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tuning of physical properties in
high-throughput metal halide MSn2Br5 (M = K, Cs)
perovskites for optoelectronic applications†

Md. Khairul Alam, Md. Nadim Mahamud Nobin and Md. Lokman Ali *

The physical properties of the ferromagnetic oxide perovskites MSn2Br5 (M = K, Cs) were thoroughly

examined using the GGA + PBE formalism of density functional theory. The investigation includes

a comprehensive characterization of these materials under hydrostatic pressures ranging up to 25 GPa.

Our work represents the first theoretical framework for exploring the behavior of MSn2Br5 (M = K, Cs)

under pressure, providing valuable insights into their properties. To ensure the thermodynamic and

mechanical stability of the studied compounds, we justified their stability through the analysis of

formation energy and Born stability criteria. Furthermore, we conducted a thorough examination of the

mechanical features of MSn2Br5 (M = K, Cs) based on various parameters, such as elastic constants,

elastic moduli, the Kleinman parameter, the machinability index, and the Vickers hardness. Pugh's ratio

and Poisson's ratio data show a ductile behavior for both compounds under stress. Moreover, our

analysis of the refractive index suggests that both materials hold significant potential as candidates for

ultrahigh-density optical data storage devices, particularly when subjected to appropriate laser

irradiation. This finding opens up exciting possibilities for utilizing MSn2Br5 (M = K, Cs) in advanced

optical technologies.
1. Introduction

The multifunctional optical properties of perovskite materials
are currently attracting signicant attention in the eld of
optoelectronic applications.1–3 Nevertheless, the potential
toxicity associated with the presence of lead in these
compounds has generated signicant concerns.4,5 Conse-
quently, there has been a notable increase in interest within the
scientic eld regarding lead-free halide perovskites.6–9

Researchers have conducted investigations into a range of
physical features exhibited by these materials, encompassing
structural, electrical, optical, and mechanical attributes. The
goals of these efforts are to increase our understanding and
overcome the challenges associated with their practical use. The
physical properties of a material, and hence its potential uses,
are oen analyzed using both experimental and theoretical
methods.10–13 The arrangement of atoms within a material can
signicantly affect its physical characteristics. Perovskite
materials encompass a wide range of properties, such as
conductivity, insulation, semi-conduction, and superconduc-
tivity.14,15 Consequently, perovskites are widely recognized as
f Science and Technology, Pabna-6600,
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a highly signicant group of materials encompassing different
crystal forms.16

The perovskite groups exhibits a diverse array of physical
characteristics such as photocatalysis, dielectric behavior,
ferroelectricity, pyroelectricity, piezoelectricity, magnetism,
superconductivity, and ionic conductivity.17–19 Researchers have
used rst-principles simulations to investigate and learn about
the various physical features of cubic perovskite materials.20–24

Chemical alterations, atomic substitutions, metal doping,
hydrostatic pressure, electric elds, andmagnetic elds are only
a few of the methods used to alter the physical features of
materials. Among these approaches, applying external hydro-
static pressure stands out as a convenient and highly effective
method for altering the band gap of perovskite materials.25 This
modication, in turn, signicantly inuences their optical and
electronic properties.

In recent advancements, researchers have made major
advances in enhancing the efficacy of cesium lead halide
(CsPbX) perovskite solar panels, resulting in power conversion
efficiencies (PCE) that exceed 20%.26 In order to address envi-
ronmental concerns, various alternative compounds such as
Sn2+, Ge2+, Bi3+, and Sb3+ have been explored to replace the
hazardous Pb2+.27 Among these alternatives, tin (Sn2+) is regar-
ded as a particularly captivating substance due to its perceived
environmentally friendly nature. As a result, solar cells, photo-
detectors, and LEDs made from tin-based organic–inorganic
RSC Adv., 2024, 14, 1267–1283 | 1267
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halide perovskites (OIHPs) have demonstrated outstanding
prospects as lead-free materials.28

Extensive research on Sn-based OIHPs with different halide
anions (I−, Br−, and Cl−) has been published, with a particular
focus on their application in solar cells. Perovskite structures
are typically represented by general formulas such as ABX3,
AB2BX4, AB2BX5, and A4BX6, where A stands for organic or
inorganic cation (such as CH3NH

2+, Cs+, or Rb+), B denotes
a metal cation (such as Pb2+, Sn2+, Ge2+, Bi3+, or Sb3+), and X
signies a halide anion (I−, Br−, or Cl−).29 Nevertheless, there
remains a need for further technological advancements for
making perovskites without using lead to enable their wide-
spread utilization in various applications. Researchers have
reported a technique for the facile and composition-dependent
synthesis of AB2X5 perovskites.30–32 Compared to other perov-
skite systems such as ABX3, AB2BX4, and A4BX6, AB2X5 perov-
skites have been noted for their superior structural stability.33–35

Several studies have investigated the optoelectronic character-
istics of specic AB2X5 perovskite compositions, such as
CsSn2Br5 and CsSn2Cl5.36,37

A detailed examination was carried out to examine the effects
of pressure on (metal) halide perovskites through the utilization
of density functional theory (DFT) computations. The main aim
of our study was to improve the efficiency of solar cells and
other electronic equipment with a comprehensive investigation
of the impact of pressure on diverse physical characteristics. In
accordance with limited research performed in this eld, our
investigation utilized rst-principles simulations to examine
the response of (metal) halide perovskites to varying levels of
pressure. Our study focused on the halide based MSn2Br5 (M =

K, Cs) perovskites. We conducted an investigation on the
perovskites, examining alterations in their structural, mechan-
ical, electrical, optical, and thermodynamic characteristics by
subjecting them to pressures which varied from 0 to 25 GPa. In
terms of structural properties, we examined lattice parameters,
volume, and formation energy. The elastic properties of perov-
skite materials were performing by estimations several param-
eters including elastic constants, Young's modulus, bulk
modulus, shearing modulus, Pugh's ratio, Poisson's ratio,
Kleinman parameter, machinability index, anisotropy, and
Vickers hardness. The evaluation of electronic qualities
involved the examination of band structures, total and partial
density of states (TDOS and PDOS). On the other hand, the
analysis of optical properties involved several factors such as
reectivity, conductivity, dielectric functions, absorption coef-
cient, loss functions, and refractive index. Furthermore, we
investigated thermodynamic characteristics, with an emphasis
on the Debye temperature. Our ndings revealed a unique band
structure and signicant alterations in reectivity, loss func-
tions, absorption coefficient, and conductivity, particularly in
the ultraviolet region, as pressure was applied within the range
of 0 to 25 GPa. Notably, we observed noticeable elastic behaviors
in the perovskite materials. Based on the distinctive optical
characteristics identied in MSn2Br5 (M = K, Cs), we suggest
that this material could be used in high-density optical data
store systems.
1268 | RSC Adv., 2024, 14, 1267–1283
2. Computational method

In this investigation, we used the CASTEP algorithm to carry out
rst principles calculations that rely onDensity Functional Theory
(DFT).38,39 To explain the exchange–correlation energies, the GGA
approximation, specically a simplied form of Perdew–Burke–
Ernzerhof (PBE), was used.40 The simulations involved using
pseudo-atomic models to consider the valence electrons. In this
investigation, the valence electron congurations of the MSn2Br5
(M= K, Cs) compound are as follows: K-3p6 4s1, Cs-5p6 6s1, Sn-5s2

5p2, and Br-3d10 4p5. To achieve the most favorable structure and
calculate the total energy, a plane wave cut-off energy of 520 eV
was determined, while the k-point was set at 4 × 4 × 3 using the
Monkhorst–Pack approach, ensuring the k-points fell within the
Brillouin zone.41 The optimal structure was obtained using the
Broyden–Fletcher–Goldfarb–Shanno (BFGS) method.42 For
geometry optimization, the convergence tolerance factors were
established as follows: 1 × 10−5 eV Å−1 atom for total energy, 1 ×

10−3 Å for maximum displacement, 0.03 eV Å−1 for maximum
force, and 0.05 GPa for maximum stress. During structural opti-
mization, the hydrostatic pressure was raised from 0 to 25 GPa in
5 GPa increments. The optimal crystal structure was generated
using the VESTA programme.43 In the same way that structural
optimization criteria were used, so too were electrical and optical
qualities. Elastic moduli and constants were calculated with the
CASTEP algorithm's “stress–strain” approach.44 In addition,
anisotropic contour plots in three dimensions (3D) were created
for Young's modulus, shear modulus, Poisson's ratio, and linear
compressibility using the ELATE programme.45

3. Results and discussion
3.1 Structural characteristics

The materials under investigation exhibit a tetragonal crystal
structure, which crystalizes in the point group 4/mm (140) and
space group I4/mcm.46 Fig. 1 displays the optimized crystal
structures of MSn2Br5 (M= K, Cs). Using fractional coordinates,
the K atoms in KSn2Br5 are found at the 4a Wyckoff position (1/
2, 1/2, 1/4), the Sn atoms at the 8h Wyckoff position (0.18, 0.68,
0.5), and the Br atoms at the 3d Wyckoff position (0.0, 0.0, 1/2).
Similarly, in CsSn2Br5, Cs atoms are found in the 4a Wyckoff
position with fractional coordinates of (0, 0, 1/4), while Sn
atoms occupy the 8h Wyckoff site with fractional coordinates of
(0.18, 0.68, 1/2), and Br atoms are located in the 4c Wyckoff
position with fractional coordinates of (1/2, 1/2, 0). Fig. 2 shows
that at normal atmospheric pressure, the predicted lattice
constants of KSn2Br5 is 8.39 Å (a= b) and 14.99 Å, which is quite
close to the value given in the reference work, 8.36 Å and 14.46
Å.46 The lattice constant for CsSn2Br5 is 8.54 Å (a = b) and 16.15
Å, which is nearly close to the value found in the earlier work
8.48 Å (a = b) and 15.28 Å.47 Hydrostatic pressure is applied
between 0 and 25 GPa to both compounds. The structural
properties are signicantly affected through the utilization of
pressure. Fig. 2 and 3 demonstrate how the lattice constants
and formation energy are affected by hydrostatic pressure. The
declining lattice constants are graphically represented. In the
meantime, it was evident from Table S1† that the volume of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The 2D and 3D crystal structures of MSn2Br5 (M = K, Cs) perovskites.

Fig. 3 Influence of pressure on formation energy of MSn2Br5 (M = K,
Sn) perovskites.
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both compounds was decreasing, which indicates that bond
length decreases as pressure is applied. The formation energy
(DEf) is calculated using the following equation to ensure the
phase stability of MSn2Br5 (M = K, Cs) under pressure:48

DEfðMSn2Br5Þ ¼ EtotalðMSn2Br5Þ � EsolidðMÞ � 2EsolidðSnÞ

� 5

2
EsolidðBr2Þ

where, Etotal(MSn2Br5) = total energy of the bulk MSn2Br5
system per formula unit, Esolid(M) and Esolid(Sn) are the total
energy of the bulk M atom and bulk Sn atom per formula unit,
and Esolid(Br2) = total energy of the bromine molecule per
formula unit. A material must have a negative formation energy
for thermodynamic stability.49 Thermodynamic stability of
MSn2Br5 (M = K, Cs) perovskites is indicated by negative values
of DEf at all applied pressures.

The formability of metal halide perovskites depends on
various requirements. The Goldschmidt tolerance factor t is one
of them. We calculated the Goldschmidt tolerance factor t of the
studied compounds by using the following equation,

t ¼ ðrA þ rXÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðrB þ rXÞ

p

Fig. 2 Pressure effect on lattice constants of (a) KSn2Br5 and (b) CsSn2B

© 2024 The Author(s). Published by the Royal Society of Chemistry
where rA and rB are the ionic radii of A and B site cations and rX
is the ionic radii of the anion. The calculated value of t for
KSn2Br5 and CsSn2Br5 is 0.831 and 0.887, respectively. It has
been well accepted that the ideal tolerance factor of ternary
r5 perovskites.

RSC Adv., 2024, 14, 1267–1283 | 1269
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halide perovskites ranges from 0.813 to 1.107.50 Therefore, the
calculated value of t indicates their structural stability. Again,
the tolerance factor falls between the range (t = 0.80–0.89),
which suggests that the studied compounds should form dis-
torted perovskite structures with more likely orthorhombic,
tetragonal, or rhombohedral crystal structures.
3.2 Elastic constants

Elastic constants Cij have a major role in determining a mate-
rial's structural stability and mechanical qualities.51 These
numbers describe how far a substance changes shape under
force and then goes back to its original shape when the force is
removed. It can be used to investigate the anisotropy, ductility,
stability, brittleness, and stiffness of a material. In this section,
we will take a close look at the elastic properties of MSn2Br5 (M
= K, Cs) perovskite materials. We determined the elastic
constants required by Hook's law using a linear t stress–strain
technique.52

Six different elastic constants (C11, C12, C13, C33, C44, and C66)
are associated with a tetragonal crystal structure. The direc-
tionality of stress and strain are revealed by the values of these
elastic constants. They play a crucial role in determining how
different materials will react to mechanical stress. The stiffness
in the axial direction is described by the constants C11, C12, and
C13, and the stiffness in the perpendicular direction is described
by the constant C33. Shear stiffness along a plane perpendicular
to the axis is described by the C66 constant, and along a plane
parallel to the axis, by the C44 constant. The following Born
stability criteria must be satised for elastic constants in
a tetragonal structure to be regarded as stable:53

C11 > 0, C33 > 0, C44 > 0, C66 > 0, C11 + C33 − 2C13 > 0, C11 − C12

> 0, 2(C11 + C12) + C33 + 4C13 > 0.

In this instance, the crystal structure under study is
mechanically stable. Since our evaluation of the MSn2Br5
compound's six elastic constants satised these stability
requirements, the compound is stable. This investigation
Fig. 4 Variation of elastic constants Cij for (a) KSn2Br5 and (b) CsSn2Br5

1270 | RSC Adv., 2024, 14, 1267–1283
indicates that the bulk modulus B must satisfy the quality
conditions C12 < B < C11. The main objective of this study is to
demonstrate the effect of pressure on the elastic constants of
MSn2Br5 (M = K, Cs) perovskites. Fig. 4 illustrates that the
elastic constants exhibit a rising pattern as the exerted pres-
sures enhance, so suggesting a concurrent augmentation in the
crystal's stiffness and resistance to deformation. The present
ndings can be considered to be predictive research due to the
absence of any experimental or theoretical data regarding the
elastic constants (Cij) of MSn2Br5 substance at high-pressure
conditions.
3.3 Mechanical properties

The computed elastic constants are useful as an initial reference
for estimating these characteristics using the Voigt–Reuss–Hill
averaging technique.54 The ability of a substance to endure
plastic deformation when subjected to hydrostatic pressure and
shear stress can be quantied by its bulk modulus (B) and shear
modulus (G), respectively.55 The increase in pressure is accom-
panied by a rise in both the shear modulus and the bulk
modulus as depicted in Fig. 5. The ndings indicate that the
tetragonal crystal MSn2Br5 (where M represents either K or Cs
atom) has enhanced resistance to compression under elevated
pressures. Further, it is demonstrated that the inuence of
pressure on the bulk modulus is more signicant compared to
its impact on the shear modulus. The Young's modulus is
a fundamental mechanical parameter that characterizes the
stiffness of materials. The concept of tensile stress can be
dened as the ratio of stress to strain.56 The relationship
between rough stiffness and a high Young's modulus is a widely
accepted characteristic among scientists. As depicted in Fig. 5,
the computed Young's modulus (E) values for MSn2Br5 perov-
skites exhibit an upward trend as pressure is elevated, sug-
gesting that pressure exerts a signicant inuence on their
durability.

The evaluation of the ductility of a substance or fragility can
be conducted by an investigation of its Pugh's ratio. Fig. 6(a)
presents the Pugh's ratio for MSn2Br5 (M = K, Cs) perovskites.
This ratio is calculated by dividing the bulk modulus by the
perovskites.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Effect of pressure on elastic moduli of (a) KSn2Br5 and (b) CsSn2Br5 perovskites.
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shear modulus. Pugh's ratio asserts that the character of a solid
is connected to its B/G value,57 with a small (large) B/G value
indicating a brittle (ductile) solid. This ratio is indicative of
brittleness relative to ductility, with the latter being more easily
distinguished when it is closer to 1.75. As can be seen in
Fig. 6(a), the ratio of B/G increases with pressure. As an
outcome, higher pressures result in more ductility in MSn2Br5
(M= K, Cs) perovskites. Another measure for assessing ductility
is the Poisson's ratio, the critical value of which is 0.26. The
ductility of MSn2Br5 (M = K, Cs) compounds is indicated by the
fact that their predicted value of n is greater than 0.26 for a wide
range of stresses. Fig. 6(b) illustrates that as pressure is
increased, the value of n for both materials increases above 0.26.
Consequently, this results in the perovskite material exhibiting
increased ductility.

The hardness of a substance can be approximated using
either the Vickers hardness (Hv) or the macroscopic structures
for durability estimation (E, G, B, v, and G/B).58 These can be
used to express the relationships:59

H1 = 0.0963B

H2 = 0.0607E
Fig. 6 Variation of pressure on (a) Pugh's ratio and (b) Poisson's ratio of

© 2024 The Author(s). Published by the Royal Society of Chemistry
H3 = 0.1475G

H4 = 0.0635E

H5 = −2.899 + 0.1769G

H6 ¼ ð1� 2nÞB
6ð1þ nÞ

H7 ¼ ð1� 2nÞE
6ð1þ nÞ

H8 = 2(k2G)0.585 − 3

here, k ¼ B
G
is Pugh's ratio.

The variation of hardness with pressure is depicted in
Fig. 7(a) and (b), it clearly reveal that both compound's hardness
value increase with increasing pressure. Based on the ndings,
the application of pressure causes complexities in both rigid
and exible deformation processes.

For tetragonal structure,
MSn2Br5 (M = K, Cs) perovskites.

RSC Adv., 2024, 14, 1267–1283 | 1271
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Fig. 7 Influence of pressure on hardness of (a) KSn2Br5 and (b) CsSn2Br5 perovskites.
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AU ¼ 5
Gv

GR

þ Bv

BR

þ 6$ 0

AG ¼ Gv � GR

Gv þ GR

AB ¼ BV � BR

BV þ BR

Therefore, Aeq is the equivalent Zener anisotropy factor,
which can be written as:

Aeq ¼
�
1þ 5

12
AU

�
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
1þ 5

12
AU

�2

� 1

s

The standard log-Euclidean value can be mathematically
expressed by utilizing the log-Euclidean formula, which is
dened as follows:

AL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
ln

�
BV

BR

��2
þ 5

�
ln

�
CV

44

CR
44

��2s

here, Cv
44 and CR

44 represent the C44 values for Voigt and Reuss,
respectively, which may be expressed as-

CR
44 ¼

5

3

C44ðC11 � C12Þ
3ðC11 � C12Þ þ 4C44

CV
44 ¼

3

5

ðC11 � C12 � 2C44Þ2
3ðC11 � C12Þ þ 4C44

The Kleinman parameter, denoted by the Greek letter z and
having no units, is typically between zero and one. This index
assesses the extent to which bonds can be extended in
comparison to other types of assets. The strength of a substance
to resist tension and compression is measured here. The
following construction z can be used for a compound:60
1272 | RSC Adv., 2024, 14, 1267–1283
z ¼ C11 þ 8C12

7C11 þ 2C12

Bond bending is minimized when z approaches zero,
whereas bond stretching is minimized when z approaches one.
The calculated value for z provides that this material exhibits
bending-type bonding. Up to 25 GPa, the impact of pressure on
the Kleinman parameter is seen in Tables 3 and 4. The
machinability index, mM = B/C44, is a crucial efficiency metric
with respect to future engineering applications. A solid's slic-
ability is quantied by its mM value. Dry lubrication and
adjustments become less complicated when mM is high.61

mM ¼ BH

C44

Tables 3 and 4 show the mM value of KSn2Br5 and CsSn2Br5
at different pressures, respectively; when pressure is increased
this value increase up to around 15 GPa, but it begins to
decline aer that. Therefore, MSn2Br5 (M = K, Cs) perovskites
become more amenable to machining at greater pressures.
This means the compound can be machined with greater ease,
less tool wear can be tolerated, the surface nish can be
improved, productivity can rise, and new machining options
can be explored. Tables 3 and 4 show the computed values of
C44, anisotropy, and different anisotropy factors for KSn2Br5
and CsSn2Br5 at different applied pressures. Anisotropy is
indicated by a value of 0 for both AG and AB, while anisotropy is
indicated by a value of 1. Since shear anisotropy is greater than
compressibility anisotropy, our results show that MSn2Br5 (M
= K, Cs) is anisotropic. In contrast to AU, which measures
relative anisotropy, AL quanties the absolute anisotropy of
a crystalline solid. However, AU does not provide any quanti-
tative information about the extent of anisotropy exhibited by
a material.

Three-dimensional changes in elastic moduli, compress-
ibility b, and Poisson's ratio n were visualized using the ELATE
method.62 The ELATE program displays the E, b, G, and n and
anisotropy values in MSn2Br5 (M = K, Cs) perovskites at either
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Anisotropic three-dimensional depiction of (a) Young's modulus, (b) Shear modulus, and (c) Poisson's ratio (d) linear compressibility of
KSn2Br5 perovskite at 0 and 25 GPa pressures.
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0 or 25 GPa, determined using the provided matrix. Fig. 8 and
9 show how the elastic moduli changes along different direc-
tions. Three-dimensional (3D) sphere plots show isotropy,
© 2024 The Author(s). Published by the Royal Society of Chemistry
while non-sphere plots show anisotropy.63 3D contour plots
that aren't spherical reveal the presence of elastic anisotropy
in all directions in the MSn2Br5 perovskites under study. The
RSC Adv., 2024, 14, 1267–1283 | 1273
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Fig. 9 Anisotropic three-dimensional depiction of (a) Young's modulus, (b) Shear modulus, and (c) Poisson's ratio (d) linear compressibility of
CsSn2Br5 perovskite at 0 and 25 GPa pressures.
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minimum and maximum values of Young's modulus E, linear
compressibility b, Shear modulus G, and Poisson's ratio n for
both compounds are shown in Tables 1 and 2, respectively. All
1274 | RSC Adv., 2024, 14, 1267–1283
of these values, with the exception of b, go up as pressure is
applied to KSn2Br5, whereas b and n go down as pressure is
applied to CsSn2Br5.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The minimum and maximum limits of Young's modulus, E (GPa), linear compressibility, b (GPa), Shear modulus, G (GPa), and Poisson's
ratio, n of KSn2Br5 perovskite

P (GPa)

E b G n

Emin Emax AE bmin bmax Ab Gmin Gmax AG nmin nmax An

0 14.09 28.65 2.03 20.89 49.92 2.39 7.02 13.01 1.85 0.10 0.38 3.75
5 33.98 54.61 1.61 7.39 10.73 1.45 14.03 23.95 1.71 0.11 0.49 4.53
10 49.35 86.95 1.76 5.16 5.43 1.05 19.37 35.47 1.83 0.09 0.53 5.70
15 59.21 112.42 1.89 3.62 4.23 1.17 23.68 45.07 1.90 0.09 0.57 5.88
20 71.79 139.22 1.94 3.09 3.21 1.04 28.36 57.58 2.03 0.09 0.57 6.54
25 84.72 169.81 2.00 2.59 2.71 1.05 33.43 72.55 2.17 0.09 0.57 6.25

Table 2 The minimum and maximum limits of Young's modulus, E (GPa), linear compressibility, b (GPa), Shear modulus, G (GPa), and Poisson's
ratio, n of KSn2Br5 perovskite

P (GPa)

E b G v

Emin Emax AE bmin bmax Ab Gmin Gmax AG nmin nmax An

0 3.94 15.57 3.96 32.56 64.68 1.99 1.16 11.10 6.32 −0.48 1.09 N
5 29.14 59.65 2.05 5.32 15.05 2.83 12.76 24.23 1.89 0.05 0.54 10.19
10 47.33 80.63 1.70 4.13 7.89 1.91 19.21 31.44 1.64 0.12 0.49 4.24
15 70.58 102.26 1.45 3.55 4.95 1.39 27.50 39.52 1.44 0.17 0.44 2.55
20 85.42 126.74 1.48 2.89 3.81 1.31 32.90 51.18 1.56 0.144 0.46 3.19
25 106.90 145.15 1.36 2.60 3.13 1.20 39.08 58.40 1.49 0.16 0.45 2.82
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3.4 Debye temperature

The Debye temperature, denoted as QD, is an essential attribute
in the eld of thermodynamics that is associated with the
Table 3 The Voigt and Reuss values of CR
44 & CV

44 (in GPa), equivalent
Zener anisotropic factor (Aeq), Shear anisotropy (AG), bulk anisotropy
(AB), universal log-Euclidean index (AL) Kleinman parameter (z), and
machinability index (mM) of KSn2Br5 perovskite at various applied
pressures P (GPa)

P CR
44 CV

44 Aeq AU AG AB AL z mM

0 2.47 2.48 1.83 0.45 0.03 0.045 0.09 0.56 1.50
5 6.17 6.27 1.52 0.21 0.02 0.004 0.04 0.60 1.99
10 10.24 11.03 1.70 0.35 0.03 0.000 0.17 0.59 1.76
15 13.01 14.02 1.77 0.40 0.04 0.000 0.17 0.62 1.93
20 16.40 17.90 1.85 0.46 0.04 0.000 0.20 0.60 1.82
25 20.04 22.58 1.94 0.55 0.05 0.000 0.27 0.60 1.72

Table 4 : The Voigt and Reuss values of CR
44 & CV

44 (in GPa), equivalent
Zener anisotropic factor (Aeq), Shear anisotropy (AG), bulk anisotropy
(AB), universal log-Euclidean index (AL) Kleinman parameter (z), and
machinability index (mM) of CsSn2Br5 perovskite at various applied
pressures, P (GPa)

P CR
44 CV

44 Aeq AU AG AB AL z mM

0 1.97 2.11 3.91 2.59 0.20 0.01 0.15 0.52 1.47
5 6.63 7.04 1.89 0.50 0.04 0.03 0.15 0.68 1.78
10 9.51 9.75 1.64 0.30 0.03 0.01 0.06 0.69 2.03
15 12.08 12.40 1.44 0.16 0.02 0.00 0.06 0.67 2.12
20 15.41 16.04 1.50 0.20 0.02 0.00 0.09 0.67 2.04
25 17.88 18.40 1.43 0.15 0.01 0.00 0.06 0.67 2.06

© 2024 The Author(s). Published by the Royal Society of Chemistry
highest frequency mode of vibrations in a crystal.64 It creates
a correlation among multiple fundamental physical parame-
ters, including specic heat, lattice stability, melting point, and
thermal expansion. Debye temperature was calculated using the
obtained elastic moduli for MSn2Br5 perovskites. In order to
determine the average sound velocity nm within a solid, the
equation employed is as follows:

nm ¼
�
1

3

�
2

nt3
þ 1

nl3

���1
3

(1)

in this context, nt and nl represent the transverse and longitu-
dinal sound velocities, respectively. These velocities can be
obtained by utilizing the values of bulk modulus (B) and shear
modulus (G) in the subsequent equation:

nt ¼
�
G

r

�1
2

(2)

and

nl ¼
�
3Bþ 4G

3r

�1
2

(3)

hence,

QD ¼ h

k

�
3n

p

�
NAr

M

��1
3

nm (4)

in the above equation, h represents Plank's constant, k denotes
Boltzmann's constant, n signies the number of atoms in
a molecule, NA represents the Avogadro number, r denotes the
RSC Adv., 2024, 14, 1267–1283 | 1275
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Table 5 Measured density r (kg m−3), transverse sound velocity vt (m s−1), longitudinal sound velocity vl (m s−1), mean sound velocity vm (m s−1),
Debye temperature QD (K) of the MSn2Br5 (M = K, Sn) perovskites

P (GPa)

KSn2Br5 CsSn2Br5

r (kg m−3) vt (m s−1) vl (m s−1) vm (m s−1) QD (K) r (kg m−3) vt (m s−1) vl (m s−1) vm (m s−1) QD (K)

0 4257 1398.01 2299.68 1544.47 143.18 4346 1019.82 1781.73 1133.00 101.24
5 5263 1868.77 3483.26 2086.73 207.64 5565 1828.69 3417.71 2042.37 198.17
10 5795 2211.43 4158.77 2470.91 253.88 6164 2048.25 3969.59 2293.21 230.22
15 6194 2402.78 4666.47 2690.50 282.65 6601 2276.52 4418.35 2549.01 261.81
20 6531 2596.77 5007.27 2906.37 310.76 6970 2452.71 4794.58 2747.54 287.37
25 6822 2792.81 5356.22 3124.67 338.99 7287 2589.15 5042.48 2899.70 307.81
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density of the solid, M represents the weight of themolecule, and
nm represents the average speed of sound in a certain medium.

Eqn (1)–(4) shows that as pressure is applied, the Debye
temperature of MSn2Br5 perovskite rises. This leads to an
increase in atomic force. Table 5 provides the expected values for
pressure-dependent densities (r), longitudinal sound velocity
(vl), transverse sound velocity (vt), average sound velocity (vm),
and Debye temperatures (QD). The observed results demonstrate
a positive correlation with the rise in pressure. Furthermore, we
have encountered difficulty in locating any previous research or
theoretical frameworks that have yielded similar ndings to our
work. Therefore, we anticipate that our discovery will help
further the progress of future studies.
3.5 Electronic properties

The physical properties of solids can be deduced from their
electronic band structures, which can be understood by locating
electrons in the conduction and valence bands. The energy
dispersion of electrons within the material is greatly inuenced
by their behaviour along the symmetric directions of the Bril-
louin zone, namely Z-G-X-P-N-G. Fig. 10 and 11 present an
analysis of the electronic energy dispersion graph of the Bril-
louin zone for MSn2Br5 (M = K, Cs) perovskites at 0 GPa and
25 GPa pressures along its highly symmetric directions. The
Fig. 10 Pressure effect on band structure of KSn2Br5 perovskite at (a) 0

1276 | RSC Adv., 2024, 14, 1267–1283
Fermi level (EF) is depicted by the red dashed line at zero on the
photon energy scale. At 0 GPa, KSn2Br5 exhibits a band gap of
2.423 eV, while at 25 GPa, the band gap reduces to 0.773 eV.
Similarly, CsSn2Br5 demonstrates band gaps of 2.46 eV and
1.324 eV at 0 GPa and 25 GPa, respectively. These results indi-
cate that both materials exhibit semiconductor behavior under
the given conditions. An improved electrical conductivity may
result from the pressure-induced narrowing of the band gap.

The reduced band gap leading to improved electrical conduc-
tivity opens up exciting possibilities in the eld of electronics. It
suggests that MSn2Br5 could be utilized in the development of
more efficient and high-performance electronic devices, such as
transistors or integrated circuits. The enhanced conductivity at
high pressuresmay enable faster electron ow, thereby enhancing
overall device performance.65 Furthermore, the modied elec-
tronic properties of MSn2Br5 make it a promising candidate for
catalytic applications. The increased electrical conductivity under
pressure could facilitate electron transfer during catalytic reac-
tions, resulting in improved efficiency and reactivity. This poten-
tial could be harnessed in areas such as energy conversion,
chemical synthesis, and environmental remediation.

The electronic characteristics of MSn2Br5 were better
understood by calculating its total density of states (TDOS) and
partial density of states (PDOS). The computed TDOS values for
KSn2Br5 at 0 GPa were found to be 7.88 states per eV per f.u.,
and (b) 25 GPa pressures.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Pressure effect on band structure of CsSn2Br5 perovskite at (a) 0 and (b) 25 GPa pressures.
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while those for CsSn2Br5 were 8.09 states per eV per f.u. Both
values dropped to 3.31 states per eV per f.u. and 4.14 states
per eV per f.u. at 25 GPa. Calculated TDOS and PDOS for the
MSn2Br5 substances at 0 and 25 GPa pressures are shown in
Fig. 12. This gure provides insight into the atomic contribu-
tions to the band creation of these substances. The DOS anal-
ysis reveals the presence of n-type carriers in all the compounds,
as evidenced by the high peak for electron crossings at EF.66

In the case of KSn2Br5, the states of K, Sn, and Br play
a primary role in the production of the partial density of states
Fig. 12 (a) TDOS and PDOS of KSn2Br5 and (b) TDOS and PDOS of CsSn

© 2024 The Author(s). Published by the Royal Society of Chemistry
(PDOS) in the valence band near the Fermi level (EF). At 0 GPa,
the PDOS values for K, Sn, and Br at EF are approximately 0.07
states per eV per f.u., 0.28 states per eV per f.u., and 2.85 states
per eV per f.u., respectively. At 25 GPa, these values increase to
approximately 0.61 states per eV per f.u. and 6.86 states per eV
per f.u. for Sn and Br, respectively. However, the PDOS value for
K does not vary considerably with increasing pressure. These
ndings demonstrate that Br atoms have the largest role in the
production of PDOS close to EF. The energy of the Br-4p states
strongly inuences the valence band between −1.89 eV and
2Br5 perovskites under pressure.

RSC Adv., 2024, 14, 1267–1283 | 1277
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−0.29 eV. The hybridization of Br-4p states has a important
effect on the valence band close to EF, which spans from
−0.27 eV to −3.68 eV. For CsSn2Br5, at 0 GPa, the Cs-6s states
have a negligible effect near EF, while the Br-4p states make
a high contribution at that pressure. At 25 GPa, the PDOS values
for Br in both compounds exhibit a signicant effect, indicating
a modication in its electronic contribution. This alteration can
be attributed to changes in the bonding environment or elec-
tronic interactions within the material under high pressure.
These results indicate that the electronic states of the Br atom
are pressure-sensitive and undergo a signicant change under
these conditions.

3.6 Optical properties

Information about a substance can be gathered from its optical
characteristics, especially when combined with optoelectronic
devices. It is of the greatest signicance to do research into the
reaction of different materials to electromagnetic radiation. The
optical properties are investigated by monitoring the variations
in response to varying incident photon energies.

The absorption coefficient is a measure of the extent to
which a material absorbs light as it passes through. A small
absorption coefficient implies that the material allows more
radiation to pass through, while a larger coefficient indicates
greater light absorption. In the case of MSn2Br5 (M = K, Cs)
perovskites, their absorption characteristics are depicted in
Fig. 13 (a) Absorption (b) reflectivity (c) loss function (d and e) dielectr
perovskite in [100] direction as a function of pressure.

1278 | RSC Adv., 2024, 14, 1267–1283
Fig. 13(a) and 14(a). The absorption process begins at energy
levels of 1.32 eV and 1.40 eV for KSn2Br5 and CsSn2Br5,
respectively. As the photon energy increases, the optical
absorption also increases, reaching maximum values of
approximately 13.03 eV for KSn2Br5 and 12.63 eV for CsSn2Br5.
An interesting observation is that the absorption spectra of
these perovskite materials exhibit a blue shi for photon
energies equal to or greater than 5.22 eV and 5.34 eV. This blue
shi signies a reduction in the material's bandgap energy,
enabling them to absorb photons with higher energies.
However, beyond these specic peaks, the efficiency of
absorption gradually diminishes for higher energy photons.

The reectivity curve has the greatest signicance in
assessing the appropriateness of an element as a reector.
Fig. 13(b) and 14(b) depict the pressure-induced reectivity
spectrum of the MSn2Br5 (M = K, Cs) material, covering photon
energies up to 30 eV. In case of KSn2Br5, the reectivity begins
with a value of zero photon energy and gradually increases as
the incident photon energy rises. It reaches its peak value at
approximately 4.41 eV and then remains relatively constant in
the ultraviolet (UV) range, specically between 6 and 15 eV.
Beyond 27 eV, the reectivity decreases and eventually reaches
zero. For CsSn2Br5, the maximum reectivity occurs at a photon
energy of 4.83 eV. From there, it decreases signicantly and
reaches its minimum at approximately 24.58 eV. The reectance
remains constant within the ultraviolet spectrum, specically
ic function (f and g) refractive index (h and i) conductivity of KSn2Br5

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Absorption (b) reflectivity (c) loss function (d and e) dielectric function (f and g) refractive index (h and i) conductivity of CsSn2Br5
perovskite in [100] direction as a function of pressure.
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from 25 to 30 eV. Based on these observations, it can be
concluded that MSn2Br5 (M = K, Cs) can serve as an effective
reector across the entire ultraviolet light spectrum.

The loss function quanties the amount of energy dissipated
by an electron during its passage through a given substance.67

Fig. 13(c) and 14(c) show the loss function curves for MSn2Br5
(M = K, Cs) compounds. The loss function is closely connected
to the phenomenon of plasma oscillation and its corresponding
frequency, known as the plasma frequency (up).68 We found that
for KSn2Br5, the highest loss function is 21.84 eV at 15 GPa. At
25 GPa, the highest loss function for CsSn2Br5 is 21.88 eV. These
observations yield an approximation of the plasma frequency of
MSn2Br5 molecules. When the incident light frequency exceeds
the plasma frequency, the materials MSn2Br5 exhibit trans-
parency. This phenomenon arises due to the inability of the
electrons within the material to effectively assimilate the energy
carried by the incident light. The optical characteristics of
a metallic system transition from metallic to dielectric-like
beyond the plasma energy.69 The loss function's peak
undergoes a shi towards larger energy values as the pressure is
increased. The decrease in the number of effective electrons
engaging in intraband and interband transitions is observed as
the peak shis towards higher energies.70 This is because the
applied pressure compresses thematerial, reducing the number
of available states for the electrons to occupy.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In comparison to radiation, the dielectric function shows how
the permittivity of a material changes with frequency or distance.
The dielectric functions for the perovskite compounds MSn2Br5
(M = K, Cs) are illustrated in Fig. 13(d), (e), 14(d) and (e). These
gures display the real and imaginary components of the
dielectric functions at different pressures, covering a range of
photon energies up to 30 eV. The dielectric function of KSn2Br5
demonstrates a peak value of around ∼14.01 at a photon energy
of 2.33 eV, aer which it steadily drops as the photon energy
increases. In the case of CsSn2Br5, it has been observed that the
maximum recorded dielectric constant value is around 12.79
(real) with an incident photon energy of 2.55 eV. Furthermore, it
has been noted that the dielectric constant falls as the incident
photon energy increases. Nevertheless, in the high-energy region,
the real and imaginary components exhibit a tendency to
converge towards zero for both substances. The behavior of
MSn2Br5 in this particular region exhibits similarities to that of
other transparent materials. It is worth noting that the dielectric
characteristics of MSn2Br5 exhibit negligible changes when
subjected to external forces. The dielectric characteristics of the
material exhibit minimal alteration when subjected to external
pressure. The observed pressure-invariant behavior is particu-
larly remarkable throughout the high-energy region, since the
real and imaginary components of the dielectric function tend to
converge towards zero. As a result, the optical absorption prole,
RSC Adv., 2024, 14, 1267–1283 | 1279
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which is strongly linked to the imaginary component of the
dielectric function, has minimal alterations as a consequence of
pressure inuences.71 The aforementioned results underscore
the strong and enduring dielectric characteristics exhibited by
compounds of MSn2Br5, as well as their limited vulnerability to
alterations generated by pressure.

The refractive index of a substance is an intrinsic charac-
teristic that delineates the manner in which light behaves when
it traverses the substance. This observation yields signicant
revelations regarding the velocity of light propagation within
the given substance. The phase velocity of light is determined by
the real portion of the refractive index, whereas the imaginary
part of the refractive index corresponds to the extinction coef-
cient. The extinction coefficient signies the material's
capacity to dissipate energy prior to total absorption. The
investigation of the refractive index's real and imaginary
components has been conducted for the perovskite materials
MSn2Br5 (M = K, Cs). Fig. 13(f), (g), 14(f) and (g) illustrate the
behavior of these components at zero photon energy. The
analysis reveals that the real component of the refractive index
reaches a maximum value of approximately 2.55 eV for KSn2Br5
and 2.65 eV for CsSn2Br5. As the energy increases above this
values, the real component gradually decreases and eventually
reaches a minimum value of about 13.77 eV and 14.98 eV for
KSn2Br5 and CsSn2Br5, respectively. In the upper energy range,
the real component remains relatively constant. This behavior
signies changes in the phase velocity of light within the
material's and suggests a shi in their optical response at
higher energies.

In relation to the imaginary component of the refractive
index, the values exhibit a rising pattern and reach their peak at
around 4.65 eV and 4.96 eV for the compounds KSn2Br5 and
CsSn2Br5, respectively. As the energy increases, these values
exhibit gradual decreases and eventually stabilize in the higher
energy range. As a result of these ndings, we may deduce that
the material has good absorption properties and a high rate of
energy dissipation. Fig. 13(h), (i), 14(h) and (i) illustrate
pressure-dependent changes in the optical conductivity of
MSn2Br5 (M = K, Cs) compounds for light with energy up to
30 eV. Spectral analysis of optical photoconductivity exhibits
distinct patterns within the studied energy range. Both KSn2Br5
and CsSn2Br5 compounds demonstrate a maximum conduc-
tivity at energies 4.41 eV and 4.72 eV, respectively. With
increasing photon energy beyond these values, the conductivity
transitions to higher energy regions under external pressure.
Subsequently, with increasing photon energy, conductivity falls
progressively and approaches a minimum. The imaginary part
of the conductivity also exhibits this behavior when exposed to
incident radiation, attening out at higher energy. Based on
these results, it appears that absorbing light increased the
photoconductivity of MSn2Br5 (M = K, Cs) materials.

4. Conclusion

First principles DFT-based simulations were used to explore the
physical properties of the non-toxic perovskite compounds
MSn2Br5 (M = K, Cs) at various pressures up to 25 GPa. It works
1280 | RSC Adv., 2024, 14, 1267–1283
on different kinds of physical properties, such as structural,
elastic, mechanical, Debye temperatures, electronic, and
optical. At normal pressure, the calculated lattice parameters
agreed with the experimental results. But the values of the
lattice constants and unit cell volume also dropped with
increasing pressure because of the smaller interatomic
distances. When subjected to external pressure, the strength of
the ionic/covalent/metallic bonds inside the compounds
increased. MSn2Br5 perovskites were mechanically stable, and
their elastic constants increased with applied pressures, indi-
cating increased rigidity and deformation resistance. The
anisotropy values of E, b, G, and n in MSn2Br5 (M = K, Cs)
perovskites revealed the presence of elastic anisotropy in all
directions. Elastic anisotropy was determined in all directions
by measuring the anisotropy parameters E, b, G, and n in
MSn2Br5 (M = K, Cs) perovskites. Notably, with rising pressure,
the values of E, G, and n generally increased in KSn2Br5, while
b and n decreased in CsSn2Br5. The obtained results provide
valuable insights into the mechanical behaviour and aniso-
tropic characteristics exhibited by the examined perovskite
compounds. Moreover, under pressure, the Debye temperature
of the perovskites increased, indicating stronger atomic forces.
This enhancement in conductivity at high pressures could
improve device performance and be benecial in wide range of
uses, for example energy conversion, chemical synthesis, and
environmental remediation. Further, the results of this research
also provided valuable insights into the electronic properties of
the compounds, indicating that they exhibit semiconducting
behavior under the given conditions. The band gaps decreased
with increasing pressure, allowing for enhanced electrical
conductivity. The density of states (DOS) revealed atomic elec-
tronic contributions. It was found that pressure inuenced the
electronic states associated with the Br atoms signicantly.
Additionally, the compounds showed potential as effective
reectors across the entire UV spectrum and exhibited pressure-
stable dielectric properties. The refractive index indicated
changes in light's phase velocity, and optical conductivity
revealed enhanced photoconductivity through photon absorp-
tion. These ndings contribute to the understanding and
utilization of MSn2Br5 compounds in energy, catalysis, and
environmental applications. Finally, these results have a major
inuence on the future of perovskite solar cell technology and
its widespread application in renewable energy systems.
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