attributed to the smaller ionic radius of Sn compared with Pb, resulting 
in a slight contraction of the crystal lattice as the Sn concentration in
creases. In contrast, the bulk modulus exhibits only a slight increase 
from 21.7395 GPa to 22.1535 GPa, indicating that Pb/Sn substitution 
has only a minor effect on the mechanical stiffness of the cubic lattice. 
Furthermore, the calculated lattice constants are in good agreement 
with previously reported theoretical values for cubic CsPbBr₃, support
ing the reliability of the adopted computational approach.

Table 1 
Summary of the computational parameters used in the present DFT calculations.

Value Computational parameter

WC-GGA Exchange–correlation functional (geometry 
optimization)

KTB-mBJ Electronic/optical potential/Thermodynamic
a.u. (Cs, Pb, Sn, Br) 2.5 Muffin-tin radii (RMT)
RMTKMAX = 7.0 Plane-wave cutoff
10 × 10 × 10 

(Monkhorst–Pack)
k-point mesh

Ry 10− 5 Total energy convergence
e 10− 3 Charge convergence (SCF)
1 mRy/a.u Force convergence
Cubic Crystal symmetry
Ordered 2 × 2 × 1 Supercell
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Furthermore, the pressure derivative of the bulk modulus (B′) de
creases from 4.98449 to 4.1514, which may reflect a change in the 
bonding characteristics and compressibility behavior under pressure.

3.2. Tolerance factor calculation

To further assess the geometrical stability of the cubic CsPb₁₋ₓSnₓBr₃ 
structures, the Goldschmidt tolerance factor (t) was calculated. For 
mixed Pb/Sn compositions, the average ionic radius of the B-site cation 
was estimated using 

rB = (1 − x)rPb2+ + xrSn2+ (2) 

The calculated tolerance factors are 0.863 and 0.864 for CsPb₀. 
₇₅Sn₀.₂₅Br₃ and CsPb₀.₂₅Sn₀.₇₅Br₃, respectively. These values indicate that 
both investigated compositions are located within the stability range of 
the perovskite structure, suggesting a favorable geometric arrangement 
of the Cs–(Pb/Sn)–Br framework. The slight variation in the tolerance 
factor with increasing Sn content is attributed to the small difference 
between the ionic radii of Pb²⁺ and Sn²⁺.

The obtained tolerance factors indicate a geometrically favorable 
cubic perovskite framework for the investigated compositions.

3.3. Composition-dependent electronic structure

3.3.1. Electronic band structure
Fig. 3 demonstrates the electronic band structures of CsPb1-xSnxBr3 

(x = 0.25 and 0.75), calculated using the KTB-mBJ exchange potential 
along the high-symmetry k-path Γ–X–M–Γ–R–X of the cubic Brillouin 
zone. The calculated band structures reveal the influence of Pb/Sn 

Fig. 1. Cristal structure of CsPb₁₁₋₋ₓSnₓBr₃₃, with x = 0.25 and 0.75.

Fig. 2. Calculated total energy versus volume of (a) CsPb0.75Sn0.25Br3 and (b) CsPb0.25Sn0.75Br3.

Table 2 
Calculated structural parameters of CsPb1-xSnxBr3 (x = 0.25 and 0.75) compared 
with previously reported theoretical values for cubic CsPbBr3.

CsPb1- 

xSnxBr3

Study a (Å) B (GPa) B′ E0 (Ry)

x = 0.25 Present 
study

5.8394 21.7395 4.98449 − 262706.0713489

x = 0.75 Present 
study

5.7881 22.1535 4.1514 − 203721.005817

CsPbBr3 Other 
study

5.847 
[40]
5.84 
[41]

20.7379 
[40]
23.5 [41]

4.881 
[40]
5.0 [41]

- 
-

Table 3 
Calculated of tolerance factor (t) for cubic CsPb1-xSnxBr3 (x = 0.25 and 0.75).

Composition Average B-site radius (Å) Tolerance factor

CsPb0.75Sn0.25Br3 1.1875 0.863
CsPb0.25Sn0.75Br3 1.1825 0.864
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substitution on the electronic properties of the investigated composi
tions. For both compositions, the valence-band maximum (VBM) and the 
conduction-band minimum (CBM) are located at the R high-symmetry 
point, confirming the preservation of a direct band-gap character. Pre
vious theoretical studies have reported direct band gaps at different 
high-symmetry points depending on the computational methodology, 
exchange–correlation functional, and structural model employed. For 
example, Ghaithan et al. [42] reported a direct band gap at the Γ point 
for cubic CsPbBr₃ using FP-LAPW calculations with the mBJ potential, 
whereas Murtaza et al. [41] reported a direct band gap at the R point. 
These differences highlight the sensitivity of the band-edge positions to 
the adopted computational approach. Therefore, the present results are 
consistent with the direct-band-gap nature generally reported for cubic 
halide perovskites while demonstrating the influence of Pb/Sn substi
tution on the electronic structure of the investigated intermediate 
compositions.The Fermi level lies within the band gap for both inves
tigated compositions, confirming their semiconducting nature. The 
PDOS analysis shows that the valence-band maximum is mainly domi
nated by Br− 4p states with a minor contribution from Pb/Sn-s orbitals, 
whereas the conduction-band minimum is primarily composed of 
Pb− 6p and Sn− 5p states. As shown in Fig. 3, the calculated band-gap 
values obtained using the KTB-mBJ potential are 1.45 eV for CsPb₀. 
₇₅Sn₀.₂₅Br₃ and 1.67 eV for CsPb₀.₂₅Sn₀.₇₅Br₃. The slight increase in the 
band gap with increasing Sn concentration indicates that Pb/Sn substi
tution modifies the electronic structure while preserving the direct 
band-gap character of the investigated compounds.

To evaluate the reliability of the calculated electronic structure, the 
band-gap values obtained in the present work were compared with 
previously reported theoretical and experimental data for cubic CsPbBr₃, 
as summarized in Table 4. The calculated band gaps of the investigated 
intermediate compositions are in reasonable agreement with the re
ported values, with the observed differences being attributable to the 
partial Pb/Sn substitution, the adopted ordered supercell model, and the 
use of the KTB-mBJ exchange potential, which is known to provide more 

reliable band-gap predictions than conventional GGA functionals.

3.3.2. Density of States (DOS)
The total density of states (TDOS) and partial density of states 

(PDOS) calculated using the KTB-mBJ potential are presented in Fig. 4. 
The results show that the valence-band maximum (VBM) is mainly 
dominated by Br− 4p states with minor contributions from Pb-6s and Sn- 
5s orbitals, whereas the conduction-band minimum (CBM) is primarily 
composed of Pb− 6p and Sn− 5p states. The negligible contribution of Cs 
states near the Fermi level indicates that Cs does not significantly 
participate in the formation of the band edges. For both investigated 
compositions, the Fermi level lies within the band gap, confirming their 
semiconducting nature.

The PDOS analysis further reveals that Pb/Sn substitution modifies 
the distribution of electronic states near the band edges while preserving 
the direct-band-gap character of CsPb₁₋ₓSnₓBr₃. Furthermore, the elec
tronic structure provides a direct interpretation of the calculated optical 
response. The fundamental optical absorption originates from interband 
electronic transitions between the occupied Br− 4p-derived valence 
states and the unoccupied Pb− 6p/Sn− 5p-derived conduction states. 
Therefore, the composition-dependent evolution of the optical proper
ties is directly correlated with the changes in the electronic states near 
the band edges induced by Pb/Sn substitution.

Fig. 3. Calculated band structures of CsPb1-xSnxBr3 (x = 0.25 and 0.75) using the KTB-mBJ potential.

Table 4 
Comparison of the calculated band-gap values of CsPb1-xSnxBr3 x = 0.25 and 
0.75) with previously reported theoretical and experimental data.

CsPb1-xSnxBr3 Study Eg (eV)

Theoretical Experimental

CsPb0.75Sn0.25Br3 Present study 1.45 -
CsPb0.25Sn0.75Br3 Present study 1.67 -
CsPbBr3 Other study 1.6 [41] 2.30 [43]
CsSnBr3 Other study 1.27 [44] 1.79 [44]
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3.4. Optical properties

The optical properties were evaluated through the complex dielectric 
function, from which the absorption coefficient, optical conductivity, 
and refractive index were derived. The analysis focuses on the effect of 
Sn incorporation on the optical response of CsPb1-xSnxBr3 Therefore, we 
investigated these materials' optical absorption, conductivity, reflectiv
ity, as well as their dielectric function, which includes both the real and 
imaginary parts. The real part, ε1 (ω), and the imaginary part ε2 (ω) [45].

Fig. 5(a) illustrates the calculated real part of the dielectric function 
ε1(ω) for CsPb1-xSnxBr3 (x = 0.25 and x = 0.75) under different strain 
conditions. The static dielectric constant values for the unstrained 
structure are 3.12 and 3.85 respectively, The increase in the static 
dielectric constant with increasing Sn content indicates enhanced elec
tronic polarizability, which can be related to the modification of the 
electronic states near the band edges after Pb/Sn substitution.

The variations of the imaginary part of the dielectric function 
ε2(ω) for CsPb1-xSnxBr3 (x = 0.25 and x = 0.75) under different strain 
conditions are shown in Fig. 6(b). The imaginary part of the dielectric 
function ε2(ω) has a value of 0 at 0 eV in all structures, indicating no 
energy dissipation in the material. The highest absorption, marked by 
prominent peaks, occurs at 16.47 eV and 16.39 eV.

The variation of the dielectric response between CsPb₀.₇₅Sn₀.₂₅Br₃ and 
CsPb₀.₂₅Sn₀.₇₅Br₃ can be attributed to the modification of the electronic 
states near the band edges caused by Pb/Sn substitution. The changes in 
the dielectric function are consistent with the calculated band gap 
evolution, where the increased Sn content leads to a reduced band gap 
and consequently modifies the interband optical transitions.

It should be noted that the present optical calculations are performed 
within the independent-particle approximation; therefore, electro
n–hole interactions and excitonic effects are not explicitly considered. 
Such effects can modify the absorption onset near the band-gap energy; 
however, they do not significantly affect the interpretation of the main 
interband transitions and the composition-dependent trends discussed 
here. Furthermore, due to the cubic symmetry of the studied 
CsPb₁₋ₓSnₓBr₃ structures, the dielectric response is expected to be 
essentially isotropic, and no significant optical anisotropy is anticipated.

The Fig. 6 shows the refractive index n(ω) and extinction coefficients 

k(ω) .The spectrum of n (ω) closely resembles the spectrum of ε1(ω). 
k(ω) Represents the imaginary extinction coefficient. While n(ω) corre
sponds to the real component of the refractive index., as given by [46]: 

n(ω) = 1̅
̅̅
2

√

[{
ε1(ω)

2
+ ε2(ω)

2
}1/2

+ ε1(ω)

]1/2

(3) 

k(ω) = 1̅
̅̅
2

√

[{
ε1(ω)

2
+ å2(ω)

2
}1/2

− ε1(ω)
]1/2

(4) 

The calculated refractive index follows the behavior of the real part 
of the dielectric function. The variation between x = 0.25 and x = 0.75 
reflects the modification of electronic polarizability induced by Pb/Sn 
substitution. A higher value of n (ω) indicates stronger interaction be
tween the incident photons and the electronic structure of the material, 
leading to greater bending of light at the interface.

On the other hand, the imaginary part k (ω), known as the extinction 
coefficient, describes the attenuation or damping of light as it propa
gates through the material. This attenuation mainly arises from ab
sorption processes, where photons transfer their energy to electrons, 
promoting them to higher energy states, as well as from scattering 
mechanisms within the crystal lattice. Consequently, larger values of k 
(ω) correspond to stronger optical absorption and reduced transparency. 
As shown in Fig. 6, the variation of n(ω) with photon energy reflects the 
dispersion behavior of the material. In the low-energy region, the 
refractive index remains relatively high due to weak absorption, 
whereas it decreases gradually with increasing photon energy. Mean
while, the extinction coefficient k(ω) remains nearly zero in the low- 
energy region, indicating negligible absorption below the band gap 
energy. At higher photon energies, k(ω) increases significantly due to 
interband electronic transitions, leading to stronger absorption in the 
ultraviolet region.

The reflectivity spectra of CsPb1-xSnₓBr₃ (x = 0.25, and 0.75) show a 
distinct dependence on photon composition and energy. Fig. 7 presents 
the calculated reflectivity spectra R (ω). The strong peaks at higher en
ergies are ascribed to interband electronic transitions, but the low 
reflectivity in the low-energy range suggests modest optical losses and 
improved light penetration. The observed reduction in reflectivity in
tensity upon Sn incorporation arises from alterations in the electronic 

(a) (b)
Fig. 4. TDOS and PDOS of CsPb1-xSnxBr3 (a) x = 0.25 and (b) x = 0.75 calculated using the KTB-mBJ potential.
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structure, in good agreement with the evolution of the refractive index 
and extinction coefficient. The real and imaginary parts of the refractive 
indices are then used in the following equation to evaluate the reflec
tivity at normal incidence [47]: 

R(ω) =
⃒
⃒
⃒
⃒
ñ − 1
ñ + 1

⃒
⃒
⃒
⃒ =

(n − 1)2
+ k2

(n + 1)2
+ k2

(5) 

Similarly, the absorption coefficient α(ω) and frequency-dependent 
optical conductivity σ(ω) are calculated using the following relations: 

α(ω) =
4πk(ω)

λ
(6) 

σ(ω) = 2Wcvhω

E2
0

̅→ (7) 

Where
Wcv : is transition probability per unit time
Fig. 8 shows the variation of the absorption of coefficient α(ω) and 

optical conductivity σ(ω) as a function of photon energy, at low photon 
energies, both spectra exhibit weak responses, followed by a sharp in
crease beyond the optical band gap, indicating the onset of allowed 
interband electronic transitions. All compositions display high absorp
tion coefficients on the order of 104 cm− 1 in the visible and ultraviolet 
regions, which is highly favorable for efficient light harvesting in 
photovoltaic devices. The similar absorption behavior of both compo
sitions indicates that partial Pb/Sn substitution preserves the strong 
optical activity of the cubic phase. The calculated band gaps increase 
slightly from 1.45 eV for CsPb₀.₇₅Sn₀.₂₅Br₃ to 1.67 eV for CsPb₀.₂₅Sn₀. 
₇₅Br₃, reflecting the composition-dependent modification of the elec
tronic structure. This trend is consistent with the PDOS analysis, which 
shows that the valence-band maximum is mainly composed of Br− 4p 
states, whereas the conduction-band minimum is dominated by Pb− 6p 
and Sn− 5p states. Consequently, the optical absorption originates from 
interband transitions between these occupied and unoccupied electronic 
states. Despite the slight increase in the band gap, both compositions 
maintain high absorption coefficients over a broad photon-energy range, 
demonstrating that Pb/Sn substitution effectively tunes the optical 

Fig. 5. (a) Real (ε₁) and (b) imaginary (ε₂) parts of the dielectric function of CsPb1-xSnxBr3 as a function of photon energy, computed using the KTB-mBJ potential.
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response while preserving the favorable optical characteristics of the 
cubic perovskite structure.

The optical conductivity spectra closely follow the behavior of the 
absorption coefficient, confirming that photon-induced interband tran
sitions dominate the optical response. These results indicate that 
controlled Pb/Sn substitution provides an effective approach for tuning 
the electronic structure and optical response of CsPb₁₋ₓSnₓBr₃, high
lighting its potential for optoelectronic applications. The optical con
ductivity can be further interpreted based on the calculated electronic 
structure. According to the PDOS analysis, the valence-band maximum 
is mainly associated with Br− 4p states, whereas the conduction-band 
minimum is dominated by Pb− 6p and Sn− 5p states. Therefore, the 
observed conductivity features originate from interband transitions be
tween these occupied and unoccupied electronic states. The similarity of 
the optical conductivity spectra for both compositions indicates that Pb/ 
Sn substitution modifies the electronic states near the band edges while 
preserving the characteristic optical response of the cubic perovskite 

structure.

3.5. Thermodynamic properties

The thermodynamic properties of CsPb1-xSnxBr3 were calculated 
using the Gibbs2 Gibbs2 algorithm as detailed in the reference [48], This 
code is based on Debye’s quasiharmonic methodology [49], where by 
thermodynamic preferences are obtained by minimizing the 
non-equilibrium Gibbs free energy G(V;P,T) as expressed in the 
following Eq. (8) [50]: 

G∗(V,P,T) = E(V)+ PV + Fvib(V;T) (8) 

Where E(V) represents the internal energy, P denotes the pressure, V 
signifies the unit cell volume, and Fvib refers to the vibrational Helm
holtz free energy at a certain temperature (T), this energy is expressed by 
the following equation: 

Fig. 6. (a) Photon-energy-dependent refractive index (n) and (b) extinction coefficient (k) of CsPb1-xSnxBr3 (x = 0.25, and 0.75) derived from calculations using the 
KTB-mBJ potential.
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FVib(V;T) = nkBT
[
9θD

8T
+ 3ln(1 − eθDT)D(θD/T)

]

(9) 

n, θD andD(θD/T)) depicts the number of atoms, Debye’s temperature 
and Debye’s integral respectively.θD is expressed by Eq. (10) [51]: 

θD =
ℏ
k
[
6π2V1/2n

]1/3f(σ)
̅̅̅̅̅
Bs

M

√

(10) 

M represents the molecular mass of the unit cell, whereas Bs denotes 
the adiabatic bulk modulus, which approximates the static bulk modulus 
(BS ≅ B(V) = V d2E(V)

dV2 ). Consequently, the Gibbs free energy G*(V;P,T) 
may be minimized with respect to volume V, yielding Eq. (11): 
[

∂G∗(V,P,T)
∂V

]

P,T
= 0 (11) 

Thermodynamic equation of state may be derived by solving the 
preceding Eq. (15). To get the heat capacity (Cv), isothermal bulk 
modulus (BT), entropy (S), and thermal expansion coefficient (α), we use 
the following equations: 

CV = 3nk
[

4D
(

θD

T

)

−
3θD/T

eθD/T − 1

]

(12) 

S = nk
[

4D
(

θD

T

)

− 3ln
(
1 − e− θD/T)

]

(13) 

B(P,V) = V

(
d2G∗(P,V)

dV2

)

(14) 

α =
γCV

BTV
(15) 

γ is the Grüneisen parameter ( γ = −
dlnθ(V)

dlnV )

The temperature dependence of the thermodynamic properties of 
CsPb1-xSnxBr3 alloys was investigated within the quasi-harmonic Debye 
approximation over the temperature range of 0–1000 K.

As shown in Fig. 9, the bulk modulus decreases almost linearly with 
increasing temperature for all Sn concentrations. This behavior origi
nates from thermal expansion, which increases the average interatomic 
distances and weakens the interatomic bonding strength. Consequently, 
the resistance of the material to compression decreases at elevated 

temperatures.
The variation of the bulk modulus (B) with temperature for CsPb1- 

xSnxBr3 at x = 0.25 and x = 0.75 is shown in Fig. 9; The bulk modulus 
values reveal a straight downward pattern when temperature climbs 
from 0 K to 1000 K during the study period (0–1000 K).

For both compositions, the bulk modulus decreases almost linearly 
with increasing temperature due to enhanced lattice vibrations and 
thermal expansion, which increase the average interatomic distances 
and consequently weaken the interatomic bonding strength. As a result, 
the resistance of the material to compression gradually decreases at 
elevated temperatures.

The bulk modulus decreases from approximately 21.513 GPa to 
13.071 GPa for x = 0.25 and from 22.006 GPa to 16.285 GPa for 
x = 0.75 as the temperature increases from 0 to 1000 K. Throughout the 
investigated temperature range, the x = 0.75 composition consistently 
exhibits slightly higher bulk modulus values than the x = 0.25 compo
sition, indicating a relatively stiffer lattice and stronger resistance to 
compression. Furthermore, the slower decrease in the bulk modulus for 
x = 0.75 indicates that this composition retains a higher resistance to 
volume compression with increasing temperature, suggesting lower 
sensitivity to thermal effects than the x = 0.25 composition.

Fig. 10 illustrates the temperature dependence of the Debye tem
perature θDfor CsPb₁₋ₓSnₓBr₃ (x = 0.25 and 0.75). For both composi
tions, θD decreases gradually with increasing temperature, reflecting the 
softening of the crystal lattice caused by enhanced atomic vibrations and 
thermal expansion. The Debye temperature decreases from approxi
mately 159.61 K to 118.75 K for x = 0.25, and from 167.94 K to 139.76 
for x = 0.75 as the temperature increases from 0 to 1000 K. Throughout 
the investigated temperature range, the x = 0.75 composition exhibits 
consistently higher Debye temperatures than the x = 0.25 composition, 
suggesting stronger interatomic bonding and enhanced lattice stiffness. 
Furthermore, the slower decrease in the Debye temperature with 
increasing temperature indicates greater resistance to thermally induced 
lattice softening and, consequently, improved thermal stability.

Fig. 11 presents the temperature dependence of the constant-volume 
heat capacity (Cv) for CsPb₁₋ₓSnₓBr₃ (x = 0.25 and 0.75). For both 
compositions, the heat capacity increases rapidly with increasing tem
perature at low temperatures, as expected from the progressive thermal 
excitation of lattice vibrations within the Debye model. The Cv values 
increase from 0 J mol⁻¹ K⁻¹ at 0 K to approximately 
123.19 J mol⁻¹ K⁻¹ for x = 0.25 and 122.95 J mol⁻¹ K⁻¹ for x = 0.75 at 

Fig. 7. Calculated optical reflectivity spectra R(ω) of CsPb1-xSnxBr3 as a function of photon energy based on the KTB-mBJ potential.
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300 K. At higher temperatures, the rate of increase gradually decreases, 
and the heat capacity approaches nearly constant values of about 
124.63 J mol⁻¹ K⁻¹ and 124.60 J mol⁻¹ K⁻¹ at 1000 K for x = 0.25 and 
x = 0.75, respectively. These values are close to the classical 
Dulong–Petit limit, indicating that the heat capacity reaches its high- 
temperature asymptotic behavior predicted by the Debye model. 
Furthermore, the nearly overlapping Cv curves indicate that Pb/Sn 
substitution has only a minor influence on the constant-volume heat 
capacity, suggesting that the thermal behavior of CsPb₁₋ₓSnₓBr₃ is only 
weakly affected by the investigated compositions.

Fig. 12 depicts the variation of the thermal expansion coefficient (α) 
as a function of temperature for CsPb₁₋ₓSnₓBr₃ (x = 0.25 and 0.75). For 
both compositions, the thermal expansion coefficient increases rapidly 
at low temperatures and then rises more gradually at higher tempera
tures. This behavior is consistent with the expected effect of lattice 
anharmonicity, which becomes increasingly significant as the temper
ature rises and results in thermal expansion of the crystal lattice.

Throughout the investigated temperature range, the x = 0.25 
composition exhibits consistently higher thermal expansion coefficients 
than the x = 0.75 composition. At 100 K, α is approximately 
10.17 × 10⁻⁵ K⁻¹ for x = 0.25 and 8.18 × 10⁻⁵ K⁻¹ for x = 0.75. At 

1000 K, these values increase to 16.17 × 10⁻⁵ K⁻¹ and 11.29 × 10⁻⁵ K⁻¹ , 
respectively. The lower thermal expansion coefficient of the x = 0.75 
composition indicates a reduced sensitivity to temperature-induced 
lattice expansion and suggests stronger interatomic interactions, 
which contribute to improved thermal stability. Therefore, increasing 
the Sn content from x = 0.25 to x = 0.75 enhances the resistance of the 
crystal lattice to thermal expansion.

Fig. 13 represents the temperature dependence of the equilibrium 
unit-cell volume (V) for CsPb1-xSnxBr3 (x = 0.25 and 0.75). For both 
compositions, the unit-cell volume increases monotonically with 
increasing temperature as a consequence of thermal expansion, which 
enlarges the average interatomic distances within the crystal lattice. The 
equilibrium volume increases from approximately 1352.74 bohr³ to 
1536.18 bohr³ for x = 0.25, and from 1316.25 bohr³ to 
1449.21 bohr³ for x = 0.75 as the temperature increases from 0 to 
1000 K.

the investigated temperature range, x = 0.25 composition exhibits 
consistently larger unit-cell volumes than the x = 0.75 composition. 
This reduction in equilibrium volume with increasing Sn content sug
gests a more compact crystal lattice and stronger interatomic in
teractions in the Sn-rich composition. The observed behavior is 

Fig. 8. (a) Photon-energy-dependent optical absorption α(ω) and (b) conductivity σ(ω) of CsPb1-xSnxBr3,derived from first-principles calculations using the KTB- 
mBJ potential.
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consistent with the higher bulk modulus, higher Debye temperature, and 
lower thermal expansion coefficient obtained for x = 0.75, indicating 
greater resistance to temperature-induced lattice softening and reduced 
sensitivity to thermal expansion.

Overall, the calculated thermodynamic properties exhibit physically 
consistent trends. The decrease in the bulk modulus and Debye tem
perature with increasing temperature, together with the increase in heat 
capacity, thermal expansion coefficient, and unit-cell volume, reflects 
the expected temperature-dependent response of the crystal lattice 
within the quasi-harmonic Debye model. These results indicate that both 
investigated compositions exhibit stable thermodynamic behavior over 
the considered temperature range. Moreover, the Sn-rich composition 
(x = 0.75) maintains a higher bulk modulus and Debye temperature, 
indicating lower sensitivity to temperature-induced lattice softening 
than the x = 0.25

composition.

4. Conclusion

In this study, the influence of B-site Pb/Sn substitution on the 

structural, electronic, and optical properties of cubic CsPb1-xSnxBr3 pe
rovskites (x = 0.25 and 0.75) was systematically investigated using first- 
principles calculations within the FP-LAPW method. Structural optimi
zation confirmed that both investigated compositions preserve the cubic 
perovskite structure and remain energetically stable. The electronic 
structure calculated using the KTB-mBJ exchange potential revealed a 
direct band gap for both compositions, with values of 1.45 eV for CsPb₀. 
₇₅Sn₀.₂₅Br₃ and 1.67 eV for CsPb₀.₂₅Sn₀.₇₅Br₃. The partial substitution of 
Pb by Sn modifies the electronic states near the band edges while pre
serving the direct-band-gap character. The calculated optical properties, 
including the dielectric function, absorption coefficient, refractive 
index, extinction coefficient, optical conductivity, reflectivity, and 
energy-loss function, exhibit a composition-dependent behavior that 
originates from interband transitions between Br− 4p-derived valence 
states and Pb− 6p/Sn− 5p-derived conduction states.*

Furthermore, the thermodynamic properties were investigated 
within the quasi-harmonic Debye model. All calculated thermodynamic 
quantities exhibit physically consistent behavior, where the progressive 
decrease in the bulk modulus and Debye temperature, together with the 
increase in heat capacity, thermal expansion coefficient, and 

Fig. 9. Temperature dependence of the bulk modulus of cubic CsPb1-xSnxBr3 
(x = 0.25 and 0.75) perovskites.

Fig. 10. Temperature dependence of the Debye temperature of cubic CsPb1- 

xSnxBr3 (x = 0.25 and 0.75) perovskites.

Fig. 11. Temperature dependence of the heat capacity at constant volume (Cᵥ) 
of cubicCsPb1-xSnxBr3 (x = 0.25 and 0.75) perovskites.

Fig. 12. Temperature dependence of the thermal expansion coefficient (α) of 
cubic CsPb1-xSnxBr3 (x = 0.25 and 0.75) perovskites.
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equilibrium unit-cell volume with increasing temperature, reflects the 
gradual thermal softening of the crystal lattice while maintaining 
structural stability over the investigated temperature range. Moreover, 
the Sn-rich composition (x = 0.75) exhibits a higher bulk modulus and 
Debye temperature, accompanied by a lower thermal expansion coeffi
cient and smaller equilibrium volume, indicating enhanced mechanical 
rigidity and improved thermal stability compared with the x = 0.25 
composition. These findings suggest that the investigated CsPb1-xSnxBr3 
compounds are promising candidates for optoelectronic and photovol
taic applications operating under varying thermal conditions. Overall, 
the present results demonstrate that controlled Pb/Sn substitution pro
vides an effective strategy for tailoring the structural, electronic, optical, 
and thermal properties of CsPb1-xSnxBr3 perovskites, highlighting their 
potential for future optoelectronic and photovoltaic applications.
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[15] S. Öz, et al., Zero-dimensional (CH3NH3) 3Bi2I9 perovskite for optoelectronic 
applications, Sol. Energy Mater. Sol. Cells 158 (2016) 195–201.

[16] K.A. Bush, et al., Minimizing current and voltage losses to reach 25% efficient 
monolithic two-terminal perovskite–silicon tandem solar cells, ACS Energy Lett. 3 
(9) (2018) 2173–2180.

[17] A. Miyata, et al., Direct measurement of the exciton binding energy and effective 
masses for charge carriers in organic–inorganic tri-halide perovskites, Nat. Phys. 11 
(7) (2015) 582–587.

[18] D.B. Mitzi, et al., Conducting tin halides with a layered organic-based perovskite 
structure, Nature 369 (6480) (1994) 467–469.

[19] V. D’innocenzo, et al., Excitons versus free charges in organo-lead tri-halide 
perovskites, Nat. Commun. 5 (1) (2014) 3586.

[20] R. Srivastava, Perovskite as light harvester: prospects, efficiency, pitfalls and 
roadmap, Nanostruct. Sol. Cells 314 (2017) 245–276.

[21] S. Lee, J.S. Cho, D.-W. Kang, Perovskite/polyethylene oxide composites: toward 
perovskite solar cells without anti-solvent treatment, Ceram. Int. 45 (17) (2019) 
23399–23405.

[22] Z. Xing, et al., Photovoltaic performance and stability of fullerene/cerium oxide 
double electron transport layer superior to single one in pin perovskite solar cells, 
J. Power Sources 389 (2018) 13–19.

[23] H. Li, et al., Cation-assisted restraint of a wide quantum well and interfacial charge 
accumulation in two-dimensional perovskites, ACS Energy Lett. 3 (8) (2018) 
1815–1823.

[24] Perovskites, O., Theoretical Modeling of Organohalide Perovskites for Photovoltaic 
Applications.

[25] X. Liu, et al., Boosting the efficiency of carbon-based planar CsPbBr3 perovskite 
solar cells by a modified multistep spin-coating technique and interface 
engineering, Nano Energy 56 (2019) 184–195.

[26] M. Chen, et al., Highly stable and efficient all-inorganic lead-free perovskite solar 
cells with native-oxide passivation, Nat. Commun. 10 (1) (2019) 16.

[27] I. Hamideddine, H. Zitouni, N. Tahiri, O. El Bounagui, H. Ez-Zahraouy, A DFT 
study of the electronic structure, optical, and thermoelectric properties of halide 
perovskite KGeI3-x Br x materials: photovo ltaic applications, Appl. Phys. A 127 (6) 
(2021) 443.

[28] P.K. Kamlesh, S. Sharma, S.K. Bhardwaj, A.S. Verma, Organometallic halide 
perovskites: futuristic materials for a more efficient and sustainable electronic 
world, Hybrid Perovsk. Synth. Prop. Appl. (2026) 87–140.

[29] S. Kumar, S.K. Pathak, D. Sharma, P.K. Kamlesh, A.S. Verma, Advancements in 
antiperovskite structured solids: a comprehensive review, East. Eur. J. Phys. (4) 
(2025) 4–13.

Fig. 13. Temperature dependence of the equilibrium unit-cell volume of cubic 
CsPb1-xSnxBr3 (x = 0.25 and 0.75) perovskites.

H. Mahammedi et al.                                                                                                                                                                                                                          Next Materials 13 (2026) 103119 

12 

http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref1
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref1
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref2
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref2
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref2
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref3
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref3
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref4
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref4
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref5
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref5
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref6
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref6
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref7
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref7
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref8
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref8
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref9
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref9
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref10
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref10
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref11
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref11
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref12
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref12
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref13
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref13
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref13
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref14
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref14
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref15
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref15
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref15
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref16
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref16
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref16
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref17
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref17
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref18
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref18
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref19
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref19
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref20
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref20
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref20
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref21
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref21
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref21
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref22
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref22
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref22
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref23
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref23
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref23
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref24
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref24
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref25
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref25
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref25
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref25
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref26
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref26
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref26
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref27
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref27
http://refhub.elsevier.com/S2949-8228(26)01536-4/sbref27


[30] A. Meena, J.K. Bairwa, S. Kumari, U. Rani, P.K. Kamlesh, A.P. Singh, A.S. Verma, 
Structural, electronic and optoelectronic characteristics by first principles 
calculations for CH3NH3PbBr3 hybrid perovskite, Phys. Chem. Solid. State 26 (1) 
(2025) 10–22.

[31] N. Pandit, R. Singh, T.K. Joshi, A. Shukla, P.K. Kamlesh, A. Dubey, A.S. Verma, 
Investigation of a potential photovoltaic absorber based on first principles 
spectroscopic screening of chalcogenide perovskites: CaZrX3 (X= S, Se), J. Comput. 
Electron. 24 (1) (2025) 11.

[32] N. Pandit, A. Dubey, T.K. Joshi, A. Shukla, U. Rani, P.K. Kamlesh, A.S. Verma, 
Effect of anion (S− 2 & Se− 2) replacement on photovoltaic properties in transition 
metal (Ba-Barium) chalcogenide perovskites, Int. J. Mod. Phys. B 39 (08) (2025) 
2550059.

[33] A.K. Jena, A. Kulkarni, T. Miyasaka, Halide perovskite photovoltaics: background, 
status, and future prospects, Chem. Rev. 119 (5) (2019) 3036–3103.

[34] Science, A.A.f.t.A.o, Newcomer juices up the race to harness sunlight. Science 342 
(6165) (2013) 1438–1439.

[35] Q.A. Akkerman, et al., Solution synthesis approach to colloidal cesium lead halide 
perovskite nanoplatelets with monolayer-level thickness control, J. Am. Chem. Soc. 
138 (3) (2016) 1010–1016.

[36] S. Yakunin, et al., Low-threshold amplified spontaneous emission and lasing from 
colloidal nanocrystals of caesium lead halide perovskites, Nat. Commun. 6 (1) 
(2015) 8056.

[37] W. Xiang, et al., Europium-doped CsPbI2Br for stable and highly efficient inorganic 
perovskite solar cells, Joule 3 (1) (2019) 205–214.

[38] L. Peedikakkandy, P. Bhargava, Composition dependent optical, structural and 
photoluminescence characteristics of cesium tin halide perovskites, RSC Adv. 6 
(24) (2016) 19857–19860.

[39] Z. Liu, et al., Heavy metal ternary halides for room-temperature x-ray and gamma- 
ray detection. Hard X-Ray, Gamma-Ray, and Neutron Detector Physics XV, SPIE, 
2013.

[40] H.M. Ghaithan, Z.A. Alahmed, S.M. Qaid, A.S. Aldwayyan, Structural, electronic, 
and optical properties of CsPb (Br1− xClx) 3 perovskite: first-principles study with 
PBE–GGA and mBJ–GGA methods, Materials 13 (21) (2020) 4944.

[41] G.H.U.L.A.M. Murtaza, I. Ahmad, First principle study of the structural and 
optoelectronic properties of cubic perovskites CsPbM3 (M= Cl, Br, I), Phys. B 
Condensed Matter. 406 (17) (2011) 3222–3229.

[42] H.M. Ghaithan, Z.A. Alahmed, S.M. Qaid, M. Hezam, A.S. Aldwayyan, Density 
functional study of cubic, tetragonal, and orthorhombic CsPbBr3 perovskite, ACS 
Omega 5 (13) (2020) 7468–7480.
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