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ARTICLE INFO ABSTRACT
Keywords: This study discusses the feasibility of diversifying the scope of application of lead-free Sr3ZBr3 (Z = As, Sb) as
DFT promising materials for their enhanced electronic, mechanical, optical, thermodynamic, and thermoelectric

Dynamic stability
Hydrostatic pressure
Thermoelectric properties
Optoelectronic device

properties using first-principles calculation based on Density Functional Theory (DFT). Both compounds have
cubic crystal structures, and both materials’ dynamic stability is validated by the lack of negative frequencies in
their phonon dispersion spectra. Besides ground state physical characteristics, we also examined the impact of
hydrostatic pressure (0-21 GPa) on electronic, mechanical, and optical properties. The lattice parameters exhibit
a linear decrease from 6.27 to 5.61 A for Sr3AsBrs and 6.45 to 5.71 A for Sr3SbBr3 under increasing pressure,
attributed to bond length reduction, which alters their physical properties. Initially observed direct band gap
(I'-T") of Sr3AsBrs and Sr3SbBrs were 2.35 and 2.30 eV using modified Becke-Johnson (mBJ) functional which
reduces to 1.15 and 0.82 eV as the compounds go from 0 to 21 GPa pressure. This study reveals enhanced optical
properties under pressure, with broader spectral response, increased sensitivity, and improved dielectric con-
stant. Optical absorption and conductivity also shift toward lower-energy photons. The investigation further
shows that the compounds show brittle to ductile transition under high pressure. Their ductility and anisotropy
nature are further enhanced with pressure along with other mechanical features. The thermodynamic properties
indicate their ability to withstand and perform well at high temperatures and pressures. Lastly, the thermo-
electric properties of SrsZBrs (Z = As, Sb) were assessed through electrical and thermal conductivity, Seebeck
coefficient, power factor (PF), and figure of merit (ZT) as a function of temperature. Both compounds exhibit
high PF and near-unity ZT. These findings underscore their potential as strong candidates for optoelectronic and
thermoelectric devices, owing to their direct bandgap and exceptional properties.

1. Introduction energy conversion from renewable sources such as solar cells reduces
the dependence on finite fossil fuels [2]. Also, the global challenge of

In our current world of rapid population and industry growth, the reducing greenhouse gas emissions, oil consumption and overall envi-
need for energy is a major issue all over the world [1]. To encounter the ronmental degradation is minimized recently by altering the sources of
global energy need for a sustainable future, energy conversion, energy energy conversion. Photovoltaic cells are a major element for green
storage, and renewable energy are components of the current world. The energy conversion because of their efficient harness to produce electrical
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energy. Nowadays perovskite-based materials are showing many ad-
vantages in solar energy technology for their exceptional photovoltaic
and energy conversion property. These perovskite materials are used for
their piezoelectric and ferroelectric characteristics in metal oxides in the
1990's era at first. Due to their exceptional properties, perovskite ma-
terials are now being utilized as absorber layers in solar cells and other
photovoltaic applications [3]. The light-emitting diodes (LEDs) and
renewable energy conversion devices also show remarkable efficiencies
with versatility which made the perovskite materials a primary interest
for global research and development efforts for the increasing demand of
sustainable energy solutions.

Lead-based perovskite showed significant properties and promising
characteristics in earlier stages [4]. However, due to the toxic nature of
Pb which also poses significant environmental and health risks as well as
potential contamination of water and soil, and harmful effects on human
health, researchers have developed alternatives to Pb material for
perovskite [5,6]. Non-toxic cations such as Sn?", Ge?>*, sb%* and Bi®*
are being used by researchers as the alternative material of Pb%* for
perovskite [7-10]. These perovskite materials have shown an
environment-friendly profile, and impressive performance in solar cells,
photodetectors, and LEDs with a safer and sustainable path for energy
technology [11,12].

In recent investigations, potential photovoltaic materials from a wide
range of compounds in the AsMXj3 structure (where A = Mg, Ca, Sr, Ba;
M =N, P, As, Sb; X =F, Cl, Br, I) have been thoroughly tested [13]. These
compounds were screened according to their bandgap, thermal stability,
band edge state transitions, and theoretical efficiency, and found that
they were comparable to halide perovskites. The physical characteristics
of A3BX3 (A= Ca, Sr, BP, As, and X = I, Br) inorganic halide perovskites
investigated by Ghosh et al. (2024) showed that perovskites are highly
preferable as the absorber layer in high-efficiency solar cells. The study
demonstrated that Sr3Asls perovskite used in solar cells has a PCE of >28
% when it comes to energy conversion [14]. In addition,
pressure-induced investigation of halide perovskites has also gained the
attention of the researchers that under different applied pressures the
performance of these materials is enhanced by reducing band gaps, and
increasing dielectric constants and absorption coefficient spectra which
opens the door for potential optoelectronic application fields [15-18].

As we know so far, no previous experimental or theoretical work on
Sr3SbBrs, nor any pressure-induced work on SrgAsBrs has been accom-
plished till now. Our primary goal of this study is to investigate the
physical characteristics of the SrgAsBrs and Sr3SbBr3 materials with and
without applying external hydrostatic pressures. Given that these com-
pounds are lead-free and non-toxic, we focused on their pressure-
induced structural, electronic, mechanical, and optical characteristics,
alongside their thermodynamic and thermoelectric properties. These
findings are expected to be of great significance for practical applica-
tions in thermoelectric and photovoltaic devices.

2. Computational methodology

The calculations were performed using the plane-wave basis set of
the Quantum ESPRESSO [19], based on DFT [20]. In this study, ultrasoft
pseudopotentials (USPP) [21] were used to analyze the interactions
between electrons and ions. The calculation primarily utilized the
Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation
(GGA) [22]. The Broyden-Fletcher-Goldfarb-Shanno (BFGS) technique
[23] was employed for structural relaxation and finding optimized
structures of the compounds. In order to accomplish convergence, a
plane-wave basis set was utilized with a kinetic energy cut-off (ecutwfc)
of 60 Ry and a charge density cut-off (ecutrho) of 600 Ry. An 8 x 8 x 8
K-point dimension was employed for the Self-Consistent Field (SCF)
calculation which iteratively finds the ground state electron density and
energy of a system, while a 12 x 12 x 12 dimension was used for the
Non-Self-Consistent Field (NSCF) calculation which uses a fixed electron
density from an SCF result to compute properties without further
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iterations. A convergence threshold of 1.0 x 107 and a force conver-
gence threshold of 1.0 x 103 Ry were used. The VESTA software was
used to display the optimized structure of both materials [24]. It is
well-known that GGA typically underestimates the band gap, especially
in materials containing d or f electrons. Therefore, to examine the
electronic properties, the Wien2k code [25] was employed, utilizing the
Tran-Blaha modified Becke-Johnson (TB-mBJ) approximation [26]. The
TB-mBJ functional was specifically developed to improve the accuracy
of electronic structure analyses, particularly by offering more reliable
estimates of band gaps in semiconductors and insulators. To achieve
both charge and energy convergence, we utilized a linearized
augmented plane-wave basis set with ly,x=10 and RyrKmax=7 (wWhere
Kmax represents the maximum K-value). The Thermo_pw code is uti-
lized to calculate the mechanical properties by calculating its elastic
constants. The ELATE code [27] was applied to illustrate a
three-dimensional portrayal of Young’s modulus, bulk modulus, and
shear modulus. The optical properties were analyzed using first-order
time-dependent perturbation theory [28], which involved calculating
the complex dielectric functions. Furthermore, we calculated the ther-
modynamic parameters using a quasi-harmonic Debye model with the
Gibbs2 package [29]. To explore the thermoelectric properties of the
respective compounds, we employed the Boltz Trap package [30], which
is based on semi-classical Boltzmann theory.

3. Results and discussion
3.1. Structural properties

The optimized crystal structure of the Sr3ZBr3 (Z = As, Sb) material is
illustrated in Fig. 1. They show an ideal cubic structure having space
group Pm-3 m (No. 221) [13]. The Sr atom is located at the Wyckoff
location 3d (0.5, 0, 0) while the Wyckoff location for As and Sb are
situated at 1a (0, O, 0). Finally, Br atom is sitting with a fractional co-
ordinate of (0, 0.5, 0.5) at 3c Wyckoff position. Table 1 presents ground
state parameters for the cubic compounds Sr3ZBrs (Z = As, Sb),
including lattice constant ag (A), optimum cell volume V, (A?’), bulk
modulus B (GPa) and pressure derivative of bulk modulus B, ground
state total energy Ep (Ry), tolerance factor (tp) and band gap Eg (eV).
Goldschmidt tolerance factor (tp) is utilized for predicting the structural
stability of compounds which is defined by the following formula [31,
32]:

A +Tx
‘ \/E(TB +1x) W

The variables ra and rg refer to the ionic radii of the cations at the A
and B sites, respectively, while rx denotes the ionic radius of the anion.
In this study, we used the ionic radii ry (rs; = 1.32 A), rg (ras = 0.72 A
and rsp = 0.90 ;\), and rx (rg; = 1.82 A) for a six-coordinate configuration
[33]. The calculated ground state tolerance factor (tp) is showcased in
Table 1. Sr3AsBrs and Sr3SbBr3 show tolerance factors of 0.874 and
0.816 respectively, which are in the recommended range of 0.8 to 1.4
[34]. Our study is carried out under O to 21 GPa pressure with an
increasing step of 7 GPa. Fig. 2 presents a graph of total energy of
Sr3ZBrs (Z = As, Sb) compounds against volume which is related to
stability. This graph shows a minimum energy value located at a volume
of 1675(a.u)® for Sr3AsBr3 and 1825(a.u)® for Sr3SbBr3, This corresponds
to a lattice constant of 6.27 A for Sr3AsBr3 and 6.45 A for Sr3SbBrs,
which closely aligns with previous research [13,35]. It is clear that the
higher ionic radius of Sb than As causes the lattice parameter to rise
when As is substituted with Sb. The changes in the lattice parameter and
cell volume as a function of pressure are illustrated in Fig. 3(a and b),
respectively. This demonstration shows a constant reduction of cell
volume and lattice constant under pressure which can be attributed to
the decreasing distance between the atoms [36]. Table 2 presents the
data in a tabulated format, providing a more detailed understanding of
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Table 1
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Fig. 1. Constructed crystal structure of Sr3ZBr3 (Z = As, Sb), (a) 2D, and (b) 3D.

Calculated values of ground state parameters including lattice constant agy (A),
optimum volume V, (a.u)a, bulk modulus By (GPa), pressure derivative of bulk
modulus B/O, ground state energy E, (Ry), tolerance factor (to), and band gap (Eg)
of Sr3ZBr3 (Z = As, Sb) compounds.

Optimized Structural Sr3AsBr3 Other Cal. Sr3SbBr3 Other
Parameters Cal.
Lattice constant (ag) in 6.27 6.29 [35] 6.45 6.46
A 6.29 [13] [13]
Optimum volume Vj in 247.01 268.51
A3
Bulk modulus (B) in 28.72 25.48
GPa
Pressure derivative of 4.27 4.24
bulk modulus (B)
Ground state energy —1128.82 —1128.22
(Eo) in Ry
Tolerance factor (to) 0.874 0.816
Band Gap (E) in eV 2.35™ 2.3115E [35] 2.30™ 2.26 HSE
mBJ 2.30 1SE [13] mBJ [13]
1.557BF 1.557F [35] 1.577BE

this phenomenon. The calculated bond lengths for Sr-As, As-Br, Sr-Br,
and Sr-Sb, Sb-Br, and Sr-Br bonds are recorded in Table 3. This data il-
lustrates the decrease in each bond length as pressure gradually in-
creases. This reduction is also similar to the situation of lattice constant
lessening as the atoms become closer under pressure. This also extends
to the development of new electronic characteristics due to orbital
overlapping.

3.2. Phonon stability

Phonon dispersion describes the correlation between the momentum
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5 -1128.810F
St
-]
=
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and energy of phonons in a crystal lattice. The quantized oscillations of
the lattice and the dispersion of phonons provide crucial insights into the
thermal and vibrational characteristics of materials. The positions of the
atoms and volume of the lattice were fully optimized for phonon cal-
culations [37,38]. Fig. 4(a and b) displays the phonon dispersion curve
of Sr3ZBrs (Z = As, Sb) materials. By examining Fig. 4, it becomes
evident that there is an absence of negative frequencies near the I'-point.
Typically, a negative frequency at the I'-point suggests that the molecule
is unstable. Since there are no negative frequencies, it may be concluded
that both Sr3AsBrs and Sr3SbBrs are dynamically stable [39].

3.3. Electronic properties

The electronic features of Sr3ZBr3 (Z = As, Sb) materials are calcu-
lated via GGA-PBE and TB-mBJ approximation under various pressures.
Table 2 showcases the data obtained from band gap calculation via both
GGA-PBE [22] and TB-mBJ [26] functional. GGA-PBE often fails to
accurately predict band profiles in systems due to self-interaction errors
and its limitations in accurately modeling highly localized states. Hence,
it is necessary to improve the GGA-PBE technique with more refined
approximations to describe the characteristics of these systems accu-
rately. Therefore, the TB-mBJ method has been employed to precisely
examine Sr3ZBr3 (Z = As, Sb) systems due to its ease of use and ab initio
nature. Figs. 5 and 7 illustrate the band structures via GGA-PBE
approach while Figs. 6 and 8 via TB-mBJ approach of Sr3AsBr; and
Sr3SbBrs, respectively, under pressures from 0 GPa to 21 GPa along the
high-symmetry paths (X-R-M-I'-R) within the Brillouin zone. The Fermi
energy level (Ep), specified by the horizontal dotted line, is fixed at 0 eV
The maximum of the valence band (VB) and the minimum of the con-
duction band (CB) are located at the I' points for both compounds,
indicating a direct band gap across all applied pressure levels. At 0 GPa,
the calculated direct band gap of Sr3AsBrs is 1.55 eV for GGA-PBE

-1128.200 T T T T T T
(b)
-1128.205p -
— SriSbBr;
-1128.210f -

-1128.215

1900
Volume, V ((a.u)®)

-1128.220
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Fig. 2. Variation of total energy with respect to volume curve for (a) Sr3AsBr; and (b) Sr3SbBrs.
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Fig. 3. Pressure dependence of (a) lattice constant and (b) unit cell volume of Sr3ZBr3 (Z = As, Sb) compounds.

Table 2

Calculated values of unit cell volume (V), lattice constant (a), and band Gap (Ej) of Sr3ZBr3 (Z = As, Sb) compounds under O to 21 GPa pressure.

Phase Compound Calculated data Pressure (GPa)
0 7 14 21

Cubic (Pm3 m) Sr3AsBrs a (A) 6.27 5.93 5.74 5.61
14 (As) 247.01 208.91 189.36 176.21

Eg (eV) TB-mBJ 2.35 1.86 1.47 1.15

GGA 1.55 1.11 0.76 0.46

Sr3SbBr3 a(A) 6.45 6.06 5.85 5.71
14 (As) 268.51 222.89 200.70 185.92

Eg (eV) TB-mBJ 2.30 1.68 1.21 0.82

GGA 1.57 1.02 0.59 0.23

Table 3
Calculated values of bond lengths of Sr3ZBr3 (Z = As, Sb) compounds under
increasing hydrostatic pressures from 0 to 21 GPa.

Pressure (GPa) Sr3AsBr3 Sr3SbBr3

Sr-As As-Br Sr-Br Sr-Sb Sb-Br Sr-Br
0 3.14 4.43 3.14 3.22 4.56 3.22
7 2.96 4.19 2.96 3.03 4.28 3.03
14 2.87 4.06 2.87 2.93 4.14 2.93
21 2.80 3.96 2.80 2.85 4.03 2.85

functional and 2.35 for TB-mBJ functional, considered a wide band gap
semiconductor. Figs. 5 and 6 depict the effect of pressure on the band
structure of Sr3AsBrj via different functional; it shows that the band gap
shrinks from 1.55 eV to 0.46 eV when using GGA-PBE functional and
decreases from 2.35 to 1.15 eV when using TB-mBJ functional under 0 to
21 GPa applied pressure. Similarly, Fig. 7 shows that the band gap of
Sr3SbBr; using GGA-PBE approximation is 1.57 eV which decreases to
0.23 eV, and Fig. 8 shows using TB-mBJ approximation this value goes
from 2.30 eV to 0.82 eV under applied pressure. For both materials
TB-mBJ scheme shows higher bandgap values overcoming the band gap

underestimation of GGA-PBE scheme. These band gap results closely
align with previous works [13,35], which further supports the accuracy
and reliability of the research findings. Fig. 9 illustrates the inverse
relationship of the bandgap and applied pressures of Sr3ZBr3 (Z = As, Sb)
materials using both GGA-PBE and TB-mBJ approximation. This inverse
phenomenon between band gap and applied pressure can be attributed
to pressures facilitating the movement of the charge carrier by com-
pacting the structure and causing the lessening of the lattice constant,
which minimizes the direct band gap value. Furthermore, as As is
replaced by Sb, the band gap decreases, a trend that is consistently
observed across all pressure values.

The total density of states (TDOS) is another crucial parameter that
explains the character of the band structure and the compound’s elec-
tronic properties. Fig. 10 represents the TDOS curve of Sr3ZBr3 (Z = As,
Sb) compounds using both functionals. TDOS further justifies the band
gap reduction as the CB orbitals move toward the Er with applied
pressure. Also, the partial density of states (PDOS) which represents the
electronic density of states in a material, broken down by the contri-
butions from specific atomic orbitals or species, helps to identify the role
of individual atoms in the material’s electronic structure, is calculated to
explain the compounds’ electronic behavior further. PDOS of Sr3AsBrs

(a)— Sr,AsBr, 1

(b) — Sr,SbBr, 1

-\ 5 \

—_ 4 o
N 4 -
= ]
) 3
s
9
5 ~ 2
=] [ —
g 1 - 1
= N 1

M . R X R M . R

Fig. 4. Phonon dispersion spectrum for (a) Sr3AsBrz and (b) Sr3SbBrs.



Md.A. Hossain et al.

A\

|
Q
-
Y

-2

Energy, E (eV)

7
)
\

Results in Engineering 24 (2024) 103340

x]
Il
-
[

L]

4 ;

[/

[ L =
'l
[ = =
T

>
D
&) o 14 GPa E¥ E;=0.76 0 21 GPa E¥
>.; pmn T wmm = wmm mm pmmm w—— — — —— —— - Team seew SEep mm mw b S
=1
=

—~———_——l

1
~

o R M ¥ R m M

i/

]
~

High Symmetry Points High Symmetry Points
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Fig. 7. Computed band structure of Sr3SbBr; using GGA-PBE approximation at (a) 0 GPa, (b) 7 GPa, (c) 14 GPa, and (d) 21 GPa pressures.
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and Sr3SbBr3 compounds in different pressures are taken and illustrated
in Figs. 11 and 12, respectively. The VB is dominated by the As-4p state
for Sr3AsBrs and the Sb-5p state for Sr3SbBr3 with a minor share of Sr-5's,
Sr-4p, and Br-4p states. Furthermore, the CB is dominated by the Sr-5 s
and Sr-4p states for both compounds with a minor share from the other
orbitals. With induced pressure, the steep peak of Sr-4p of the conduc-
tion band of both compounds moves towards Ep, reducing the band gap.
This results from the hybridization between the As-4p (or Sb-5p) and Sr-
4p orbitals, which is further intensified as hydrostatic pressure in-
creases. Additionally, the decrease in bond length of Sr-As (Sb), Sr-Br,
and As-Br (Sb-Br) under pressure (Table 3) could potentially enhance
the hybridization of As-4p (Sb-5p) and Sr-4p orbitals in the CB.

Moreover, charge density may explain various physical phenomena
of a material by describing its bonding state at a given moment. Fig. 13
depicts the charge density distribution of Sr3ZBr; (Z = As, Sb) com-
pounds under two conditions: a pressure of 0 GPa and 21 GPa. At 0 GPa,
ionic bonding with no atomic overlap between the Sr and Br atoms is
shown by the spherical contours around them, while there is a little
overlap between the Sr and As (Sb) atoms shown by their elliptical
contours, suggesting covalent bonding along the (100) direction. At 21
GPa, the spherical contours around Sr and Br atoms do not alter,
demonstrating the persistence of ionic bonding. However, the contours
around Sr and As (or Sb) become more elliptical with increased overlap,
signifying stronger covalent interactions under pressure along the (100)
plane. The increasing overlapping of the electron cloud under high hy-
drostatic pressure is linked to a reduction in the distance between atoms
and an increase in polarization.

The mobility of charge carriers in semiconductors or metals is
influenced by the periodic potential of crystal lattices, causing a de-

parture from the behavior of free particles in a vacuum. The effective
mass refers to the mass of a charge carrier as it moves through the crystal
lattice while affected by the periodic potential. The following equation
estimates effective mass [40]:

Pe(k)] !
= p? (2)
m [ k2

Here, 7 represents the reduced Planck’s constant and dz;;(zk) is the

second derivative of the energy dispersion relation (E-k curve) with
respect to momentum (k). Both the effective mass of electrons (m,) and
holes (my) are determined individually, and the ratio D (me/my) is
evaluated to analyze charge carrier asymmetry. The determined values
are summarized in Table 4 and depicted in Fig. 14 from 0 to 21 GPa
pressure. As pressure increases, m. and my, lower, leading to more
effortless charge movement and enhanced electronic conductivity.
These compounds have the potential to be more widely used since they
can alter their electronic properties in response to changing pressure.

3.4. Mechanical properties

For determining the structural stability, sustainability, reliability,
and deformation behavior of a material the mechanical properties play a
vital role. The way a material responds to an external force is reflected in
its mechanical characteristics [41]. The correlation between the me-
chanical features are determined by the elastic constant matrix (Cj). The
dynamics between the forces applied on the material with improved
structural integrity is explored by these matrices. Also, the response of a
material to various pressures and stresses is described by the Cj; matrix
[42]. Here Table 5 shows the Cjj matrix along with the Cauchy pressure
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Fig. 11. Calculated PDOS of Sr3AsBrs at (a) 0 GPa, (b) 7 GPa, (c) 14 GPa, and (d) 21 GPa pressures.
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Fig. 13. Charge density distribution along the (100) crystallographic plane of (a) Sr3AsBrs and (b) Sr3SbBr3 under 0 and 21 GPa pressure.

Table 4 0.7 T T T
Calculated values of effective masses of electron along the conduction band edge + M (Sr.AsBr,)
and hole along the valance band edge of Sr3ZBr; (Z = As, Sb) under increasing 0.6f = M° 3 G-
. —_ N + M, (Sr,AsBr,)
hydrostatic pressure. E= o5 v M, (Sr,ShBr,)
Pressure (GPa) Sr3AsBr3 Sr3SbBr3 ; : A M, (SrSSbBri)
2 3
< X
me my D me my D E 0.4F * -
*
0 0.553 0.602 0.918 0.604 0.562 1.074 g R
7 0.429 0.395 1.088 0.448 0.339 1.319 'cs 0.3 . v -
14 0.363 0.288 1.259 0.364 0.241 1.510 é A -
21 0.313 0.238 1.317 0.298 0.195 1.530 = 0.2k A =
L L L L
0.4 7 19 21

(Cp), crystal stiffness (C;), and Kleinman’s parameter ({) of Sr3ZBrs
(Z=As, Sb) compounds from 0 GPa to 21 GPa applied pressure. Born Pressure, P (GPa)
stability criteria are satisfied for mechanical stability as shown by

equations stated below [43]: Fig. 14. Influence of applied pressure on the effective mass of the electron (m,)

along the conduction band edge and hole (my,) along the valance band edge of
Cy > O, Cyq > 07 Cy1 — G2 > 07 Ci1 +2C12 >0 3) Sr3ZBr3 (Z = As, Sb).

The Cy; is the quantity of the stress in the crystallographic orienta-
tion (a). C12 determines the ability to resist different types of stress
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Table 5
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Calculated values of elastic constants C;; (GPa), Crystal stiffness Cs; (GPa), Cauchy pressure C,, (GPa), and Kleinman parameter { of Sr3ZBrs (Z = As, Sb) compounds

under increasing hydrostatic pressure.

Pressure (GPa) Compound Ci1 Ci2 Caq [ Cs g
0 SrsAsBrs 68.93 8.61 13.36 —-4.74 30.16 0.28
Sr3AsBrs [35] 69.68 8.939 13.47 - - -
SrSbBrs 61.50 7.47 11.33 -3.86 27.01 0.27
7 SraAsBrs 144.97 15.82 11.88 3.95 64.57 0.26
Sr3SbBrs 135.77 14.00 9.77 4.23 60.88 0.25
14 Sr3AsBrs 210.11 22.62 9.48 13.13 93.75 0.26
SrSbBr3 197.37 18.77 7.41 11.36 89.30 0.24
21 SrsAsBrs 269.16 27.32 6.61 20.71 120.92 0.25
Sr3SbBr3 254.98 24.17 4.61 19.56 115.41 0.24
applied in shear-off diagonal components. Finally, the C44 represents the Ci +8Cia
resistance of a material to shear strain when a tangential force is = 7C £ 9C, (6)
11 +2C12

employed to the [1 0 0] plane along the [1 0 0] direction [44]. Table 5
shows that the compounds Sr3ZBr3 (Z = As and Sb) detain the value C;q
of 68.93 GPa and 61.50 GPa respectively at zero pressure. Applying
pressures gradually increased the value of this matrix for both com-
pounds. Also, the compound Sr3AsBrs holds a slightly higher value than
Sr3SbBrs at each applied pressure. At 21 GPa applied pressure, the
compounds Sr3AsBr; reached the Cp; value of 269.16 GPa and Sr3SbBr3
reached the Cy; value of 254.98 GPa. The same increment is observed for
the C1, matrix value for the compounds Sr3ZBr3 (Z = As and Sb). The
value is increased from 8.61 to 7.47 GPa at zero pressure to 27.32 and
24.17 GPa at a pressure of 21 GPa for the compounds Sr3AsBrs and
Sr3SbBrs, respectively. The compound Sr3AsBrs holds a slightly higher
value than Sr3SbBr; for the Cy elastic stiffness matrix also. For the C44
matrix, both Sr3AsBrs and Sr3SbBr3 compounds show positive values at
each applied pressure. However, the values decreased from 13.36 GPa
and 11.33 GPa at zero pressure to 6.61 GPa and 4.61 GPa after applying
pressure 21 GPa for the compounds Sr3AsBrs and Sr3SbBrs, respectively.
The increased values of C;; and Cy2 demonstrate that these compounds
show more resistance to compressive force and the decreased value of
the C44 matrix demonstrates the resistance to shear force after externally
applied pressure.

The Cauchy pressure (Cp) defines ductility and brittleness by its
value. The positive value represents ductility while the negative value
represents brittleness of the material [45]. The crystal stiffness constant
(Cs) is the measurement of shear stress applied on the [1 1 0] plane and
in the [1 1 0] direction. It represents the capability to resist shear
deformation [46]. The Kleinman parameter ({) provides insight into a
crystal’s ability to withstand bond elongation and deformation. The
upper state value (when ¢ = 1) linked the limiting bond elongation and
lower state value (when ¢ = 0) minimizes the bond bending. The Cauchy
pressure (Cp), crystal stiffness (Cs), and Kleinman’s parameter ({) are
determined by using the equations stated below [47]:

Cp=Ciy— Cuy )

Cs = Cn —Cix 5)
2

Table 6

The Cauchy pressure showed negative values of —4.74 and —3.86
GPa at zero pressure for the compounds Sr3AsBrs and Sr3SbBrs,
respectively. Applying pressure increases the value for both of the
compounds, at 7 GPa pressure they show positive values. After 21 GPa
pressure, the values increase to 20.71 and 19.56 GPa for Sr3AsBrs and
Sr3SbBrs, respectively. This demonstrates that these compounds show
brittle to ductile transition below 7 GPa applied pressure. The crystal
stiffness values increased gradually from 30.16 to 27.01 GPa at zero
pressure to 120.92 and 115.41 GPa for the compounds Sr3AsBrs and
Sr3SbBrj respectively after applying pressure up to 21 GPa. The Klein-
man parameter values range between 0.24 ~ 0.28 for both compounds
at each applied pressure. The values are close to the lower state which
represents that the compounds are more responsible for bond stretching
than bond bending [48].

Table 6 shows the different elements of mechanical properties of the
compounds from 0 GPa to 21 GPa applied pressure. The bulk modulus
(B) is the capacity of a material to withstand compressive force applied.
Shear modulus (G) shows the plastic deformation of a material when
subjected to applied pressure. Young’s modulus (Y) is a modulus of
elasticity, which represents the resistance of compression force along its
length. These properties are calculated using the Voigt-Reuss-Hill (VRH)
method, where B, and By represent the Reuss and Voigt bulk moduli,
respectively, and G, and G, refer to the Reuss and Voigt shear moduli,
respectively [49]. The following formulas are used to calculate these
values shown in Table 6 [50].

B=1(18) %!
2
G=3(G+G) ®)
9BG
T3B+G ©

Table 6 shows that Sr3ZBr3 (Z = As and Sb) compounds show bulk
modulus values of 28.72 GPa and 25.48 GPa at zero pressure. When
external pressures are applied to the compounds the bulk modulus

Calculated values of shear modulus G (GPa), bulk modulus B (GPa), Young’s modulus Y (GPa), Pugh’s ratio (B/Gy), hardness factor (H), machinability index (uy), and
Poisson ratio (v) of Sr3ZBr3 (Z = As, Sb) compounds under increasing hydrostatic pressure.

Pressure (GPa) Compound B Y G B/Gy Um H v A

0 Sr3AsBr3 28.72 45.96 18.63 1.54 2.15 3.67 0.233 0.443
Sr3AsBrs [35] 29.18 43.02 14.57 - - - - 0.442
Sr3SbBr3 25.48 40.06 16.18 1.57 2.25 2.99 0.238 0.419

7 Sr3AsBr3 58.87 66.38 25.29 2.33 4.96 1.93 0.312 0.184
Sr3SbBr3 54.59 59.26 22.46 2.43 5.59 1.37 0.319 0.160

14 Sr3AsBr3 85.12 78.12 29.00 2.94 8.97 1.07 0.347 0.101
Sr3SbBr3 78.31 70.07 25.94 3.02 10.57 0.69 0.351 0.083

21 Sr3AsBr3 107.94 86.07 31.48 3.43 16.33 0.56 0.367 0.055
Sr3SbBr3 101.11 77.41 28.20 3.59 21.95 0.17 0.372 0.040
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values gradually increase for both compounds. At 21 GPa applied
pressure, the bulk modulus value of the compound Sr3AsBrs and
Sr3SbBr3 reach 107.94 GPa and 101.11 GPa, respectively. The Young’s
modulus values of the compounds behave in a similar way. The values
increase from 45.96 GPa and 40.06 GPa at zero pressure to 86.07 GPa
and 77.41 GPa at 21 GPa applied pressure for SrgAsBrs and Sr3SbBrs,
respectively. The compound Sr3AsBrs shows a slightly higher value than
Sr3SbBrj3 for Young’s modulus. The Sr3AsBrs and Sr3SbBr3 compounds
have the shear modulus values of 18.63 GPa and 16.18 GPa at 0 GPa
applied pressure. These values also increase to 31.48 GPa and 28.20 GPa
after applying pressure of 21 GPa for Sr3AsBrs and Sr3SbBr; compounds,
respectively. The Sr3AsBrs compound has a slightly higher value of bulk
modulus, shear modulus, and Young’s modulus than Sr3SbBr3 at each
applied pressure. This behavior depicts that both Sr3AsBrs and Sr3SbBr3
compounds show enhanced interatomic forces at increased pressure
[51]. However, the Z-site substitution of As with Sb results in Sr3AsBr3
exhibiting superior mechanical properties compared to Sr3SbBrs. This
represents better stiffness, improved resistance to shear forces and better
withstand to compression of the compounds [52].

Poisson’s ratio measures the ratio between the transverse strain and
axial strain. The Pugh’s ratio (B/G) is the ratio between bulk and shear
modulus. Both Poisson’s ratio and Pugh’s ratio describe the material’s
ductility and brittleness [51]. The machinability index represents
whether the material is machinable or not. Higher values represent good
machinability and easy to shape. The hardness factor (H) measures the
resistance to deformation of the material. These parameters are deter-
mined using the formulas stated below [50], where B represents the bulk
modulus, G represents the shear modulus, and Cs4 refers to the elastic
constant associated with shear deformation in the material:

3B - 2G

Y =2@B1q) (1o
B

Ky = CT4 an

H=2(K*G)*™ -3, K=G/B (12)

The Pugh’s ratio values increase from 1.54 to 1.57 at no applied
pressure to 3.43 and 3.59 after 21 GPa applied pressure for Sr3AsBrs and
Sr3SbBrs, respectively. Also, the Poisson ratio values increase from
0.233 to 0.238 to 0.367 and 0.372 at 21 GPa applied pressure respec-
tively. The ranges and values of these parameters demonstrate that these
compounds showed brittleness at first and then entered into a ductile
range after externally applied pressure by exceeding the threshold value
[18,52]. Fig. 15 depicts the Poisson’s and Pugh’s ratios of Sr3AsBrs and
Sr3SbBr3, respectively. Additionally, the machinability index is
increased gradually after applying pressure up to 21 GPa showing that
the material became more machinable after applying pressure. Also, the
Hardness factor decreases gradually for both compounds indicating that
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the material becomes more prone to deformation and softer when
external pressure is applied.

The Zener anisotropy factor (A) is employed to evaluate the degree of
directional uniformity in the physical properties of a material. The Zener
anisotropic value A = 1 depicts that the material shows isotropy in each
direction and any deviation indicates an anisotropic nature [53]. It is
calculated by using the formula [54]:

2Cu4
T 1%

Table 6 shows that the Zener anisotropy factor (A) for the Sr3ZBr3 (Z
= As, Sb) materials is a positive number that differs from unity. This
indicates that these materials have anisotropic features which further
increase with applied pressure. The ELATE tool [27] is employed to
analyze the variations in Young’s modulus, shear modulus, and Poisson
ratio, as depicted in Fig. 16. The isotropic behavior is demonstrated
using three-dimensional spherical plots, whereas any deviation from a
spherical shape indicates the presence of anisotropy [55]. The graphs
exhibit a heightened intensity as pressure increases, suggesting that the
application of pressure enhances the anisotropic characteristics of
Sr3ZBrj3 (Z = As, Sb) materials. These unique mechanical characteristics
make them suitable for practical use.

Thermal characteristics of the material represent the behavior and
response when the temperature is varied, represented in Table 7. Below
Debye temperature (0p), all atoms of the material are excited with the
modes of vibration [56]. At which temperature the material goes
through the transition from solid to liquid is known as melting tem-
perature (T,,) [57]. Table 7 shows that the values of transverse sound
velocity (vy), longitudinal sound velocity (v)), and mean sound velocity
(vm) increase gradually after applying pressure up to 21 GPa. The 6p of
Sr3AsBr3 and Sr3SbBrs3 increased from 220.44 K and 200.44 K at zero
pressure up to 275.46 K and 253.19 K at 21 GPa applied pressure
respectively. Also, the T,, increase from 960.39 K and 916.45 K to
2143.75 K and 2059.93 K at 21 GPa applied pressure for SrgAsBrs and
Sr3SbBrs, respectively. This property denotes improved thermal stability
with enhanced resistance to the high temperature of the compounds at
higher applied pressure. Sr3AsBrs exhibits a higher Debye temperature
and melting temperature compared to Sr3SbBrs, indicating that the
substitution of Sb with As enhances the material’s thermal resistance
properties.

3.5. Optical properties

Optical properties are needed to be studied to understand the optical
responsivity of a material. Electromagnetic radiation like photons
interacting with the material influences the electron transitions between
the VB and CB [58]. Optical properties are understood from the calcu-
lation of complex dielectric function expressed as:

0'4{) T L] T T L] L] 1 L]
3.6fF .
»— Sr,AsBr, (@) 6 »— St AsBr, (b)
> 035k - SrJShBrJ i Q\’J B SI‘SSbBl'3
g A 3.0} -
N -
« (=]
fan . =
Ductile = .
": 0.30F : 2.4k Ductile o
2 Ductile — Brittle border :En
3 - === == = Ductile — Brittle border
& 0.25F 1 ~ 18k
Brittle .
Brittle
L L L L L L L L
0205 7 14 21 125 7 14 21
Pressure, P (GPa) Pressure, P (GPa)

Fig. 15. Alteration of (a) Poisson’s ratio (v) and (b) Pugh’s ratio (B/G) of Sr3ZBr3 (Z = As, Sb) as a function of applied pressure ranging from 0 to 21 GPa.
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Fig. 16. 3D anisotropic illustrations of (a) Young’s Modulus, (b) Shear modulus, and (c) Poisson’s ratio of Sr3ZBr3 (Z = As, Sb) at 0 and 21 GPa.

Table 7

Calculated values of density p (g cm~3), transverse sound velocity v, (m s~!), longitudinal sound velocity v; (m s—!), mean sound velocity v;, (m s~1), Debye temperature
6p (K) and melting temperature T;, (K) of Sr3ZBrs (Z = As, Sb) compounds under increasing hydrostatic pressure.

Pressure (GPa) Compound p Vi n Vi Op Tm

0 Sr3AsBrs 3.88 2190.81 3714.50 2427.53 220.44 960.39
Sr3SbBr3 3.86 2047.10 3490.90 2269.50 200.44 916.45

7 Sr3AsBrs 4.59 2347.39 4491.31 2626.03 252.17 1409.75
Sr3SbBr3 4.65 2197.64 4263.35 2460.73 231.25 1355.41

14 Sr3AsBrs 5.06 2393.01 4944.01 2689.40 266.85 1794.77
Sr3SbBr3 5.16 2240.76 4674.82 2519.60 245.20 1719.47

21 Sr3AsBr3 5.44 2405.07 5248.42 2710.30 275.46 2143.75
Sr3SbBr3 5.57 2248.87 4987.45 2536.14 253.19 2059.93

e(w) = &1 (w) + iex(w) (14)

The imaginary component ¢;(0), reflects the material’s absorbance,
whereas the real component ¢;(®), elucidates the material’s polarization
and dispersion due to the applied electric field, is derived from e(®).
Kramers—Kronig relation can be utilized to find the real portion of the
function from calculating the imaginary portion [59].

o
L(a))z do’

(15)

) ©
81((0): 1+;P/w2—w
0

The calculated optical parameters of Sr3ZBr3 (Z = As, Sb) materials
are plotted within a range of 0 to 20 eV in Figs. 17(a-d) and 18(a-d). The

12

real portion of the dielectric function is demonstrated in Fig. 17(a). The
real part of the function can help us understand the polarization po-
tential and dispersion capability of the material. At zero pressure we can
see that the compounds Sr3ZBr3 (Z = As, Sb) are showing a peak value at
around 2 eV and this value shifts to 0 eV under 21 GPa pressure. The
compounds show more optical response in the UV region. This tendency
is observed as the narrower band gap of the material shows higher op-
tical efficiency as electrons can move more easily between VBs and CBs.
At photon energies exceeding 9 eV, ¢;(») decreases and eventually turns
negative, signifying that the compound exhibits high reflectivity and
metallic characteristics [60].

Imaginary part e2(®) of the dielectric function is related to a mate-
rial’s absorption, extinction, and conductivity properties [61]. Fig. 17
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Fig. 17. Calculated pressure-induced spectra of (a) real function, (b) imaginary function, (c) absorption, and (d) optical conductivity of Sr3ZBrs3 (Z = As, Sb) against

photon energy.
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(b) shows the Imaginary part against photon energy. Band gap decreases
under pressure, shifting the material’s optical response from the UV
region to the visible and infrared regions of the spectrum. This shift
suggests that as the pressure rises, the material’s optical effectiveness
transitions towards longer wavelengths. Thus, understanding these
changes in the dielectric function under varying pressures is crucial for
tailoring the optical characteristics for specific applications.

The absorption coefficient a(w) is tied to the imaginary part of the
dielectric function and is directly associated with a material’s ability to
absorb incoming light on its surface [62]. This coefficient is depicted in
Fig. 17(c). In the visible light region, the material’s absorption increases
with rising pressure. At 21 GPa, both Sr3ZBrs3 (Z = As, Sb) compounds
show a significant rise in absorption compared to 0 GPa. The absorption
spectrum also shifts toward a lower energy region, enhancing optical
performance under visible light when pressurized. A similar observation
was seen in previous pressure-induced works which justify the findings
[16,18]. This improvement broadens the range of applications for the
compound, including solar cells and photosensors where enhanced op-
tical properties are crucial.

The optical conductivity o(w) of Sr3ZBr3 (Z = As, Sb), illustrated in
Fig. 17(d), indicates its electronic conductivity under incident photons,
linked to the imaginary part of the dielectric function. At 0 GPa, con-
ductivity peaks around 6 eV, shifting to approximately 9 eV under 21
GPa pressure. However, its limited conductivity at lower photon en-
ergies restricts widespread application. Higher pressure broadens the
conductivity spectrum, enhancing its responsiveness across a wider
range of photon energies. This characteristic makes Sr3ZBr3 (Z = As, Sb)
compounds potentially more valuable in applications requiring versatile
optical properties, such as photovoltaics, optoelectronics, and sensors
[63]. The broader spectral response under pressure could improve the
efficiency and performance of photovoltaic devices by capturing a wider
range of sunlight wavelengths. Additionally, its enhanced optical con-
ductivity could benefit sensor technologies, where sensitivity across
different wavelengths is crucial for detecting various substances and
conditions with high precision and reliability.

The refractive index n(®) of Sr3ZBr3 (Z = As, Sb), depicted in Fig. 18
(a), characterizes how light interacts with the material thus explaining
its optical properties which is crucial for diverse technological applica-
tions. This parameter closely follows the real part of the dielectric
function. At 0 GPa pressure, the refractive index starts at 2.2 for both
compounds with no photon energy, reaching a peak of 2.4 in the pres-
ence of a photon. Under 21 GPa pressure, these values increase signifi-
cantly, starting at around 2.8 with no photon energy and peaking at 3.0
for Sr3AsBrs and for Sr3SbBrs, it starts at 3.0 and reaches a maximum
value of 3.2 in the presence of light. Higher pressure thus enhances the
refractive index, indicating reduced impedance to electromagnetic
waves and increased phase velocity. This effect boosts the material’s
polarizability and responsiveness to applied electromagnetic fields,
making it more suitable for applications requiring efficient light
manipulation, such as lenses, waveguides, and optical devices. The
increased refractive index under pressure suggests improved optical
performance, potentially benefiting technologies that rely on precise
light control and transmission.

The extinction coefficient k(®) measures the rate at which light in-
tensity decreases as it propagates through a material, indicating both
light absorption and scattering effects. Fig. 18(b) illustrates the extinc-
tion coefficient of SrsZBr3 (Z = As, Sb) compounds against photon en-
ergy (eV) under varying hydrostatic pressures. This coefficient is related
to the imaginary dielectric function and also the absorption coefficient
[64]. A higher extinction coefficient indicates increased absorption and
scattering, leading to a greater reduction in light intensity. At zero light
incidence, the extinction coefficient is zero, but it rises significantly in
the visible and UV spectra. Under increasing pressure, the extinction
coefficient values notably increase, with peaks shifting towards lower
energy regions. This shift suggests higher optical interaction and
enhanced light absorption, making the material more effective in
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applications like photovoltaics and optical sensors, where efficient light
absorption and manipulation are crucial for performance.

Reflectivity R(®) estimates the proportion of incident photons re-
flected off a material’s surface and is inversely proportional to absorp-
tion. Fig. 18(c) illustrates the reflectivity of Sr3ZBr3 (Z = As, Sb)
compounds across photon energies under different pressures. The ma-
terial exhibits high reflectivity in the infrared and UV regions, with
peaks shifting to higher energy regions under increased pressure, indi-
cating pressure-dependent optical properties. Reflectivity decreases
near the visible region but significantly increases in the ultraviolet (UV)
region. In the UV region, the maximum reflectivity value rises with
pressure, while the peaks shift to higher energy regions. This behavior
suggests that applying pressure can enhance the material’s reflectivity,
particularly in the UV spectrum, making it potentially useful in appli-
cations requiring high reflectivity and adjustable optical properties,
such as mirrors, coatings, and UV-optical devices.

The loss function L(o) of Sr3ZBr3 (Z = As, Sb) compounds, depicted in
Fig. 18(d) against incident photon energy, quantifies the energy dissi-
pation as electrons traverse the material [65]. In the infrared and visible
regions, the L(®) values are low but increase significantly at higher en-
ergy ranges. Under higher pressure, the peak values shift towards higher
energy levels, and values slightly decrease in the visible region,
reflecting the material’s heightened optical response. This increase in
the loss function under high pressure suggests higher energy dissipation.
However, overall low loss function values in the visible spectrum indi-
cate the material’s suitability for solar applications, as minimal energy
dissipation is beneficial for efficient light absorption and conversion.
This characteristic makes Sr3ZBr3 (Z = As, Sb) materials promising for
photovoltaic technologies, where maximizing light absorption while
minimizing energy loss is crucial for improving solar cell efficiency. The
ability to tailor the material’s optical properties under varying pressures
makes it versatile for advanced optical and electronic applications.
Moreover, the compound shows marginally better optical characteristics
when the Sb atom replaces the As atom because of the slightly smaller
band gap.

3.6. Thermodynamic properties

The thermal characteristics of Sr3ZBrs (Z = As, Sb) are analyzed
using the quasi-harmonic approximation of the Debye model to inves-
tigate the thermodynamic stability of the compounds. This study ex-
amines the fluctuation of key thermodynamic parameters, including
heat capacity at constant volume (Cy), Griineisen parameter (y), thermal
expansion coefficient (o), and entropy (S), over a temperature range of
0 to 800 K and a pressure range of 0 to 12 GPa, in 4 GPa intervals.

Figs. 19(a) and 20(a) display the temperature-dependent heat ca-
pacity (Cy) for Sr3ZBr3 (Z = As, Sb) at 0, 4, 8, and 12 GPa pressure. Heat
capacity refers to the amount of energy required to increase or decrease
the temperature of a substance with a certain mass by a specific amount.
It also includes details regarding phase transitions and lattice vibrations.
Cy displays a substantial and rapid rise as the temperature rises from 0 to
250 K, in accordance with the T° law of the Debye model. However, as
the temperature increases above 250 K, Cy increases gradually and re-
mains nearly constant. At temperatures higher than this, it adheres to
the widely recognized Dulong-Petit law [66]. Thermal energy leads to
the activation of phonon modes. On the contrary, it has been observed
that Cy decreases as pressure increases, regardless of the temperature
values being examined. The values of Cy at a temperature of 300 K and a
pressure of 0 GPa are 170.85 and 170.98 J/molK for Sr3AsBrs and
Sr3SbBrs, respectively.

The Griineisen parameter (y) quantifies the variation in a lattice
vibrational frequency due to temperature and pressure impacts. It is a
crucial factor in various thermodynamic relations [67]. The relationship
between vy, pressure, and temperature is illustrated in Figs. 19(b) and 20
(b). The findings indicate that y exhibits a minor increase with tem-
perature when the pressure is at 0 GPa, but experiences a slight
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reduction at pressures of 4, 8, and 12 GPa. We observed a substantial rise value of y is around 2.18 and 0.92 for Sr3AsBrs and Sr3SbBrs,
in the y as pressure rises while maintaining stable temperatures. The respectively.

impact of pressure is more pronounced than temperature on Sr3ZBrs (Z Figs. 19(¢) and 20(c) illustrate the volumetric thermal expansion
= As, Sb). At a temperature of 300 K and 0 GPa pressure, the calculated coefficient (o) in terms of temperature and pressure. It explains that
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when heat is applied, materials expand uniformly in all directions as a
result of the movement of the particles within the material. The graphs
indicate that the values of a exhibit rapid growth until reaching 100 K,
after which a gradual increase is observed. The measured values of a at a
temperature of 300 K and a pressure of 0 GPa are 9.4 and 3.72 for
Sr3AsBrs and Sr3SbBrs, respectively. The values have exhibited an in-
verse relationship under pressure. A consistent reduction in the o is
noticed as pressure varies while temperature remains constant. A higher
value of a indicates a weaker bond, whereas a lower number indicates a
stronger bond. Sr3SbBr3 has a higher bond strength in comparison to
Sr3AsBrs.

Moreover, entropy (S) quantifies the level of randomness and lack of
order inside the system. The level of entropy or disturbance inside the
substance can be comprehended by examining the alterations that
occurred as a result of variations in temperature and pressure. Figs. 19
(d) and 20(d) illustrate the relationship between Entropy (S), temper-
ature, and pressure for Sr3ZBr3 (Z = As, Sb) compounds. Figs. 19(d) and
20(d) illustrate that entropy is zero when the temperature is at absolute
zero. The relationship between S and temperature is exponential,
meaning that as temperature increases, disturbance within the material
also grows at a constant pressure. However, this disturbance decreases
with pressure, indicating that the material becomes more ordered at
greater pressures. Temperature is a factor that causes a rise in thermal
vibrations, while pressure attempts to restrict or control these vibra-
tions. In the graph depicting the relationship between entropy and
temperature, we did not observe any abrupt changes in the entropy
value, indicating the absence of a phase transition. The entropy values
we have found for Sr3AsBrs and Sr3SbBr3 at 0 GPa and 300 K are around
307 and 310 J/molK respectively.

3.7. Thermoelectric properties

Thermoelectric (TE) materials are capable of converting heat into
electrical energy and vice versa, making them highly attractive for a
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range of applications. Due to this reason, researchers have displayed
significant interest in calculating thermoelectric characteristics. TE
materials are used in applications such as computer cooling, thermo-
couples, and thermoelectric generators [68]. The TE material’s band gap
and the kind of carriers that are available for conduction determine the
thermoelectric properties. In this study, the thermoelectric features of
cubic Sr3ZBr3 (Z = As, Sb) compounds are analyzed by calculating the
Seebeck coefficient (S), electrical and thermal conductivities, power
factor (PF), and figure of merit (ZT) over a temperature range of 200 to
800 K.

The Seebeck coefficient (S), commonly referred to as thermopower,
is a significant metric associated with the electrical structure of a ma-
terial. It refers to the strength of an induced voltage that occurs due to
variations in temperature across a material [69]. Thermopower can have
a positive or negative value, depending on the substance. The Seebeck
coefficient (S) is illustrated in Fig. 21(a). It seems that the values for both
compounds initially decline with temperature until reaching 400 K, after
which they grow linearly with further temperature increase. Both
compounds display p-type behavior, as evidenced by the positive values
of their Seebeck coefficient (S). The maximum value of S is 247 and 257
pV/K for Sr3AsBrs and Sr3SbBrs, respectively. The computed Seebeck
coefficient values of Sr3SbBrs are consistently greater than those of
Sr3AsBrj across all temperatures.

The electrical conductivity (6/7) is a measure of the flow of free
charge carriers [70]. It is dependent upon the nature of the carriers,
concentration, and energy gap [71]. Fig. 21(b) illustrates the increasing
trend of o/t for Sr3ZBrs (Z = As, Sb) with growing temperature. The
concentration of charge carriers rises as temperature increases, resulting
in a rise in o/t. The temperature-dependent increase in 6/t demon-
strates the semiconducting character of these studied materials, as seen
by the negative temperature coefficient of resistance. The maximum ¢/
of Sr3AsBr3 is measured to be 5.01 x 10'® (Q.m.s)™!, while Sr3SbBrs has
a maximum value of 4.57 x 10'8 (Q.m.s)’1 at 800 K. Compared to
Sr3SbBrs, it is clear that Sr3AsBrs is a better electrical conductor.
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Fig. 21. Variation of (a) Seebeck coefficient, (b) Electrical conductivity, (c) Total Thermal conductivity, and (d) Power factor of Sr3ZBr; (Z=As, Sb) as a function of

temperature.
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Electrons and phonons are the primary contributors to the heat con-
duction in a material. Fig. 21(c) displays the calculated thermal con-
ductivity for Sr3AsBrs and Sr3SbBr3, which exhibits a significant increase
with increasing temperature. The SrgAsBrs and Sr3SbBrs compounds
exhibit maximum thermal conductivities of 3.23 x 10'* and 3.05 x 10'*
W/m.K.s respectively at 800 K. In addition to higher electrical conduc-
tivity SrsAsBrs also demonstrates superior thermal conductivity
compared to Sr3SbBrs.

Fig. 21(d) illustrates the power factor (682) as evaluated by its
electrical conductivity and Seebeck coefficient. This measurement is
used to assess the efficiency of materials in TE devices [72]. Materials
with a high power factor (PF) have a stronger inclination to produce
energy, as they can efficiently extract heat [73]. The demand for TE
materials with a high PF is steadily increasing in energy-renewable de-
vices and in thermo-electric enterprises that operate at high tempera-
tures. Fig. 21(d) illustrates that the PF increases proportionally with
rising temperature. The PF of Sr3AsBrs and Sr3SbBrs is 0.37 x 10" and
0.33 x 10'! W/mK?S at a temperature of 200 K, respectively. Never-
theless, the value increases in a linear fashion as the temperature in-
creases and reaches its highest value at 800 K, with Sr3AsBrs and
Sr3SbBr3 compounds having maximum values of 3.07 x 10 and 2.92 x
10! W/mK?s, respectively. These findings indicate that Sr3AsBrs has
more potential as a material for thermoelectric applications compared to
Sr3SbBrs, as Sr3AsBr; exhibits superior PF.

The dimensionless figure of merit (ZT) is frequently employed to
determine the effectiveness of TE material [74]. The ZT is a metric that
encompasses many material qualities that need to be optimized to
achieve high efficiency in a TE generator. A material with a ZT of 1 is
considered to be a highly efficient material for TE applications [75,76].
Fig. 22 shows that the Sr3AsBrs compound has a maximum ZT value of
0.76 and Sr3SbBr3 has a maximum ZT value of 0.78 at 200 K. The
computed values of ZT for both materials being close to unity confirm
that they are excellent thermoelectric materials.

4. Conclusion

First-principles DFT-based calculations were utilized to simulate the
structural, phonon stability, electronic, mechanical, optical, thermody-
namic, and thermoelectric properties of non-toxic lead-free Sr3ZBr3 (Z =
As, Sb) compounds in this study.

e This investigation demonstrates that Sr3ZBr3 (Z = As, Sb) compounds
have a cubic crystal structure within the Pm-3 m (221) space group.
Under high pressure, lattice parameters and cell volume decrease,
increasing atomic interactions and enhancing physical properties.
Positive phonon frequencies confirm the dynamic stability of these
compounds.

Mechanical stability is confirmed by Born criteria, with elastic con-
stants and moduli increasing under pressure, indicating greater ri-
gidity. The compounds shift from brittle to ductile behavior, with
improved ductility and more pronounced anisotropy at higher
pressures.

The electronic properties demonstrated a pressure-induced bandgap
reduction, with band gap of Sr3AsBrs dropping from 2.35 to 1.15 eV
and Sr3SbBr3 from 2.30 to 0.82 eV, improving conductivity, and
responsivity. PDOS and TDOS analysis revealed changes in As, Sb,
and Br electronic states due to the CB shifting toward the Fermi level
and hybridization of As-4p (Sb-5p) with Sr-4p orbitals.

These modifications in the electronic structure were reflected in the
optical properties, where the dielectric function, optical absorption,
conduction, and extinction coefficients exhibited a redshift, indi-
cating enhanced optical response at lower photon energy levels.
The thermodynamic analysis of Sr3ZBrs compounds revealed their
ability to maintain stability under varying temperature conditions,
making them suitable for high-temperature applications.
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Fig. 22. Variation of the figure of merit (ZT) as a function temperature of
Sr3ZBr3 (Z=As, Sb).

Additionally, the thermoelectric properties demonstrated high
power factor (PF) and near-unity figure of merit (ZT) values.

These enhanced properties across a broad spectrum underscore the
promising potential of Sr3ZBr3 (Z = As, Sb) compounds for photovoltaic
and thermoelectric applications.
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