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rties of ASnTe3 (A = Li, Na, K, Rb,
Cs) chalcogenide perovskites for optimal solar
energy conversion: computational insights

Eman Khalafalla Mahmoud,*a Ali El-Rayyes b and Mohamed Taha *a

This study explores the structural, electronic, optical, mechanical, and thermodynamic properties of ASnTe3
(A = Li, Na, K, Rb, and Cs) chalcogenide perovskites using density functional theory (DFT). The stability of

these materials was assessed by calculating formation energies, Goldschmidt tolerance factors (Tf), Bartel

tolerance factor (s), and phonon dispersion. Electronic structure calculations show indirect band gaps

ranging from 0.27 to 1.32 eV, with minimal direct–indirect offsets (0.06–0.23 eV), indicating strong

potential for both photovoltaic (Rb, Na, CsSnTe3) and thermoelectric (Li, KSnTe3) applications. Carrier

type analysis reveals p-type behavior for Na, K, Rb, and Cs analogues, and n-type for LiSnTe3. Mechanical

properties were comprehensively assessed using elastic constants, moduli, Poisson's ratio, Pugh's ratio,

machinability index, Vickers hardness, and universal and Zener anisotropy indices, supported by 2D and

3D elastic modulus visualizations. All compounds exhibit elastic anisotropy and good ductility, with

NaSnTe3 identified as the most ductile (Poisson's ratio > 0.30, B/G > 1.75). Vickers hardness varies from

0.99 GPa (KSnTe3) to 1.77 GPa (RbSnTe3), and KSnTe3 demonstrates superior machinability (3.05),

favoring its practical processability. Thermodynamic parameters—including entropy, enthalpy, free

energy, and heat capacity, were derived from phonon dispersion calculations. The materials also exhibit

low lattice thermal conductivity (0.27–0.38 W m−1 K−1), high melting points (771–892 K), and favorable

Debye temperatures (126–158 K). These results highlight ASnTe3 perovskites as promising, lead-free

candidates for multifunctional applications, including solar energy conversion, thermoelectrics, thermal

barrier coatings, and flexible electronics.
1. Introduction

Halide perovskites have emerged as a central focus in photo-
voltaics research over the past decade,1–4 following the pio-
neering work of Kojima et al., who demonstrated their
application as visible-light sensitizers in 2009.5 Subsequent
studies have substantiated their exceptional performance in
a wide range of optoelectronic applications, including photo-
detectors,6,7 light-emitting diodes (LEDs),8,9 optical sensors,10,11

and solar cells.12,13 Despite these advances, hybrid lead halide
perovskites are hindered by signicant challenges, particularly
poor ambient stability. The use of small organic cations, such as
methylammonium (MA+), contributes to structural degradation
upon exposure to moisture, oxygen, or heat. Substitution with
larger organic cations, such as formamidinium (FA+), or inor-
ganic cations like cesium, has been shown to partially improve
their environmental stability. However, such modications
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oen introduce phase instability, necessitating complex mate-
rial compositions and advanced encapsulation strategies.14–19 In
addition to stability issues, the presence of lead in these
materials raises environmental and health-related concerns.
Although there is ongoing debate regarding the trade-off
between the toxicity of lead and its performance benets in
photovoltaic devices,20–24 there is a consensus that efficient,
stable, and lead-free alternatives are highly desirable. In
response, considerable research has been directed toward
identifying environmentally benign and structurally robust
perovskite analogues. Proposed alternatives include Sn2+- and
Ge2+-based halide perovskites,25 halide double perovskites
(A2B0B00X6),26 vacancy-ordered perovskites (A2BX6),27 and chal-
cogenide perovskites (ABCh3).28–30 Among these, chalcogenide
perovskites featuring oxygen, sulfur, or selenium as anionic
components are particularly promising due to their composi-
tion of earth-abundant and non-toxic elements. A variety of
chalcogenide perovskites have demonstrated favorable opto-
electronic and structural properties. Compounds such as
AHfSe3 and AZrSe3 (A = Ca, Sr, Ba) exhibit suitable electronic
and optical characteristics for photovoltaic applications.31,32 The
Sr3ZnX3 series (X = S, Se, Te) offers high thermal stability and
notable optoelectronic behavior, making them candidates for
RSC Adv., 2025, 15, 25633–25662 | 25633
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Fig. 1 Schematic of our studied perovskites.
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semiconductors and thermoelectric.33 LaScSe3, with a direct
bandgap in the visible spectrum, has further reinforced the
potential of chalcogenide perovskites in photonic technolo-
gies.34 Promising single-junction solar cell candidates include
CaTiS3, BaZrS3, CaZrSe3, and CaHfSe3,35 while ACeTe3 (A = Ca,
Sr, Ba) features optimal bandgaps (1.0–1.1 eV) for solar energy
absorption.36 Additional candidates such as ABX3 (A = Ba; B =

Zr; X = S, Se)37 and Ca6ZrHfS6 (ref. 38) show promising light
absorption and detection properties. Further theoretical inves-
tigations have identied compounds such as LiScSe2, RbScSe2,
and AScS (A = K, Rb) as potential materials for optoelectronic,
thermoelectric, and solar absorption applications.39,40 Density
functional theory (DFT) studies have also highlighted Al2CdX4

(X = S, Se, Te),41 RbAlTe2, and CsAlTe2 (ref. 42) as strong
candidates for photovoltaic deployment. These ndings are
supported by a growing body of experimental and computa-
tional research, underscoring the potential of chalcogenide
perovskites in next-generation energy technologies.43–48 Our
previous DFT-based investigations into the ABS3 and ABSe3
systems (A = Li, Na, K, Rb, Cs; B = Si, Ge, Sn) have demon-
strated their promising properties for solar energy
conversion.49–51

Recent experimental efforts have further validated the
applicability of chalcogenide perovskites in energy technolo-
gies. For instance, Han et al. synthesized EuHfS3, a low-bandgap
antiferromagnetic material, for photovoltaic and spintronic
applications.52 Jia et al. reported the fabrication of CaSnS3 thin
lms via sulfurization of CaSnO3, demonstrating favorable
characteristics for solar harvesting.53 Pradhan et al. achieved the
formation of BaZrS3 and BaHfS3 thin lms using single-phase
molecular precursors at moderate synthesis temperatures,
further highlighting their optoelectronic potential.54 Similarly,
BaMS3 compounds (M= Zr, Hf, Ti) have shown great promise in
light-based applications.55 Other studies include the synthesis
of Rb0.2Ba0.4Cr5Se8, a material exhibiting enhanced thermo-
electric performance,56 and investigations into Sr8Ti7S21, which
shows potential for lithium–sulfur battery enhancement.57

Perera et al. successfully synthesized BaZrS3, CaZrS3, SrZrS3,
and SrTiS3, conrming their suitability for energy harvesting,29

while Nishigaki et al. reported distorted chalcogenide perov-
skites (e.g., BaZrS3, SrZrS3, BaHfS3, and SrHfS3) with direct
bandgaps between 1.94 and 2.41 eV, rendering them ideal
absorbers for solar applications.58

Mechanical and thermal properties are critical in deter-
mining the practical applicability of perovskite materials,
particularly for thin-lm technologies in exible photovoltaic
devices.59,60 The elastic modulus plays a vital role in preventing
cracking and ensuring mechanical integrity. While high elastic
moduli may lead to brittleness and fracture, excessively low
values can cause plastic deformation.61 Therefore, a moderate
elastic modulus is generally desirable.62 Moreover, appropriate
modulus matching between adjacent layers within a device
minimizes interfacial stress and promotes adhesion.63

Thermal characteristics, such as the Debye temperature and
thermal conductivity, also inuence device efficiency.64–66 Lower
Debye temperatures correlate with enhanced phonon–phonon
scattering due to low-energy phonon modes, leading to reduced
25634 | RSC Adv., 2025, 15, 25633–25662
thermal conductivity, following the Slack model. This increase
in scattering raises the probability of non-radiative relaxation,
ultimately lowering the power conversion efficiency (PCE) of
photovoltaic devices. Consequently, materials with higher
Debye temperatures are typically preferred for high-efficiency
solar cells.67 It is, therefore, essential to thoroughly assess the
mechanical and thermal behavior of candidate materials before
their incorporation into photovoltaic devices.

The tunability of perovskite properties via strategic A-site, B-
site, and X-site substitution has greatly expanded their appli-
cability across diverse elds, including solar energy harvesting,
optoelectronics, environmental sensing, and photocatalysis. A-
site cation substitution, in particular, has been shown to
inuence both stability and device performance. For example,
K3Sb2I9 yields a higher photocurrent density (0.41 mA cm−2)
compared to Cs3Sb2I9 and Rb3Sb2I9.68 In the inorganic A3NCl3 (A
= Ba, Sr, Ca) perovskite family, Ba-based devices demonstrate
the highest PCE (28.81%) compared to their Sr and Ca-based
analogues.69 Similarly, the incorporation of Cs+ and Rb+ with
MA+ and FA+ has been reported to enhance grain size, carrier
lifetime, and device efficiency.70 A-site cation substitution also
inuences photocatalytic performance, as evidenced in
LnTaON2 (Ln = La, Pr), where LaTaON2 exhibits superior H2

and O2 evolution activity.71 Furthermore, Ba2LuTaO6 displays
greater photosensitivity than Sr2LuTaO6, suggesting enhanced
photocatalytic potential.72

This study addresses the pressing need for stable, lead-free,
and tunable semiconducting materials tailored for advanced
energy technologies. We hypothesize that systematic substitu-
tion of the A-site cation (Li, Na, K, Rb, Cs) in ASnTe3 chalco-
genide perovskites (Fig. 1) enables precise control over their
band gap, optical absorption, and thermal properties, thereby
optimizing them for targeted applications such as photovoltaics
and high-temperature thermal management. To evaluate this
hypothesis, we conduct a comprehensive rst-principles inves-
tigation based on density functional theory (DFT). The specic
objectives of this work are to: (i) assess the structural stability
and phonon dynamics of ASnTe3 compounds; (ii) analyze their
electronic band structures and the impact of A-site substitution
on band gap tunability; (iii) evaluate their optical properties to
determine light-harvesting potential across the solar spectrum;
(iv) investigate their mechanical characteristics to ensure
structural robustness; and (v) examine their thermodynamic
behavior, including lattice thermal conductivity, to assess
© 2025 The Author(s). Published by the Royal Society of Chemistry
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suitability for thermal barrier coating applications. The ndings
from this study offer fundamental insights and theoretical
guidance for the design and experimental development of next-
generation lead-free perovskite materials for sustainable energy
solutions.

Given the absence of experimental data and the novelty of
these materials, we employed the Heyd–Scuseria–Ernzerhof
hybrid functional (HSE06)73 to enhance the accuracy of elec-
tronic structure predictions. HSE06 is well-established for its
improved reliability in estimating band gaps, charge transport,
and optical properties in perovskite systems. Although
computationally demanding, the hybrid functional's accuracy
makes it particularly suitable for exploratory studies such as
this, where predictive delity is critical to guiding future
experimental realization. The insights gained provide a foun-
dational understanding and theoretical framework for the
development of lead-free perovskite semiconductors in
sustainable energy applications. Moreover, although ASnTe3
materials have not yet been synthesized experimentally, struc-
turally and chemically analogous compounds have been
successfully fabricated. Liao et al.74 reported the synthesis of
various alkali metal tin suldes, including K2Sn2S8, a-/b-
Rb2Sn2S8, and Cs2Sn2S6, viamolten salt techniques at moderate
temperatures (275–450 °C). These compounds feature Sn(IV)
coordination environments and A-site alkali cations similar to
those proposed in ASnTe3, reinforcing the feasibility of their
synthesis through similar methods.
2. Theoretical methodology

All computational analyses were performed using the CASTEP
code within the Materials Studio 2020 soware suite (https://
www.3ds.com/products/biovia/materials-studio), based on the
DFT. The crystal structure of CsSnS3 (triclinic, space group P�1,
2), as provided by the Materials Project database (mp-
561710),75 was used as the initial model. Systematic atomic
substitutions were carried out to investigate the effects of
compositional variations: the A-site Cs atom was replaced
with Li, Na, K, and Rb; the B-site Sn atom was substituted with
Si and Ge; and the X-site S atoms were replaced with Te.
Geometry optimization, as well as electronic and optical prop-
erty calculations, were conducted using the Heyd–Scuseria–
Ernzerhof (HSE06) hybrid functional.73 All exchange–correla-
tion (XC) functionals were evaluated using a kinetic energy
cutoff of 650 eV, employing norm-conserving
pseudopotentials.76

The self-consistent eld (SCF) convergence criterion was set
to 1.0 × 10−6 eV per atom. Geometry optimizations adhered to
the following convergence thresholds: a total energy tolerance
of 1.0 × 10−5 eV per atom, a maximum Hellmann–Feynman
ionic force of 0.03 eV Å−1, and a maximum ionic displacement
of 0.001 Å. For Brillouin zone sampling, a dense Monkhorst–
Pack k-point mesh of 12 × 12 × 12 was employed.

The optical characteristics have been calculated using the
HSE functional and the complex dielectric constant, which is
described below:77
© 2025 The Author(s). Published by the Royal Society of Chemistry
3(u) = 31(u) + i32(u) (1)

The well-established Kramers–Kronig relations connect the
real and imaginary components of the complex dielectric
function, and can be expressed as follows:78,79

31ðuÞ ¼ 1þ 2

p
P

ðN
0

u
0
32ðuÞ

u
02 � u2

du (2)

where, P denotes the principal value of the integral.

32ðuÞ ¼ 2e2p

U30

X
k;v;c

��jc
k

��u$r��jy
k

��2d�Ec
k þ Ey

k � E
�

(3)

Here, u and e denote the polarization of the incident electric
eld and the electric charge, respectively. U represent the
volume of a unit cell. jc

k and jy
k signify the wave functions of the

valence band and conduction band, respectively, at the
position k.

Additional optical parameters, including the reectivity R(u),
absorption coefficient a(u), optical conductivity s(u), energy
loss function L(u), the real part of the conductivity, and the
refractive index n(u), were calculated as follows.80–82

RðuÞ ¼
�����

ffiffiffiffiffiffiffiffiffi
3ðuÞp � 1ffiffiffiffiffiffiffiffiffi
3ðuÞp þ 1

�����
2

(4)

aðuÞ ¼ u

c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p
� 31ðuÞ

�s
(5)

sðuÞ ¼ iu

4p
3ðuÞ (6)

nðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p þ 31ðuÞ
2

s
(7)

kðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
312ðuÞ þ 322ðuÞ

p � 31ðuÞ
2

s
(8)

LðuÞ ¼ 32ðuÞ
31ðuÞ þ 32ðuÞ (9)

Mechanical and thermodynamic properties were evaluated
using the generalized gradient approximation (GGA) with the
PBESOL exchange–correlation functional.83 To assess the
mechanical behavior, key parameters such as bulk modulus (B),
shear modulus (G), Young's modulus (Y), Poisson's ratio (n), and
machinability index (mm), and Vickers hardness (HV), were
investigated. Additionally, elastic anisotropy was characterized
using universal anisotropic index (AU), and Zener anisotropy
factor (A), based on the computed elastic constants.84 The bulk
modulus, shear modulus, and Young's modulus were derived
using the Voigt–Reuss–Hill (VRH) averaging scheme,85 which
combines the upper and lower bounds of elastic moduli. In this
framework, the Voigt model assumes uniform strain
throughout the crystal structure,86 whereas the Reuss model
assumes uniform stress.87 According to Voigt's theory, the bulk
RSC Adv., 2025, 15, 25633–25662 | 25635
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modulus (B) and shear modulus (G) can be calculated as
follows:

BV ¼ 1

9
ðC11 þ C22 þ C33Þ þ 2

9
ðC12 þ C13 þ C23Þ; (10)

GV ¼ 1

15
ðC11 þ C22 þ C33Þ � 1

15
ðC12 þ C13 þ C23Þ þ 1

5
ðC44

þ C55 þ C66Þ;
(11)

while in the Reuss theory,

BR ¼ 1

ðS11 þ S22 þ S33Þ þ 2ðS12 þ S13 þ S23Þ ; (12)

GR ¼

1

4ðS11 þ S22 þ S33Þ � 4ðS12 þ S13 þ S23Þ þ 3ðS44 þ S55 þ S66Þ ;

(13)

where Sij is the elastic compliance matrix.
The B, G, B/G, Y, v, mm, HV, A

U, and A88–90 can be calculated as:

B ¼ BV þ BR

2
(14)

G ¼ GV þ GR

2
(15)

Y ¼ 9BG

ð3Bþ GÞ ; (16)

v ¼ ð3B� 2GÞ
½2ð3Bþ GÞ� ; (17)

Pugh’s ratio = B/G (18)

mm ¼ B

C44

(19)

HV ¼ ð1� 2vÞY
6ð1þ vÞ (20)

AU ¼ 5
GV

GR

þ BV

BR

� 6 (21)

A ¼ 2C44

C11 � C12

(22)

The Debye temperature (qD) is a fundamental thermal
parameter that characterizes the highest temperature associ-
ated with a single normal vibrational mode within a crystal. It
plays a pivotal role in correlating the mechanical properties of
solids with various physical phenomena, including lattice
vibrations, thermal expansion, melting point, specic heat
capacity, and thermal conductivity. Dened as the temperature
corresponding to the maximum phonon frequency, it also
marks the lower bound for the onset of lattice vibrations. The
25636 | RSC Adv., 2025, 15, 25633–25662
Debye model provides an accurate description of the tempera-
ture dependence of specic heat at low temperatures, offering
signicant improvements over the classical Dulong–Petit law. A
higher Debye temperature is typically indicative of stronger
interatomic bonding and higher acoustic phonon velocities
within the material. It is commonly estimated using elastic
constants and the average speed of sound in the crystal lattice.
The Debye temperature yields critical insights into phonon-
mediated thermal transport and is frequently used to predict
thermal conductivity. Materials with high Debye temperatures
tend to exhibit lower specic heat capacities at low tempera-
tures and enhanced thermal stability. Moreover, qD is a key
parameter in understanding the thermodynamic behavior of
solids, including their stability, phase transitions, and suit-
ability for high-temperature applications. In the present study,
the Debye temperature was calculated using the obtained elastic
modulus values and other relevant mechanical parameters. The
following equations were employed for this purpose:91

qD ¼ h

kB

��
3n

4p

�
NAr

M

	1=3
� vm (23)

In this expression, h and kB denote the Planck and Boltzmann
constants, respectively, NA is Avogadro's number, r represents
the density, M is the molecular weight, and n is the number of
atoms contained in the unit cell of ASnTe3.

The average sound velocity (vm) is calculated by using the
relation as given in the literature92 as,

vm ¼
�
1

3

�
2

vt3
þ 1

vl3

�	�1=3
(24)

vm can be determined using the values of vt and vl, which the
transverse and longitudinal sound velocities, respectively

vt ¼
�
G

r

�1=2

(25)

vl ¼
�
3Bþ 4G

3r

�1=2

(26)

At the melting temperature (Tm), a substance undergoes
a phase transition from solid to liquid under ambient pressure,
a process commonly known as melting. Fine et al. proposed the
following empirical equation for calculating Tm:93

Tm = 553 + 5.91C11 (27)

The minimum thermal conductivity (Kmin) is a critical
parameter that quanties the rate of heat conduction through
a material. As temperature increases, the thermal conductivity
typically decreases until it reaches a specic threshold, known
as the minimum thermal conductivity.94 The value of Kmin can
be estimated using the volume fraction (vm), as expressed in the
following equation:94

Kmin ¼ kBvm

�
nNAr

M

	2=3
(28)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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In the CASTEP code, the results of linear response calculations
for phonon spectra can be employed to determine various
thermodynamic properties, including entropy, enthalpy, free
energy, and heat capacity, as functions of temperature. Vibra-
tional analyses performed within CASTEP yield thermodynamic
data, which can be visualized using the built-in thermodynamic
analysis tools. The temperature dependence of the enthalpy is
described by the following equation:95–97

HðTÞ ¼ Etot þ Ezp þ
ð

ħu

exp

�
hu

kBT

�
� 1

FðuÞdu (29)

Here, Ezp represents the zero-point vibrational energy of the
lattice, kB denotes Boltzmann's constant, ħ is the reduced
Planck constant, and F(u) corresponds to the phonon density of
states. The Ezp can be computed as:

Ezp ¼ 1

2

ð
FðuÞħudu (30)

The contribution to the free energy is expressed as:

GðTÞ ¼ Etot þ Ezp þ kBT

ð
FðuÞln

�
1� exp

�
� ħu

kBT

�	
du (31)

The contribution to the entropy is expressed as:

SðTÞ ¼ kB

8>><
>>:

ð ħu
kBT

exp

�
ħu
kBT

�
� 1

FðuÞdu

�
ð
FðuÞ

�
1� exp

�
� ħu

kBT

�	
du

9>>=
>>; (32)

The lattice contribution to the heat capacity is

CðTÞ ¼ kB

ð � ħu
kBT

�2

exp

�
ħu
kBT

�
�
exp

�
ħu
kBT

�
� 1

	2 FðuÞdu (33)
3. Results and discussion
3.1. Structure stability

Structural properties are crucial as they inuence a system's
arrangement and stability. These properties help determine
optimal lattice constants, serving as a fundamental basis for
analyzing various system characteristics. Fig. 2 illustrates the
optimized crystal structure of triclinic ASnTe3 and the Mulliken
bond population analysis (MBP) heatmap. As the A-site cation
varies from Li+ to Cs+, the progressive increase in ionic radius
induces a systematic lattice expansion, resulting in a larger unit
cell volume. This volumetric change reects the structural
© 2025 The Author(s). Published by the Royal Society of Chemistry
accommodation required to host the larger alkali ions within
the crystal framework (Table 1). Since ASnTe3 compounds have
yet to be synthesized, their stability must be evaluated before
analyzing other properties. Stability can be inferred from
tolerance factor (Tf),98 Bartel tolerance factor (s),99 formation
energy (Eform), and phonon dispersion. Eqn (34–36) are used to
determine these Tf, s, and Eform values.

To comprehensively evaluate the structural stability of the
ASnTe3 perovskites, we employed the classical Goldschmidt
tolerance factor (Tf), as given in eqn (34):98

Tf ¼ RA þ RTeffiffiffi
2

p ðRSn þ RTeÞ
(34)

where RA, RSn and RTe are the Shannon ionic radii of A.100 The
calculated Tf values are 0.77, 0.88, 0.95, 0.97, and 1.01 for
LiSnTe3, NaSnTe3, KSnTe3, RbSnTe3, and CsSnTe3, respectively.
These values fall within or near the empirically accepted
perovskite stability range of 0.8 < Tf < 1.1, indicating the feasi-
bility of forming distorted yet structurally viable ABX3 perov-
skite frameworks. It is well-established that the classical Tf
primarily derived for oxide perovskites, exhibits limitations in
accurately predicting the stability of non-oxide systems like
chalcogenides, as it does not explicitly account for crucial
factors such as bond valence and octahedral distortions preva-
lent in these materials. To further rene this analysis, we
adopted the recently developed Bartel tolerance factor (s),99 as
dened in eqn (35). This factor more effectively captures the
impact of ionic radii mismatches and coordination environ-
ments, particularly in complex and non-oxide systems.

s ¼ RTe

RSn

� nA

�
nA � RA=RSn

lnðRA=RSnÞ
�
; (35)

where nA refers to the oxidation state of A. The calculated s
values are 6.63 (LiSnTe3), 4.88 (NaSnTe3), 4.75 (KSnTe3), 4.73
(RbSnTe3), and 4.73 (CsSnTe3), respectively. According to Bar-
tel's model, lower s values indicate higher perovskite-forming
probability, with s < 4.18 indicating high synthesizability and
stability. Although our results slightly exceed this threshold,
they remain within the extended range where distorted perov-
skite phases have been reported experimentally, particularly in
chalcogenide systems where signicant covalency of the Sn–Te
bonding and octahedral distortion are present.101 The
decreasing trend as we move down the alkali metal group (from
Li to Cs) suggests increasing structural compatibility within the
perovskite framework. The combination of these analyses
reveals that while geometric descriptors provide useful trends
(CsSnTe3 > RbSnTe3 > KSnTe3 > NaSnTe3 > LiSnTe3 in stability),
the ultimate stability of ASnTe3 perovskites derives from
a balance of covalent bonding and lattice adaptability to
distortions. Further insight into the bonding environment was
obtained viaMBP, as illustrated Fig. 2b. This analysis quanties
the shared electron density between atomic pairs, where higher
MBP values signify stronger, more covalent bonds, and lower
positive values indicate weaker or more ionic interactions. A
zero MBP value represents a perfectly ionic bond, while
increasing positive values denote a progressively higher degree
of covalency. The heatmap reveals distinct trends in the bond
RSC Adv., 2025, 15, 25633–25662 | 25637
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Fig. 2 The optimized structures of the ASnTe3 (a) and the heatmap of MBP (b) in ASnTe3.

Table 1 The lattice parameters and unit cell volume (V) for ASnTe3 using HSE06 method

Perovskite

Lattice parameter (Å) Angle (degree) Unit cell volume (Å3)

a b c a (degree) b (degree) g (degree) V

LiSnTe3 6.747 5.646 9.146 105.719 110.500 113.817 261.725
NaSnTe3 6.517 6.150 8.412 89.937 117.039 109.973 288.728
KSnTe3 7.115 6.412 8.4082 88.934 117.245 107.736 321.530
RbASnTe3 6.823 6.597 9.427 89.820 116.927 116.730 327.076
CsSnTe3 7.404 6.899 8.277 88.773 116.915 106.881 357.769

25638 | RSC Adv., 2025, 15, 25633–25662 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Variation of formation energy for ASnTe3.

Fig. 4 Phonon dispersion curves for the chalcogenide perovskites ASnT
(d) RbSnTe3, and (e) CsSnTe3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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character across the ASnTe3 series, highlighting the tunable
nature of the Sn–Te bonds with varying A-site cations. The
highest Sn–Te bond populations (0.62–1.43) were observed in
LiSnTe3, signifying strong covalent bonding. In contrast,
NaSnTe3 showed signicant bond asymmetry, with several
populations dropping (0.09–0.74), highlighting a weaker, more
distorted coordination around Sn. From KSnTe3 to CsSnTe3, the
bond populations became more uniform and moderate (0.22–
0.77), suggesting better orbital overlap and reduced strain in the
SnTe6 octahedra. Additionally, Te–Te bonds show signicant
covalent character, particularly in LiSnTe3. The total bond
populations further reinforce this observation, with LiSnTe3
having the highest cumulative bonding and NaSnTe3 the lowest.
The total bond populations are 9.92, 4.09, 6.19, 5.99, and 5.94,
for LiSnTe3 to CsSnTe3, respectively.

It is important to note that geometric tolerance factors serve
as preliminary indicators; the ultimate determination of struc-
tural and dynamical stability is conrmed through rigorous
calculations of negative formation energies (Eform) and the
e3 using the GGA/PBEsol method; (a) LiSnTe3, (b) NaSnTe3, (c) KSnTe3,

RSC Adv., 2025, 15, 25633–25662 | 25639
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absence of imaginary frequencies in the phonon dispersion
curves. The Eform was calculated by eqn (36).

Eform = EASnTe3
− (EA + ESn + 3ETe)atom (36)

where EA, ESn and ETe represent the energy of A, Sn and Te
atoms, respectively; EASnTe3 represents the energy of ASnTe3 unit
cell. Fig. 3 illustrates the trends observed in the calculated Eform
for ASnTe3. The negative values of Eform also indicate their
feasibility for experimental synthesis. The for Eform of ASnTe3
compounds is intrinsically linked to the identity of the A-cation
and its subsequent impact on the tolerance factor. In
perovskite-like structures, the A-cation occupies a large void or
“cage” within the framework formed by the B-site (Sn) and
anion (Te). As the ionic radius of the A-cation increases, it tends
to ll this void more optimally, leading to a more ideal
geometric t. This reduction in structural strain results in
a more energetically favorable atomic arrangement, thereby
lowering the compound's formation energy. Consequently,
a higher tolerance factor (approaching unity) correlates with
Fig. 5 Band structure curves for the ASnTe3 perovskites using the HSE
CsSnTe3. The colored circles, yellow and red, on the VBM and CBM, res

25640 | RSC Adv., 2025, 15, 25633–25662
a lower (more negative) formation energy, indicating enhanced
thermodynamic stability. This direct relationship underscores
the critical role of the A-cation's identity in dictating both the
geometric perfection and the intrinsic thermodynamic stability
of these telluride compounds.

Thermodynamic stability is further conrmed by the
absence of imaginary frequencies in the phonon dispersion
curves, as shown in Fig. 4. A notable feature in this gure is the
phonon band gap. This band gap is evident in KSnTe3, RbSnTe3,
and CsSnTe3, whereas it is extremely small for LiSnTe3 and
NaSnTe3. The presence of phonon band gap regions in the
dispersion where no phonon modes exist can reduce thermal
conductivity.102 Therefore, we can conclude that KSnTe3,
RbSnTe3 and CsSnTe3 have lower thermal conductivity
compared to other studied perovskites.
3.2. Electronic properties

3.2.1. Electronic properties. The electronic energy band
structure is a key tool for understanding the range of energies
available to electrons in a material. The band structures of
06 method; (a) LiSnTe3, (b) NaSnTe3, (c) KSnTe3, (d) RbSnTe3, and (e)
pectively. The green arrow indicates the onset of the direct band.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The Eg and DEg values of the studied perovskites using the HSE06 method are compared with similar published perovskites

Perovskite

Eg DEg

Perovskite Eg Method Ref. Perovskite Eg Method Ref. Perovskite Eg Method Ref.This work

LiSnTe3 0.27 0.06 LiSiCl3 0.28 TB-mBJ 113 CsGeBr3 1.15 HSE06 114 CsGeI3 1.19 HSE06 115
NaSnTe3 1.10 0.20 MASnI3 1.15 Exp. 116 TlGeBr3 1.14 TB-mBJ 117 CH3NH3Sn0.5Pb0.5I3 1.18 Exp. 118
KSnTe3 0.58 0.12 FASnI3 1.15 Exp. 119 TlSnCl3 1.19 TB-mBJ 117 Cu2ZnSnSe4 1.15 Exp. 120
RbSnTe3 1.32 0.23 CsSnI3 1.15 HSE06 121 RbSnBr3 1.10 Exp. 122 CsSiCl3 0.54 TB-mBJ 113
CsSnTe3 0.90 0.21 Rb2SnI6 1.10 HSE06 123 KSiF3 1.12 HSE06 124 KGeBr3 0.52 HSE06 127

LiGeI3 0.59 HSE06 125 AlCuF3 0.54 TB-mBJ 126 Rb2TlSbBr6 1.34 TB-mBJ 129
Cs2PtI6 1.32 HSE06 123 CsSnI3 1.30 Exp. 128 TlGeCl3 1.39 TB-mBJ 116
NaSnCl3 1.36 HSE06 130 Rb2SnI6 1.32 Exp. 131 Cs2CuSnI6 0.90 TB-mBJ 132
LiSiF3 0.93 HSE06 124 Na2AgAlBr6 0.94 TB-mBJ. 133 NaSnSe3 1.63 HSE06 51
LiSnS3 2.16 HSE06 50 RbSnS3 3.11 HSE06 50 KSnSe3 2.06 HSE06 51
NaSnS3 2.55 HSE06 50 CsSnS3 3.30 HSE06 50 RbSnSe3 2.11 HSE06 51
KSnS3 2.78 HSE06 50 LiSnSe3 1.5 HSE06 51 CsSnSe3 2.27 HSE06 51
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ASnTe3 were computed and are shown in Fig. 5. Table 2 presents
the calculated band gap (Eg) values for ASnTe3, comparing them
with similar perovskites from previous studies. Additionally, it
includes the difference between the indirect and direct band
gaps (DEg) for each composition. As the A-site cation changes
from Li to Cs, the band gap follows the trend: LiSnTe3 < KSnTe3
< CsSnTe3 < NaSnTe3 < RbSnTe3. Prior research indicates that in
ABX3 perovskites, the band gap typically decreases with
increasing electronegativity of the A-site cation.103–105 Lower
electronegativity weakens A-Te interactions, reducing orbital
overlap between cations and anions, which in turn leads to
a larger Eg. However, as shown in Table 2, NaSnTe3 exhibits
a larger Eg than KSnTe3, and RbSnTe3 has a larger Eg than
CsSnTe3, despite the fact that Na has a higher electronegativity
than K, and Rb has a higher electronegativity than Cs. This
suggests that the bonding strength between Te and the A-site
cation has a limited inuence on the band gap in these mate-
rials. The deviation observed in KSnTe3 and CsSnTe3 from the
expected electronegativity-band gap relationship mirrors
similar inconsistencies reported in previous studies for (NaSnI3
> KSnI3), (NaRhO3 > KRhO3), (RbSnI3 > CsSnI3), and (RbGeI3 >
CsGeI3).106,107 The band gap of perovskites decreases when
moving from suldes (S) to selenides (Se) and further to tellu-
rides (Te). This trend is attributed to the upward shi of the
valence band edge, which occurs due to the increasing energy of
the p-orbitals as one progresses from 4p (selenium) to 5p
(tellurium).108,109

In the electronic band structure, the Fermi level (Ef) is set to
zero eV, serving as a reference point that distinguishes the
conduction band (CB), positioned above Ef, from the valence
band (VB), and located below Ef. A material can exhibit either an
indirect or a direct band gap, depending on the alignment of its
conduction band minimum (CBM) and valence bandmaximum
(VBM). A direct band gap occurs when these two points coincide
at the same k-point in the Brillouin zone, whereas an indirect
band gap is observed when they do not align. The electronic
properties of a material are largely determined by the band
structure around Ef. The band structure of ASnTe3 within the
energy range of −2 to 6 eV relative to Ef, as shown in Fig. 4. The
© 2025 The Author(s). Published by the Royal Society of Chemistry
CBM for KSnTe3, RbSnTe3, and CsSnTe3 is located at the F point
in the rst Brillouin zone, while for LiSnTe3 and NaSnTe3, it
appears at the Ge point. The VBM is positioned at the Q point
for LiSnTe3, NaSnTe3, KSnTe3 and CsSnTe3, whereas for
RbSnTe3, it is found at the G point. These results conrm that
LiSnTe3, NaSnTe3, KSnTe3, RbSnTe3, and CsSnTe3 are indirect
band gap semiconductors. Since indirect band gap materials
generally exhibit lower efficiency in photovoltaic and photo-
catalytic applications compared to those with direct band gaps,
this characteristic may inuence their suitability for such
technologies. In direct bandgap materials, electron transitions
occur without requiring momentum modication. In contrast,
indirect bandgap materials necessitate the involvement of
a phonon to conserve momentum during electronic transitions.
This additional requirement signicantly reduces the efficiency
of photon absorption and the generation rate of electron–hole
pairs, ultimately affecting the overall performance of devices
fabricated from these materials.110 However, some indirect
bandgap materials can still exhibit high efficiency in photo-
voltaic and photocatalytic applications. Specically, materials
with a small DEg of less than 0.5 eV have been shown to perform
well in these elds.111 A small DEg reduces electron–hole sepa-
ration, mitigating rapid recombination and thereby extending
the lifetimes of electron–hole pairs, which is essential for
effective photovoltaic processes. The studied perovskites exhibit
DEg values within a favorable range of 0.06 to 0.23 eV, making
them promising candidates for high-efficiency photovoltaic
applications.

The bandgap of perovskites for single junction perovskite
solar cells, with optimal bandgap values typically ranging from
0.9 to 1.60 eV.112 The bandgap values of LiSnTe3, NaSnTe3,
KSnTe3, RbSnTe3, and CsSnTe3, are 0.27, 1.10, 0.58, 1.32, and
0.90 eV, respectively. The tunable bandgap characteristics
observed in the studied materials may thus be highly benecial
for optoelectronic applications. Among the investigated perov-
skite materials, NaSnTe3, RbSnTe3, and CsSnTe3 emerge as the
most promising candidates for photovoltaic applications due to
their favorable bandgap values of 1.10 eV, 1.32 and 0.90 eV,
respectively, which fall within the optimal range of 0.9 to 1.6 eV
RSC Adv., 2025, 15, 25633–25662 | 25641
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Table 3 Calculated band gap (Eg) hole ðm*
eÞ and electron ðm*

hÞ effec-
tive masses for ASnTe3

Perovskite LiSnTe3 NaSnTe3 KSnTe3 RbSnTe3 CsSnTe3

m*
h 0.256 1.506 2.381 3.149 1.472

m*
e 1.181 0.596 0.292 0.864 0.365
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for single-junction solar cells. Likewise, materials such as
RbSnBr3 (ref. 122) and KSiF3 (ref. 124) are currently being
explored for their potential in solar cell applications, with re-
ported band gaps of approximately 1.10 eV, which is compa-
rable to that of NaSnTe3. Experimental studies have further
demonstrated that CH3NH3Sn0.5Pb0.5I3 (ref. 118) is a viable
Fig. 6 The calculated PDOS of ASnTe3 using the HSE06; (a) LiSnTe3, (b)
dashed line represents the Fermi level (EF), the reference point with zero

25642 | RSC Adv., 2025, 15, 25633–25662
material for solar cell applications, exhibiting a band gap
closely matching that of NaSnTe3. Experimental investigations
have also identied Rb2SnI6 (ref. 131) as a promising candidate
for optoelectronic applications, demonstrating a band gap
comparable to that of RbSnTe3. Additionally, theoretical studies
suggest that NaSnCl3 (ref. 130) and Cs2PtI6 (ref. 123) exhibit
signicant potential for solar cell applications, as their band
gaps are closely aligned with that of RbSnTe3. Finally,
laboratory-based research has conrmed that Na2AgAlBr6 (ref.
133) possesses optoelectronic properties with a band gap
comparable to that of CsSnTe3. In contrast, KSnTe3 (0.58 eV)
and LiSnTe3 (0.27 eV) exhibit bandgap values signicantly lower
than the ideal photovoltaic range, rendering them less suitable
for conventional solar cell applications. However, their narrow
NaSnTe3, (c) KSnTe3, (d) RbSnTe3, and (e) CsSnTe3. The dashed vertical
energy.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bandgaps make them attractive for alternative optoelectronic
applications such as infrared detectors and thermoelectric
devices. Theoretical investigations have identied LiSiCl3 (ref.
113) as a promising candidate for thermoelectric applications,
exhibiting a band gap closely aligned with that of LiSnTe3.
Moreover, KGeBr3 (ref. 127) has been investigated for its
potential use in solar cells and radiation detection, with re-
ported band gaps of approximately 0.5 eV, which is similar to
that of KSnTe3.

The effective mass (m*) of charge carriers is a crucial
parameter in determining the transport properties of photo-
voltaic materials. Within the framework of semiclassical
transport theory, electrons and holes in semiconductors are
characterized by effective masses, denoted as m*

e and m*
h,

respectively. These effective masses inuence how charge
carriers respond to an applied electric eld. Consequently, both
m*

e and m*
h, along with the scattering of charge carriers by

phonons, play a fundamental role in governing charge transport
properties in photovoltaic materials.134 The m* of charge
carriers associated with the VBM and CBM of ASnTe3 were
determined through parabolic tting of the band edges.

m*(k) = ħ2 × (v2E(k)/vk2)−1

Here, ħ and E(k) represent the reduced Planck's constant and
the energy of the band edge as a function of the wave vector k,
respectively, which together dene the local curvature of the
Fig. 7 Calculated spectra for the (a) real dielectric, (b) imaginary dielect

© 2025 The Author(s). Published by the Royal Society of Chemistry
band dispersion. The calculated effective mass values for
ASnTe3 are summarized in Table 3. The m*

h are larger than m*
e,

conrming the p-type character135 of NaSnTe3, KSnTe3,
RbSnTe3, and CsSnTe3 (Table 3). Meanwhile, m*

e are larger than
m*

h, further validating the n-type character135 of LiSnTe3.
Furthermore, m*

e of KSnTe3 is found to be smaller than that in
LiSnTe3, NaSnTe3, RbSnTe3, and CsSnTe3, suggesting a higher
electron mobility for KSnTe3.

3.2.2. Density of states (DOS). The DOS quanties the
number of electronic states available per unit energy within
amaterial, providing a fundamental description of its electronic
structure. While the DOS offers a global perspective, it does not
delineate the specic atomic orbital contributions to these
states. In contrast, the partial density of states (PDOS) resolves
the total DOS into contributions from individual atomic orbitals
or atoms, enabling the investigation of atomic-level inuences
on material electronic properties. This is achieved by projecting
the total DOS onto specic atomic orbitals (s, p, d) for each
constituent atom. To elucidate the origins of observed semi-
conducting properties, the PDOS was calculated (Fig. 6). Anal-
ysis of the PDOS for LiSnTe3, under investigation reveals three
distinct energy regions: (1) a region from approximately −16 to
−11 eV, dominated by the Te-s states; (2) a region from −10 to
3 eV, primarily characterized by Te-p states; and (3) a region
from 2 to 15 eV, exhibiting a complex composition with
signicant contributions from Li-p and Sn-p states, alongside
minor contributions from Li-s, Te-s, Te-p, and Sn-s orbitals.
ric (c), absorption (d), and conductivity of ASnTe3.

RSC Adv., 2025, 15, 25633–25662 | 25643

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03088a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 2
:4

3:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Furthermore, the A-cation s states (Na-s, K-s, Rb-s and Cs-s)
reveal the consistent presence of sharp peaks at around
−55 eV for NaSnTe3, −32 eV for KSnTe3, −26 eV for RbSnTe3,
−21 eV for CsSnTe3. Similarly, the A-cation p states (Na-p, K-p,
Rb-p and Cs-p) exhibit sharp peaks around −27 eV for NaSnTe3,
−16 eV for KSnTe3, −11 eV for RbSnTe3, −8 eV for CsSnTe3.
Notably, a systematic shi of these sharp peaks towards the
Fermi level is observed as the A-cation progresses from Na to Cs.
The Te-s states consistently display broad peaks within the
valence band, spanning approximately −15 to −10 eV for
NaSnTe3 and KSnTe3, and −12 to −8 eV for RbSnTe3 and
CsSnTe3. The Te-p states, observed in NaSnTe3, KSnTe3,
RbSnTe3, and CsSnTe3, exhibit broad peaks within the valence
band, ranging from approximately −5 to 0 eV. Finally, the A-
cation d states (Na-d, K-d, Rb-d and Cs-d) are observed to
contribute broad peaks within the conduction band, extending
from approximately 3 to 18 eV for NaSnTe3, KSnTe3, RbSnTe3
and CsSnTe3.
3.3. Optical properties

Fig. 7a illustrates that the real part of the dielectric function,
31(u), exhibits both positive and negative values. The propaga-
tion of electromagnetic waves corresponds to the positive
values, whereas absorption occurs in the negative region, where
electromagnetic waves cannot propagate within the material.
The 31(0.01) for LiSnTe3, NaSnTe3, KSnTe3, RbSnTe3, and
CsSnTe3 are 16.626, 11.850, 8.028, 7.826, and 6.935, respectively
Fig. 8 Calculated spectra for (a) reflectivity, (b) loss function (c) reflectiv

25644 | RSC Adv., 2025, 15, 25633–25662
(Fig. 7a). Among these, LiSnTe3 exhibits the highest 31(0.01),
indicating a stronger dielectric response compared to the other
studied perovskites. The 31(u) curves span an incident photon
energy range from 0.0 eV to 50 eV, withmaximum positive peaks
of 15.03, 13.41, 10.24, 9.22, and 9.157 observed at lower photon
energy for LiSnTe3, NaSnTe3, KSnTe3, RbSnTe3 and CsSnTe3,
respectively. Beyond this range, 31(u) decreases sharply toward
zero and reaches negative maximum values of approximately
−1.98, −2.03, −1.29, −1.37, and −0.918 for the respective
compounds within the 5 eV to 13 eV range. The negative values
of 31(u) signify the onset of metallic, where the material exhibits
complete reection in these energy ranges. Materials with high
31(u) at low photon energies are particularly advantageous for
optoelectronic applications, as a high dielectric constant
enhances charge separation and transport efficiency. The
ASnTe3 compounds exhibit the highest 31(u) values at lower
energies (∼0.01 to 5.0 eV). Notably, LiSnTe3 and NaSnTe3
demonstrate competitive 31(u) values compared to conventional
materials, such as silicon (∼11.7),136 CdTe (∼9.5),137 and
emerging materials like CH3NHPbI3 (∼6.5).138 Similarly, KSnTe3
exhibits 31(u) values comparable to CdTe and CH3NHPbI3,
while RbSnTe3 and CsSnTe3 show values competitive with
CH3NHPbI3. These ndings suggest that ASnTe3 compounds
hold promise for photovoltaic applications, although factors
such as stability, cost, and scalability must be carefully
considered. Furthermore, ASnTe3 materials exhibit higher 31(u)
values at low energies compared to ASnS3 and ASnSe3, as
ity (d) extinction coefficient of ASnTe3.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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demonstrated in our previous work.50,51 This further highlights
their potential for effective implementation in solar cell
technologies.

Understanding the imaginary part of the dielectric function,
32(u), is essential for analyzing optical transitions from the
valence band to the conduction band. Fig. 7b presents the 32(u)
spectra for the studied materials, revealing that the maximum
values occur within the 2 to 5.5 eV range. This indicates that
optical absorption is most pronounced in the UV-vis region. The
strong absorption in this range suggests that these perovskites
hold signicant potential for optoelectronic applications,
particularly in devices such as light-emitting diodes.

The optical absorption coefficient quanties the amount of
energy a material absorbs per unit length and serves as a critical
parameter for evaluating the potential solar energy conversion
efficiency of a material. As shown in Fig. 7c, absorption does not
commence at 0 eV, a characteristic attributed to the bandgap of
ASnTe3. Notably, absorption in these perovskites begins within
the visible spectrum, further supporting their relevance for
optoelectronic applications. At an incident photon energy of 8–
10 eV, ASnTe3 reaches its maximum absorption, indicating their
strong potential for applications in the UV-visible range.

Optical conductivity describes the process of conduction of
electrons upon photon absorption and provides valuable
insights into the generation of free charge carriers. As shown in
Fig. 7d, LiSnTe3 exhibits the highest optical conductivity among
the studied perovskites. This behavior is attributed to its lower
bandgap, which facilitates the generation of a greater number
of electron–hole pairs. The conductivity spectra closely
resemble the absorption spectra, as illustrated in Fig. 7d, since
the material releases free carriers for conduction upon energy
absorption. Notably, all ASnTe3 compounds exhibit favorable
optical conductivity at lower energies, highlighting their
potential for applications in UV-visible optical devices.

Reectivity, R(u), represents a material's ability to reect
incident energy from its surface. Fig. 8a presents the reectivity
spectra for ASnTe3 compounds, with R(0.01) values of 0.36, 0.30,
0.22, 0.23, and 0.20 for LiSnTe3, NaSnTe3, KSnTe3, RbSnTe3 and
CsSnTe3, respectively. As photon energy increases, the proba-
bility of photon reection from the material's surface also rises.
The studied perovskites exhibit signicant reectivity within
the 1.2 eV to 20 eV range, suggesting potential applications in
infrared reectors or coatings. At photon energies above 20 eV,
the reectivity values decline to approximately 0.1 or lower,
indicating a reduction in metallic behavior. Small peaks or
oscillations observed in the spectra may be attributed to inter-
band transitions or plasma resonance effects. Lower reectivity
is generally desirable for applications in photovoltaics and
photocatalysis, as it enhances light absorption rather than
reection.

For comparison, the reectivity of commonly used thin-lm
solar cell materials, such as Cu2ZnSnS4 (20–25% in the visible
spectrum),139 SrTiO3 (R around 20–30% in the visible spec-
trum),140 and CH3NH3PbI3 (5–15% in the visible spectrum),141 is
lower than that of ASnTe3, which exhibits a signicantly higher
reectivity (∼30–45%) in the low-energy region. This suggests
that while ASnTe3 may be less effective for direct solar
© 2025 The Author(s). Published by the Royal Society of Chemistry
absorption, it could be advantageous for applications requiring
high infrared reectance, such as thermal barrier coatings or
infrared optical devices.

The electron loss energy, L(u), provides insight into the
energy dissipation associated with fast-moving electrons
traversing the lattice. The calculated L(u)values for ASnTe3 are
illustrated in Fig. 8b. Notably, no scattering is observed for
photon energies below the bandgap, indicating the absence of
energy loss in this range. Furthermore, in all cases, L(u) remains
negligible in the visible region. However, the highest values of
L(u) are observed at specic photon energies, corresponding to
plasmon losses: 3.895 at 16.990 eV for LiSnTe3, 3.985 at
16.637 eV for NaSnTe3, 2.601 at 15.088 eV for KSnTe3, 2.031 at
14.183 eV for RbSnTe3, and 1.194 at 12.202 eV for CsSnTe3.
Lower L(u) values are advantageous for efficient electronic
transport, as they minimize energy dissipation and enhance the
photoelectric effect. This characteristic suggests that the
studied perovskites exhibit promising potential for photovoltaic
and optoelectronic applications, where efficient charge trans-
port and minimal energy loss are crucial.

The suitable materials for optoelectronic applications
exhibit refractive index values in the range of n(u)= 2.0 to 4.0 in
the low-energy region.142 As illustrated in Fig. 8c, all studied
compounds achieve their highest refractive index within the 0–
3.2 eV energy range. The maximum refractive index values are
recorded at specic photon energies: 3.912 at 0.123 eV for
LiSnTe3, 3.702 at 1.462 eV for NaSnTe3, 3.253 at 1.849 eV for
KSnTe3, 3.078 at 2.308 eV for RbSnTe3, and 3.092 at 2.694 eV for
CsSnTe3. The refractive index exceeds unity due to the interac-
tion of photons with electrons, which slows down their propa-
gation through the material. Materials with lower refractive
indices tend to be more transparent, as they allow more light to
pass through with minimal distortion or loss. Among the
studied perovskites, RbSnTe3 exhibits the lowest refractive
index, indicating greater transparency, whereas LiSnTe3 has the
highest refractive index. Notably, around 8 eV, the n(u) values
for ASnTe3 drop below unity, signifying that these perovskites
become optically opaque at higher energies. A higher refractive
index in solar cell materials enhances internal light reection
within the active layer, improving light trapping and absorp-
tion. The refractive index values of LiSnTe3, NaSnTe3, KSnTe3,
RbSnTe3, and CsSnTe3 are comparable to those of commonly
used materials such as CdTe (∼2.6)143 and CH3NH3PbI3 (∼2.5–
3.0).144 This suggests that these perovskites are competitive in
terms of light interaction, reinforcing their potential for solar
cell and optoelectronic applications.

The extinction coefficient, k(u), represents the imaginary
component of the complex refractive index and provides crucial
information regarding light absorption. It characterizes
absorption at the band edges, as observed in Fig. 8d, where k(u)
follows a similar trend to the 32(u) spectrum. The maximum
values of k(u) are recorded at specic photon energies: 2.178 at
5.418 eV for LiSnTe3, 2.049 at 5.348 eV for NaSnTe3, 1.955 at
5.075 eV for KSnTe3, 1.799 at 6.255 eV for RbSnTe3, and 1.764 at
4.719 eV for CsSnTe3. Notably, a decreasing trend in k(u) is
observed as the A-site cation transitions from Li to Cs. This
suggests that LiSnTe3 exhibits the strongest light absorption
RSC Adv., 2025, 15, 25633–25662 | 25645
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Table 4 The predicted elastic constants Cij (GPa) of ASnTe3

Cij LiSnTe3 NaSnTe3 KSnTe3 RbSnTe3 CsSnTe3

C11 50.96 37.18 54.24 36.82 57.34
C12 21.15 17.84 11.67 11.29 30.69
C13 26.58 18.20 21.13 23.06 33.35
C14 3.00 −1.19 4.22 −1.23 4.66
C15 −6.21 2.94 8.04 −2.30 −0.70
C16 −0.81 0.74 −2.60 −0.83 1.22
C22 111.58 36.93 40.95 51.30 47.84
C23 13.88 5.54 30.26 16.45 16.29
C24 −29.22 −7.02 1.08 −3.99 −12.68
C25 1.89 1.44 0.64 2.56 2.57
C26 −4.48 −10.85 −3.41 −10.77 −14.87
C33 52.88 59.34 45.87 54.51 84.83
C34 7.96 1.97 −3.09 −1.74 −0.79
C35 7.36 1.17 −4.52 0.89 0.09
C36 5.46 −0.98 −0.73 −3.16 −4.19
C44 22.36 11.90 9.01 8.36 12.84
C45 4.72 1.64 1.30 −4.19 −6.41
C46 −1.58 2.03 −2.22 −2.25 0.42
C55 13.70 3.40 13.30 12.48 11.10
C56 1.01 −1.44 3.01 1.05 −0.37
C66 14.61 14.54 7.44 13.96 16.16
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among the studied perovskites, while CsSnTe3 demonstrates
the weakest absorption.
3.4. Mechanical properties

The elastic parameters play a fundamental role in character-
izing a material's response to externally applied loads, strains,
and pressures. These parameters provide critical insights into
the material's ability to withstand external forces and establish
the threshold values within which the material maintains its
mechanical integrity and functionality. To comprehensively
analyze the mechanical properties of ASnTe3, the elastic
constants Cij are computed, offering essential information on
its mechanical behavior. In the case of triclinic crystals, the
stability criteria necessitate the determination of 21 indepen-
dent elastic constants Cij (C11, C12, C13, C14, C15, C16, C22, C23,
C24, C25, C26, C33, C34, C35, C36, C44, C45, C46, C55, C56, and C66)
respectively which are calculated based on nite strain
theory.145 The values of the elastic constants are given in
Table 4. The Born criterion for the stability of a triclinic
symmetry crystal structure is that all eigenvalues of the Cij

should be positive.146–148 Table 4 show that some elastic
constants do not satisfy this criterion for mechanical stability in
all directions. This indicates that the triclinic phase is
mechanically unstable against the shear deformation along the
direction of the C15, C16, C24, C26, C46 elastic tensor at zero
temperature for LiSnTe3, along the direction of the C14, C24, C26,
C36, C56 for NaSnTe3, along the direction of the C16, C26, C34, C35,
C36, C46 for KSnTe3, along the direction of the C14, C15, C16, C24,
C26, C34, C36, C45, C46 for RbSnTe3, along the direction of the C15,
C24, C26, C34, C36, C45 for CsSnTe3. All the investigated perov-
skites exhibit higher C11 values compared to C44, indicating
a greater resistance to unidirectional compression than to shear
deformation. This suggests that the mechanical response of
25646 | RSC Adv., 2025, 15, 25633–25662
these perovskites is more robust under normal stresses than
under shear stresses.

Fig. 9 and Table 5 present the B, G, Y, n, and Pugh's ratio for
the ASnTe3 materials. The B is a critical parameter for assessing
the hardness of a material. Among the examined perovskites,
LiSnTe3 exhibits the highest B value (Fig. 9a), indicating its
superior resistance to volumetric compression. This trend
suggests that LiSnTe3 possesses the highest resistance to shape
change under pressure compared to the other studied
compounds. Interestingly, the bulk B values (Fig. 9a) and total
bond populations of these materials reveal a consistent struc-
ture–property relationship governed by the A-site cation size
and bonding characteristics. LiSnTe3 exhibits both the highest
bulk modulus (36.23 GPa) and the largest total bond population
(9.92), demonstrating how the small ionic radius of Li+

enhances orbital overlap and strengthens the covalent–ionic
bonding network, resulting in superior structural rigidity. In
contrast, NaSnTe3 shows the lowest values in both bulk
modulus (21.83 GPa) and bond population (4.09), reecting its
reduced resistance to compression due to weaker bonding
interactions from the larger Na+ ion. The intermediate
compounds (KSnTe3, RbSnTe3, and CsSnTe3) follow a similar
trend, with bond populations of 6.19, 5.99, and 5.94, respec-
tively, corresponding to their bulk moduli of 27.44, 24.90, and
24.11 GPa. KSnTe3 displays a slightly higher bond population
and B compared to RbSnTe3 and CsSnTe3. The G is a key
parameter in describing a material's ability to resist shape
deformation caused by shear forces and bond angle distortions.
Among the ASnTe3 perovskites, LiSnTe3 exhibits the highest
shear modulus (Fig. 9b), consistent with its exceptional bulk
modulus and total bond population. In contrast, KSnTe3 shows
the lowestG, reecting its soer lattice. The Ymodulus serves as
a key indicator of a material's stiffness. As illustrated in Fig. 9c,
the calculated Y values for the ASnTe3 series reveal an intriguing
mechanical anomaly. Notably, the Rb- and Cs-based
compounds exhibit stiffness values comparable to that of
LiSnTe3, despite the signicantly larger ionic radii of Rb+ and
Cs+. This behavior contrasts with the trend observed in the bulk
modulus and suggests the presence of cation-specic lattice
reinforcement mechanisms. In contrast, NaSnTe3 consistently
exhibits the lowest Y, affirming its role as the most deformable
member of the series. KSnTe3 occupies an intermediate posi-
tion. The n ratio is a critical parameter for predicting the failure
behavior of crystalline materials, with values below 0.26 indi-
cating a tendency toward brittle failure, while values exceeding
this threshold suggest a higher likelihood of ductile failure.148

The calculated n values for ASnTe3 indicate a predominantly
ductile nature (Fig. 9d). The distinction between ductile and
brittle materials can also be assessed using Pugh's ratio.150

According to Pugh's criterion, a Pugh's ratio greater than 1.75
signies ductility, whereas values below this threshold indicate
brittleness. The calculated Pugh's ratio for the ASnTe3
compounds, presented in Table 5 and illustrated in Fig. 9e,
conrms the ductile nature of all investigated perovskites. This
nding aligns with the conclusions drawn from the analysis of
n. Among the materials, NaSnTe3 demonstrated exceptional
ductility with the highest B/G ratio of 3.471. KSnTe3 showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Variation of (a) bulk modulus, (b) Shear modulus (c), Young's modulus, (d) n, and (e) Pugh's ration for ASnTe3.
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particularly interesting behavior, possessing both a high B/G
ratio (2.568) and the highest Poisson's ratio in the series (n =

0.356), suggesting combination of ductility and toughness. The
remaining compounds (LiSnTe3, RbSnTe3, and CsSnTe3)
© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibited moderate ductility, with B/G values ranging from
1.847 to 2.025 and n values between 0.301 and 0.315. These
mechanical properties have important implications for poten-
tial applications: the remarkable ductility of NaSnTe3 makes it
RSC Adv., 2025, 15, 25633–25662 | 25647
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Table 5 The predicted B (GPa), G (GPa), Y (GPa), Pugh's ratio, n, mm,
and HV (GPa) of ASnTe3

Perovskites B G Y B/G n mm HV

LiSnTe3 36.23 15.22 36.224 1.847 0.315 1.620 1.698
NaSnTe3 21.83 9.11 27.002 3.471 0.316 1.834 1.258
KSnTe3 27.44 8.68 28.248 2.568 0.356 3.045 0.999
RbSnTe3 24.90 11.38 34.778 2.025 0.301 2.980 1.767
CsSnTe3 24.11 10.22 34.856 1.925 0.314 1.877 1.644
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particularly suitable for exible electronic devices, while the
combination of ductility and toughness in KSnTe3 suggests
promise for applications requiring fracture resistance, such as
durable coatings or impact-resistant components.
Fig. 10 (a) mm, (b) HV, (c) A, and (d) AU for the ASnTe3 perovskites.

Table 6 The minimum and maximum limits of Y (GPa), G (GPa) and n fo

Perovskite

Y G

Ymin Ymex Gmin Gm

LiSnTe3 14.548 120.17 4.472 43
NaSnTe3 7.217 53.642 2.479 25
KSnTe3 12.752 73.817 4.372 31
RbSnTe3 12.683 54.372 5.042 20
CsSnTe3 13.851 45.506 4.400 18

25648 | RSC Adv., 2025, 15, 25633–25662
The mechanical behavior of the ASnTe3 was further evalu-
ated by analyzing their mm andHV. The mm is dened as the ratio
of the B to the elastic constant (C44) and serves as a measure of
the ease of shaping or processing amaterial.89 This parameter is
widely used to evaluate the industrial applicability of materials,
with higher mm values indicating improved machinability. The
HV is commonly used to assess the material's hardness, where
hard materials (high HV) oen show better wear resistance but
can be brittle or difficult to shape. A comparison of these values,
as presented in Table 5 and Fig. 10a, demonstrates that mm for
KSnTe3 is higher than that of the other investigated perovskites.
This suggests that KSnTe3 exhibits superior machinability,
making it more suitable for industrial applications compared to
r ASnTe3

n

A AUex nmin nmex

.983 −0.514 0.932 1.500 5.216

.434 −0.579 1.254 1.230 5.087

.009 −0.1373 1.0359 0.423 4.167

.075 −0.226 0.973 0.654 1.948

.975 −0.171 0.735 0.963 1.949

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 3D projection of Y for the ASnTe3.
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the other studied compounds. To directly assess a material's
hardness, the HV is commonly employed.90 A comparison of
these values, as shown in Table 5 and Fig. 10b, indicates that
the LiSnTe3 and RbSnTe3 exhibited the highest hardness values
© 2025 The Author(s). Published by the Royal Society of Chemistry
of 1.698 and 1.767 GPa, respectively, suggesting superior wear
resistance. In contrast, KSnTe3 demonstrated the lowest hard-
ness (0.999 GPa). KSnTe3 and RbSnTe3 showed the highest mm
values of 3.045 and 2.980, respectively, indicating their
RSC Adv., 2025, 15, 25633–25662 | 25649
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Fig. 12 3D projection of G for the ASnTe3.
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favorable performance in manufacturing or microfabrication
processes. These results highlight a trade-off between hardness
and machinability, with KSnTe3 offering ease of processing
25650 | RSC Adv., 2025, 15, 25633–25662
but reduced wear resistance, whereas LiSnTe3 and RbSnTe3
may serve better in applications demanding mechanical
durability.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 3D projection of n for the ASnTe3.
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3.5. Elastic anisotropy

Anisotropy, which refers to the directional dependence of
a material's physical properties, is crucial in assessing its suit-
ability for specic technological applications.149 Various
© 2025 The Author(s). Published by the Royal Society of Chemistry
physical factors, including plastic deformation, phonon modes,
reaction rates, crystal defects, and the incorporation of foreign
elements, can signicantly inuence the degree of anisotropy in
a material. The anisotropic behavior of ASnTe3 compounds was
RSC Adv., 2025, 15, 25633–25662 | 25651
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Fig. 14 2D projection of Y of the ASnTe3. Fig. 15 2D projection of G of the ASnTe3.
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assessed using the AU and A indices.89 For isotropic materials,
AU is equal to 0 and A is equal to 1, with deviations from these
values indicating the extent of anisotropy. Based on the data
presented in Table 6, Fig. 10c and d, it is evident that both A and
AU values for all the investigated compounds exceed their
respective critical values, thereby conrming their anisotropic
nature.

To gain a clearer understanding of the anisotropic behavior
of ASnTe3, the 2D and 3D plots of the elastic moduli, including
Young's modulus, shear modulus, and Poisson's ratio were
calculated using the ELATE150 code. The 3D contour plots of E,
G, and n are shown in Fig. 11–13 along the xyz planes, respec-
tively, while Fig. 14–16 display the 2D plots of E, G, and n along
the xy, yz, and zx planes. For an isotropic crystal, these contours
25652 | RSC Adv., 2025, 15, 25633–25662
are perfectly round, but for an anisotropic material, the
contours deviate from this spherical shape.151 The extent of
deviation indicates the degree of anisotropy, with more signif-
icant deviations suggesting stronger anisotropy. The maximum
and minimum deviations from the ideal spherical shape are
represented by blue and green colors, respectively. Table 6
presents the maximum and minimum values of E, G, and n for
the studied compounds. The observed sequence of increasing
anisotropy follows the trend E < G < v. In Fig. 11, the green
surface illustrates the path-dependent Young's modulus of the
ABTe3, with the deep green color indicating regions of
maximum anisotropy. Similarly, Fig. 12 and 13 depict the shear
modulus and Poisson's ratio anisotropy of ABTe3, where deep
blue clouds over the solid material indicate the areas with the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 2D projection of n of the ASnTe3.

Table 7 Calculated values of vm, Tm, qD, and Kmin for ASnTe3

Perovskite vm (m s−1) qD (K) Tm (K) kmin (W m−1 K−1)

LiSnTe3 1588.7 158.0 854.2 0.379
NaSnTe3 1316.8 127.4 772.7 0.319
KSnTe3 1344.0 125.8 873.6 0.270
RbASnTe3 1498.0 139.4 770.6 0.296
CsSnTe3 1435.9 129.7 891.9 0.276
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highest shear modulus and Poisson's ratio, while the
blue regions inside the material correspond to the lowest
values of these moduli. The 2D plots of E, G, and n (Fig. 14–16)
further conrm the anisotropic nature of the studied phases,
as the shapes deviate from the perfect spherical structure.
Table 6 summarizes theminimum andmaximum values of E,G,
and n.
3.6. Thermodynamic properties

The predicted vm values for the ASnTe3 are reported in Table 7
and visualized in Fig. 17a. The values exhibit a direct correlation
with G of the materials, as established in prior studies.152

Compounds demonstrating elevated G consequently manifest
higher vm values, with LiSnTe3 exhibiting the maximum vm
© 2025 The Author(s). Published by the Royal Society of Chemistry
among the analyzed systems due to its superior shear modulus.
Tm represents a critical parameter for high-temperature appli-
cations, as summarized in Table 7 and Fig. 17b. The results
indicate that CsSnTe3 possesses a signicantly higher Tm
compared to other studied perovskites, underscoring its
potential utility in high-temperature structural environments.
Additionally, the calculated Kmin values for these perovskite
systems are presented in Table 7 and graphically represented in
Fig. 17c. These ndings provide essential insights into the
thermal transport characteristics of the materials, informing
their suitability for applications requiring controlled heat
dissipation.

The established literature identies Y4Al2O9 as a promising
thermal barrier coating (TBC) material, reporting a minimum
thermal conductivity of 1.13 W m−1 K−1.153,154 However, this
study demonstrates that the ASnTe3 exhibit substantially lower
Kmin values, indicating a potential for enhanced TBC perfor-
mance. Theoretical models posit an inverse relationship
between Debye temperature and minimum thermal conduc-
tivity.155 Within the investigated perovskite series, KSnTe3
displays the lowest qD (Fig. 17d), which corresponds to its
observed minimal thermal conductivity. This correlation
suggests that these materials may offer improved suitability for
TBC applications. Furthermore, the correlation between
phonon gap and thermal conductivity is well-documented, with
larger phonon gaps generally associated with reduced thermal
conductivity.102 Analysis of the phonon dispersion curves
reveals that LiSnTe3 exhibits the smallest phonon gap, consis-
tent with its comparatively higher thermal conductivity within
the series. These results are presented in Table 7 and illustrated
in Fig. 17d.

The effect of the A-cation in the series of compounds is
evident in their thermal and vibrational properties, which
inuence their potential applications. LiSnTe3, with the small-
est A-cation (Li), exhibits a relatively high mean velocity and
melting temperature, along with moderate Debye temperature
and thermal conductivity. As the A-cation size increases to Na in
NaSnTe3, the mean velocity and melting temperature decrease
moderately, while the Debye temperature and thermal
conductivity remain moderate. With KSnTe3, the mean velocity
and Debye temperature remain moderate, but the melting
temperature rises signicantly, and thermal conductivity drops
to the lowest among the series. RbSnTe3 continues this trend
with moderate mean velocity and Debye temperature, a high
melting temperature, and relatively low thermal conductivity
(though not the lowest). Finally, CsSnTe3, with the largest A-
RSC Adv., 2025, 15, 25633–25662 | 25653
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Fig. 17 Variation of (a) vm, (b) Tm, (c) qD, and (d) Kmin for the ASnTe3.
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cation, shows moderate mean velocity and Debye temperature
but the highest melting temperature in the series and relatively
low thermal conductivity. Overall, increasing the size of the A-
cation from Li to Cs generally leads to higher melting temper-
atures and lower thermal conductivities, while mean velocity
and Debye temperature remain moderate. This highlights how
ne-tuning the A-cation allows for precise material selection for
diverse thermal and thermoelectric demands.

Thermodynamic properties of the perovskite series were
computed. Entropy, a measure of the disorder within a material
system, was analyzed.156 As illustrated in Fig. 18a, the entropy of
all investigated perovskites demonstrates a positive correlation
with temperature. This trend is attributed to the increased
kinetic energy of molecules at elevated temperatures, resulting
in enhanced molecular disorder. Notably, the entropy values for
all perovskites converge to approximately 2.4 eV at 1000 K,
indicating a consistent entropic response across the varied
alkali metal cations. Fig. 18b depicts the temperature depen-
dence of enthalpy for the studied perovskites. The enthalpy of
the investigated perovskites exhibits a near-linear increase with
temperature. Notably, the rate of enthalpy increase is subdued
below 100 K, transitioning to a more pronounced rise at
temperatures exceeding 100 K. A consistent trend is observed
wherein larger alkali metal cations, such as Cs+, correlate with
25654 | RSC Adv., 2025, 15, 25633–25662
higher enthalpy values. This observation can be attributed to
the inuence of ionic radii and the nature of cation bonding on
the lattice dynamics and, consequently, the thermodynamic
stability of the materials. The Gibbs free energy of the studied
perovskites demonstrates a decrease with increasing tempera-
ture, as illustrated in Fig. 18c for all perovskites. The negative
values obtained for the Gibbs free energy are indicative of the
thermodynamic stability of the materials.157 Consistent with
this, the calculated Gibbs free energy values for all perovskites
are negative across the examined temperature range, conrm-
ing their thermodynamic stability as also indicated by the
formation energy results. Comparative analysis of the Gibbs
free energy proles reveals that KSnTe3 exhibits the lowest free
energy values, suggesting a higher degree of thermodynamic
stability relative to the other studied perovskites. Specic heat
capacity, a fundamental property for characterizing the thermal
response of solids, is presented as a function of temperature for
the ASnTe3 perovskites in Fig. 18d. An initial rapid increase in
specic heat capacity is observed below approximately 200 K,
followed by a gradual approach to a plateau at higher temper-
atures, consistent with the Dulong–Petit limit.158 The
pronounced increase in heat capacity within the ∼0–200 K
range can be attributed to phonon thermal soening.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Variation of the thermodynamic parameters with temperature for the ASnTe3 perovskites; (a) entropy, (b) enthalpy, (c) free energy, and (d)
heat capacity.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 2
:4

3:
09

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4. Conclusions

In this study, the structural, electronic, optical, mechanical,
thermal, and application-oriented properties of the ASnTe3 (A=

Li to Cs) chalcogenide perovskites were systematically explored
via DFT calculations. The main ndings are summarized as
follows: (1) structurally, all ASnTe3 compounds are triclinic,
with increasing lattice constants and unit cell volumes from Li
to Cs, reecting A-site size effects. They exhibit negative
formation (−2.07 to−3.31 eV per atom) and Gibbs free energies,
favorable tolerance factors (Tf = 0.77–1.01; s = 6.63–4.73), and
phonon spectra free of imaginary modes, conrming thermo-
dynamic and dynamical stability. MBP analysis shows LiSnTe3
has the most covalent bonding, NaSnTe3 the weakest, while K–
Cs analogues exhibit balanced, stable bonding networks. (2)
Electronically, all ASnTe3 compounds exhibit indirect band
gaps and their values were 0.27, 1.10, 0.58, 1.32, and 0.90 eV for
the Li, Na, K, Rb, and CsSnTe3, respectively, with direct-indirect
offsets as low as 0.06–0.23 eV. Rb, Na, and CsSnTe3 are ideally
suited for photovoltaic applications, while the narrower gaps of
K and LiSnTe3 favor infrared and thermoelectric uses. The
PDOS reveals that the valence band near the Fermi level is
predominantly composed of Te 5p orbital contributions. Carrier
analysis reveals p-type behavior for Na, K, Rb, and Cs, and n-
type for LiSnTe3. The m*

e and m*
h values span 0.292–1.181 and
© 2025 The Author(s). Published by the Royal Society of Chemistry
0.256–3.149 m0, respectively, with KSnTe3 showing the lowest
m*

e (0.292), suggesting high electron mobility. (3) Optically, they
demonstrate strong dielectric response (31(0.01) = 6.935–
16.626) and high UV-visible absorption. They also display low
energy loss, efficient optical conductivity, a desirable refractive
index (n(u)= 3.078–3.912), andmoderate reectivity (∼30–35%)
in the low-energy region, all of which affirm their suitability for
optoelectronic device applications. (4) Mechanically, the
compounds exhibit elastic moduli (B = 21.827–36.227 GPa, G =

8.676–15.224 GPa, Y = 27.002–36.224 GPa). All systems are
ductile (n = 0.301–0.356; B/G = 1.847–3.471), with HV ranging
from 0.999 to 1.767 GPa and mm between 1.620 and 3.045.
Elastic anisotropy is evident in all materials, increasing in the
order E < G < n. (5) Thermodynamically, these materials are
thermally stable with Tm between 770.6 and 891.9 K and qD in
the range of 125.8–158.0 K. The kmin = 0.276–0.379 W m−1 K−1.
Their thermodynamic functions (Cp, S(T), H(T)) support reliable
performance across a broad thermal range. LiSnTe3 has the
highest thermal conductivity, while CsSnTe3 has the highest
melting point. KSnTe3, has the lowest Debye temperature and
thermal conductivity.

Overall, these results provide a foundational understanding
of ASnTe3 perovskites and highlight their potential in photo-
voltaics, thermoelectrics, and advanced functional materials.
RSC Adv., 2025, 15, 25633–25662 | 25655
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Experimental validation is recommended to conrm these
theoretical predictions.
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