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Abstract Original Research Article |

In this work, Rb, TISbX, with X = Cl, Br, or | will be studied using density functional theory (DFT) and BoltzTraP2
to investigate its structural, electronic, mechanical, optical, and thermoelectric properties. Analysis of the phonon
dispersion confirms dynamic stability, while the absence of imaginary frequencies guarantees thermodynamic
stability. Calculations of electronic band structures show that direct band gaps exist for each material, with
Rb, TISbClg having the most significant and Rb, TISbls having the smallest due to the decreasing electronegativity
of the halide ions. The total and partial density of states (TDOS and PDOS) indicate that dominant hybridisation
between cations and anions results in a higher degree of carrier mobility. Strong light absorption in the visible to
ultraviolet regions suggests these materials have high potential for photovoltaic and optoelectronic applications. Other
estimated optical properties, such as the dielectric function, absorptivity coefficient, and refractive index, were found
to support this claim. Stability assessments based on elastic constants reveal robust but ductile behavior. The
thermoelectric characteristics exhibit notable Seebeck coefficients, power factors, and figure of merit (ZT), achieving a
value of 1.99 at a temperature of 700 K. Their thermoelectric performance is further enhanced by a reduction in lattice
thermal conductivity and a high BoltzTraP2 output. In general, Rb, TISbX, perovskites offer remarkable prospects
for next-generation thermoelectric and photovoltaic devices due to their high energy conversion efficiency and
ecological friendliness. Additional experimental work can help make them pivotal in the context of sustainable energy
technologies.

Keywords: Lead-free perovskites, Rb, TISbXs , Optoelectronic Properties, Thermoelectric Materials, DFT,
BoltzTraP2.
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now competes with silicon-based solar cells. As
researchers refine their parameters and optimise the

INTRODUCTION

The potential of cost-effective photovoltaic
devices has gained significant recognition in the
scientific community with the development of
Perovskite solar cells, which have an efficiency
exceeding 25%. This surpasses the former, 2009
benchmark of ‘first reported perovskite solar cells’ and

perovskite materials, it is likely to result in higher
efficiency levels downstream. Looking into other
perovskite materials, lead-free double perovskites
(A; BB’Xs ) marked new heights for the upcoming
generation of solar cells. These innovations were
introduced into the solar cell industry due to the distinct
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structural features of traditional perovskites and their
two other metal cations (B and B’). Not only do double
perovskites enhance flexibility in composition, but they
also prove beneficial for photovoltaic and
optoelectronic applications. This paradigm shift has
resulted in power conversion efficiencies exceeding
14% for Double Perovskite solar cells and considerably
improved stability against environmental degradation
factors, including moisture, heat, and light, compared to
conventional lead-based perovskites [1, 2]. The
mitigation of defect formation and enhanced lattice
stability, provided by the two metal cations, gives
double perovskites an unmatched standing in long-term
performance.

The wvariety of B* /B3  cations in
A, B3* BX, halide double perovskites provides Pb-
based perovskites with  potentially  non-toxic
alternatives. Some of the candidates investigated both
theoretically and experimentally include Cs, Snlg [3],
Cs; AgBiXs (X = Br, CI) [2], Cs, InAgCls [4],
Cs, InSbClg , Cs, InBiClg , Rb, CulnClg ,
Rb, AgInBrs and others. While these materials have
specific promising properties, their band structures are
not always optimal for solar energy applications. For
instance, Cs, AgBiXs (X = Br, Cl) exhibits excellent
environmental stability, but its bandgap is indirect,
which is detrimental to photovoltaic performance. On
the other hand, Cs, AginXe (X =F, ClI, Br, 1), studied
by Tariq et al., [5], was determined to possess a direct
bandgap in the range of 3.44 eV to 0.7 eV, making it
very advantageous for solar cells. Cs, Aginlg from this
family has been reported to have high thermoelectric
power. Moreover, Dar et al., [6], reported a double
perovskite, Ba, InTaOg , with a Fm3m cubic structure,
a lattice parameter of 8.28 A, and semiconducting
behavior. Numerous other double perovskite materials
have also been studied for their potential applications in
photovoltaic devices [7-10].

Aside from photovoltaics, the development of
thermoelectric (TE) materials has been gaining attention
due to their effective capabilities for recovering waste
heat. Thermoelectric materials tend to be more
applicable to narrow bandgap materials [11]. Bhandari
et al., [12], reported recently that Ca, Cr; - (NixOsOg
contains narrow bandgaps and shows promising values
of thermoelectric efficiency. Moreover, Raihan et al.,
thermally analysed the lead-free Ca, MAsO¢ (M = Ga,
In). They reported bandgap values of 2.61 eV and 2.83
eV, alongside a Seebeck coefficient that surpassed the
threshold value posited by Hong et al., [13], of 277
uV/K. Jitendra et al., [14] also reported on the double
perovskite Ra, LaNbO¢ , which shows an indirect
bandgap of 2.4 eV and possesses significant potential
for both photovoltaic and thermoelectric functionalities.
Additionally, (CH3; NH3 ), AgInCls, which s
classified as an organometallic double perovskite, was
said to exhibit significant efficiency for thermoelectric

purposes with a reported ZT of 2.23 at 300 K for p-type
doping [15].

While considerable progress has been made,
the development of highly effective thermoelectric
materials that function at room temperature remains a
challenge [16-20]. This work aims to investigate the
structural, electronic, mechanical, optoelectronic, and
thermoelectric properties of Rb, TISbX, (X = ClI, Br,
1), motivated by the performance of double perovskites.
To the best of our knowledge, no previous studies have
been conducted on these compounds, considering their
potential  applications in  optoelectronics and
thermoelectrics. Our findings show that these materials
not only have narrow direct band gaps but are also
likely to have values comparable to those of
Cs; AgTIXe (X = Br, Cl) [11], making them ideal
candidates for solar cells and thermoelectric devices.

COMPUTATIONAL METHOD

Density Functional Theory (DFT) calculations
for Rb, TISbX, (X = Cl, Br, 1) were performed using
the full-potential (FP) linearised augmented plane wave
(LAPW+lo) method, as implemented in the WIEN2k
package [21]. To determine optimised lattice
parameters, ground-state energies, and structural and
mechanical properties, the Perdew—Burke—Ernzerhof
solids (PBEsol) functional within the generalised
gradient approximation (GGA) was used for the
exchange-correlation  potential [22, 23]. The
computational parameters included 1000 Kk-points, a
cutoff energy of -9.0 Ry, a maximum angular
momentum (Imax) of 10, a Gmax of 12, an RKmax of
8, and convergence thresholds of 0.00001 Ry for energy
and 0.0001 eV for charge. The Phonopy code was
employed to calculate the phonon dispersion curve
using a 2 x 2 x 2 supercell with a 5 x 5 x 5 k-point
mesh [24]. The electronic band structure was computed
using the Tran-Blaha modified Becke-Johnson (TB-
mBJ) potential, known for improving bandgap accuracy
in semiconductors. The IRelast package was utilised to
calculate the elastic constants. Optoelectronic properties
were also evaluated using the TB-mBJ potential [25-
27], while thermoelectric properties were computed
with the BoltzTraP2 code [28]. Furthermore, the
Phono3py code was used to determine lattice thermal
conductivity, employing a 2 x 2 x 2 supercell with a 3 x
3 x 3 k-point mesh [29].

RESULTS AND DISCUSSION
a) Structural Properties

The unit cell of the cubic perovskite
composition Rb, TISbCls is depicted in Fig. 1. This
structure crystallises in the Fm-3m (225) space group
[30]. To determine the stable state and optimised
structural parameters, we computed the total energy as a
function of volume by applying a least-squares fit using
the Birch-Murnaghan equation of state:
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The structure was optimised using the atomic
Wyckoff positions A (0.25, 0.25, 0.25), (0.5, 0, 0), and
(0, 0, 0), as well as X (x, 0, 0) [10]. The volume versus
ground-state energy plots are shown in Figs. 2(a)—(c).
The obtained values for these study materials are listed
in Table 1. The lattice constant values increase with the
replacement of halogens from CI to | due to an increase
in the atomic size of the anion. The results show
consistency with other reported double perovskite
materials. Moreover, the obtained values have similar
lattice constants to Rb, NaBiCls and K, NaBiClg [7].

We checked the structural stability of our titled
compounds through the octahedral, tolerance, and
modified tolerance factors. These factors are calculated
with the help of their ionic radii and the following
relations [31-33]:

_ TRb + Ty
Z(TTl,Sb + Tx)
, Tx In(rry/7r150)
T=——"—""Npp|(MRo— 7,
TT1,Sb (TRb/ TTl,sb)
T'T1,Sb
Tx
Additionally, the formation energy (AHf) was

determined using:

AH; = E i (Rb?TISHC1®) — 2Eg,, — Epy — Eg, — 6Ex
Where E, is the total energy of the compound, and
Erb, E1i, Esp, and Exe are the energies of the constituent
elements.

Fig. 1: The crystallographic structure of Rb,TISbClg,
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Fig. 2. The obtained optimised curve of (a) Rb,TISbClg, (b) Rb,TISbBrg and (c) Rb,TISbl
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b) Structural Stability of Rb, TISbXg (X = Cl, Br,
1) Compounds

This research presents a detailed investigation

into the structural stability of Rb, TISbX, (X = Cl, Br,

I) compounds, with a focus on their thermodynamic and

dynamic stability. The computed structural parameters
are summarised in Table 1, demonstrating the variations
in lattice constant (a, ), formation energy (AH),
tolerance factor (), octahedral factor (n), and tg values
across the different halides.

Table 1: Computed Structural Parameters for Rb, TISbXe (X =Cl, Br, 1) Compounds

Compounds | Rb, TISbClg | Rb, TISbBrg | Rb, TISblg
ag (A) 11.3877 11.9511 12.7627
AHf (eV) —2.09 -1.74 —1.23

Tg 0.93 0.94 0.93

u 1.15 1.21 1.07

T 2.91 2.89 2.95

The estimated negative values of formation
energies indicated the thermodynamic stability of the
titled compounds, as shown in Table 1. The higher
formation energy (AHf = —2.09 eV) for Rb, TIShClg
indicates its more excellent stability compared to
Rb, TISbBres (—1.74 V) and Rb, TIShlg (—=1.23 eV).

The formation energy of Rb, TISbXs (X =
Cl, Br, 1) is also significantly higher than several
previously reported perovskites, including C, SeCls ,
Cs; SnCls , K, MnCls , and K, OsCls , suggesting
that the studied materials are more stable than many
known double perovskites [34].

Beyond the formation energy, we also calculated the
formation energy of its competing phase:
TIX+RbTIX,+ RbsShyXe (X=CI, Br, 1)

The computed values for the competing phases are:
e Cl-based phase: —1.81 eV/atom

e Br-based phase: —1.65 eV/atom
e |-based phase: —1.15 eV/atom

These results indicate that the pristine
Rb, TISbXs phase is more thermodynamically
favorable than its competing phases for all halogens
(Cl, Br, I). To further verify the stability of these
compounds, phonon dispersion curves were computed
along high-symmetry directions of the Brillouin zone.
The obtained phonon dispersion relations for
Rb, TISbXs (X =ClI, Br, I) are plotted in Fig. 3.

As shown in Fig. 3, there are no imaginary
phonon modes observed for any of the three compounds
throughout the Brillouin zone. The absence of
imaginary frequencies strongly confirms the dynamical
stability of the synthesised materials. This suggests that
Rb, TISbXs double perovskites are structurally stable
and can be synthesised experimentally for potential
optoelectronic and energy-related applications [35].

Calculated Phonon Dispersion Curves
. (a) Rb>TISbCls (b) Rb>TISbBrs (¢c) Rb>TISbls
5 -
¥
Y
g
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=
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Fig. 3: Calculated phonon dispersion curves of (a) Rb,TISbClg, (b) Rb,TISbBrg and (c) Rb,TISblg

c) Electronic Properties

The band structure and density of states (DOS)
were calculated to understand the electronic properties
of the Rb, TIShXe compounds, where X represents Cl,
Br, and I. The band structure (BS) was obtained using
the Tran-Blaha modified Becke-Johnson (TB-mBJ)
potential, and the results are presented in Fig. 4(a—c).
These figures illustrate that the compounds exhibit a

direct bandgap, where the maximum of the valence
band and the minimum of the conduction band are both
located at the I symmetry point of the Brillouin zone.

Among these compounds, Rb, TISbBrs has a
bandgap of 1.6 eV, which is close to the well-known
1.55 eV bandgap of MAPbI; , a leading material in
solar cell applications. The bandgap values decrease
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from Cl to Br to I, which correlates with the decreasing
electronegativity of the halide ions. This trend aligns
well with previous literature findings [18-25].

Furthermore, the band structures reveal that all
three materials have curved bands near the Fermi level
in both the valence and conduction bands. This
curvature indicates low effective mass for both
electrons and holes, which enhances their electrical
conductivity and thermoelectric efficiency [36]. The
direct band gaps for the three compounds are:

e Rb; TISbClg : 2.46 eV
e Rb; TISbBrg : 2.2 eV
e Rb; TISblg : 1.6 eV

These values suggest that Rb, TISbCls has a
larger bandgap compared to chalcogenide-based metal
perovskites such as SrzZrS; (2.009 eV), while
Rb, TISbBrs and Rb, TISbls have slightly smaller
bandgaps than SrZrS; [37]. This highlights the
potential applicability of these compounds in solar cells
and optoelectronic devices, as well as their ability to
facilitate interband transitions near the I' point of
symmetry.

The electronic density of states (DOS) of these
compounds, including the partial density of states
(PDOS) and total density of states (TDOS), is presented
in Fig. 5(a—c). The TDOS, similar to the BS, exhibits
distinct valence and conduction band characteristics.
The contributions of individual atomic states were
analysed based on their electronic configurations:

e Rb — [Xe]6st
Tl — [Xe]4f'* 5d° 6s26p!
Sb — [Kr]4d'® 5s25p?
Cl — [Ne]3s23p°®
Br — [Ar]4s23d'° 4p®
o | — [Kr]4d'® 5s%5p°

Figures 5(d—f) illustrate the role of valence
electrons in hybridisation and interband transitions. The
X-p® orbitals (ClI, Br, I) contribute significantly to the
valence band edge. As electrons gain energy, they
transition from the valence band to the conduction
band, reinforcing the semiconducting nature of these
compounds.

RbzTISbCls

N

Band Structures of RbzTISbXs (X = Cl, Br, 1)
Rb2TISbBrs Rb:TISbls

Energy (eV)
i

~ L r X K wow L
High Symmetry Points

High Symmetry Points

X K wow L r X K W
High Symmetry Points

Fig. 4: The obtained Band structure of (a) Rb,TISbClg, (b) Rb,TISbBrg and (¢) Rb,TISblg
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Fig. 5. The obtained TDOS & PDOS of (a) Rb,TISbClg, (b) Rb,TISbBrgs and (c) Rb,TISblg and Band transitions in

the valence and conduction bands of (d) Rb,TISbClg, (¢) Rb,TISbBrg and (f) Rb,TISblg

d) Mechanical Properties

The strength and stability of materials are
determined by calculating their mechanical properties.
The elastic parameters provide valuable insights into
the dynamic and mechanical properties of the material.
For cubic materials, only three elastic parameters (C11,
C12, C44) are essential. These elastic constants are
calculated at pressure P = 0 GPa and temperature T =0
K using Charpin’s method and are listed in Table 2.
These elastic constants are used to compute all
mechanical characteristics, which are also listed in
Table 2. The validity of the provided calculations is
confirmed using the Born-Huang stability criteria for
the cubic system [38]:

e Cu>0

o Cp+t2C1»>0
o Cp<B<Cy

Here, the shear elastic constants C;, and Cy,
define elasticity in shape, while the longitudinal elastic
constant C,; represents elasticity along the unit cell’s
axis. The obtained values for C,; are greater than those
reported for Li,BNsHy, (25.18 GPa), indicating that the

studied materials are more elastic [39].

Moreover, the bulk, shear, and Young’s
moduli are related to the stiffness, reversible
deformation resistance, and resistance to volume

o CyuCi>0 change deformation of the materials.
o Ci>0
Table 2: Computed elastic parameters for Rb, TISbXes (X =ClI, Br, I) compounds

Compounds Rb, TISbClg | Rb, TISbBrg | Rb, TISblg

C, 1 (GPa) 56.74 33.16 37.34

C, , (GPa) 5.10 6.52 3.29

Cs 4 (GPa) 4.35 0.57 3.26

B (GPa) 15.40 22.31 14.62

S (GPa) 13.30 9.73 6.62

Y (GPa) 9.23 25.48 17.72

B/S 4.67 2.30 2.14

N 0.40 0.30 0.29

A 0.042 0.17 0.21

CP 5.95 0.75 0.03

C 13.32 25.82 17.04

H (GPa) 12.35 11.84 8.52

p (g/cm?) 4.17 3.38 2.57

VVm (cm¥/mol) | 1006.67 1897.16 1819.29

0D (K) 86.09 170.29 145.70
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The large values of these elastic moduli exhibit
significant resistance to plastic deformation, indicating
that these materials offer strong resistance to
mechanical deformation. The bulk, shear, and Young’s
moduli are calculated using the following empirical
relations [40]:

Ciy + 2Cyy

B=—0—-
S, 3+S

R
SU—VT

1
Sy = E(C“ — Ci2 +3C44)
_ 5C44(C11 — C12)
4Cyy +3(C11 — C12)
9SB

R

Y=
3B +2S

The bulk modulus represents the hardness of a
material; the higher the bulk modulus, the harder the
material. The wvalues in Table 2 indicate that
Rb, TISbBrgs is harder than Rb, TISbClg and
Rb, TISble . Furthermore, our results align with those
reported for Rb, ScCuBrs and Cs, ScCuBrg [41].
The ductile and brittle behaviors of the materials are
determined using Pugh’s ratio (B/S), Poisson’s ratio (v),
and Cauchy’s pressure (CP) as follows:

3B —2G

VT22B+6)

If B/S > 1.75, v > 0.26, and CP > 0, the
material is considered ductile; otherwise, it is brittle.
Table 2 shows that all titled compounds exhibit ductile
behavior [42], consistent with other reported double
perovskites [43].

The material’s dynamic stability is confirmed
by a positive shear constant value. The positive shear
constants of our studied compounds suggest they are
dynamically stable. The Zener anisotropic factor (A)
determines whether the material is naturally isotropic or
anisotropic. A deviation from unity indicates
anisotropic behavior.

2C,4

B Cll - C12

The hardness of the material (Hv) is calculated using
the empirical relation:
Hv — 0_92(3/5)1.13750.708
Additionally, the sound velocity is determined
using the Navier equation of states as an average of the
longitudinal and transverse sound velocities. The Debye

temperature (0D) is calculated using:
1/3

A\ [3npN,
O = (E)[ 4ntM ] b

where Np is Avogadro’s number, kg is
Boltzmann’s constant, M is the molecular mass, and
ppp is the material density. The computed Debye
temperature values (Table 2) indicate that Rb, TISbClg

has the highest value, suggesting it can better withstand
heat caused by lattice vibrations. The obtained values
are greater than those reported for Cs, KGals (83.3 K)
and Rb, KGals (91.8 K) [44]. Hence, Rb, TISbCl,
exhibits superior thermal stability and resistance to
lattice vibrations, which is crucial for achieving
thermodynamic stability in practical applications.

e) Optical Properties

The dielectric function &(w) is used as a
fundamental contraption to investigate optical
properties at all photon energies. It is primarily related
to the electronic response of the materials and is
calculated from the real dielectric part, €1(w), and the
imaginary loss factor part, g;(®) [6].

é(w) = & (w) + igz(w)

The real g(w)and imaginary gx(®) parts of the
dielectric function indicate the storage of electrical
energy in the electric field and dissipation aptitude of
dielectric materials, respectively. The imaginary part
&(m) is a seed parameter used to measure the amount of
light absorption [6]. It is calculated with the help of the

Fermi Golden rule, and all other optical parameters are
derived from it.
2 “w'g(w)
81((1))=1+—PJ- ﬁdﬂ)
m J, W°—-w

8m? 5
() = ) I (1 [ A5V,
nn’

Here, e and m stand for the electron’s charge
and mass, respectively, and « represents the angular
frequency of electromagnetic radiation. The dipole
matrix M, is used to determine optical transitions:

Mcv = (dckleA|pvk)

The real and imaginary dielectric functions are
used to generate all other significant optical properties,
such as the refractive index n(w), absorption co-
efficient a(w), extinction coefficient k(w), optical
conductivity, and reflectivity [45].

2 2 1/2
n() = <s1 (@) + () . (w))

2
2 2 1/2
K(w) =22 (—81 Wrae (w))
- n)? + k?
R(w) = (1+n)?+k?

The calculated real and imaginary parts of the
dielectric function are presented in Fig. 6(a) — (b). The
static dielectric constants €;(0) values are found to be
2.31, 3.71, and 4.46 for Rb, TISbBrs , Rb, TISbClg ,
and Rb, TISbls , respectively, which indicates that
€,(0) increases as the bandgap values decrease from CI
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to I. This reveals that €,(0) has an inverse relation to the
bandgap, which is consistent with Penn’s model.

The maximum values of €;(®) are observed in
the visible to ultra-violet range (1.5-2.8 V), and small
humps were observed after a rapid decrease, which is
related to inter-band transitions between the conduction
and valence bands. The onset values of optical
absorption related to e,(w)spectra are measured to be
09 eV, 12 eV, and 2.0 eV for Rb, TISbBrg ,
Rb, TISbClg , and Rb, TISblg , respectively.

These values are significantly shifted from the
infrared region to the visible region, aligning with the
bandgap values of these compounds. This shift is
observed due to the X-site substitution of the halogen.
The peak of the imaginary part of the dielectric function
indicates that these materials have a greater ability to
absorb energy compared to the reported Lead-Free
Hybrid Double Perovskite (CHz; NH3 ), AglnBrg
[46]. This suggests that these materials could be strong
candidates for solar cell applications [26].

(a) Real part of the dielectric function (b) Imaginary part of the dielectric function
6l —— Rb,TISbClg
—— Rb,TISbBrg
5 -
— Rb;TISbls
5 -
4 -
4 -
—_— —_— 3 -
23 3
2t 2r
1t 1r
—— Rb;TISbClg
—— Rb;TISbBrg
OF— Rb;TISblg - of
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Energy (eV) Energy (eV)
Fig. 6: The obtained Dielectric function for Rb,TISbClg, Rb,TISbBrg and Rb,TISblg (a) Real part,
and (b) Imaginary part
The calculated optical conductivity, absorption and conductivity values exhibit an exponential increase
coefficient, reflectivity, and energy loss of at the absorption edge, followed by an exponential
Rb, TISbCls , Rb, TISbBrs , and Rb, TISbls are decrease at higher energies. These behaviors are

displayed in Fig. 7 (a) — (d) correspondingly. The
absorption coefficient indicates the extent of light
absorption in a material at a particular energy. As
shown in Fig. 7 (a), strong absorption is observed from
the visible energy region to the ultraviolet energy
region, specifically in the range of 3.0-5.0 eV for
Rb, TISbCls , 2.1-3.5 eV for Rb, TISbBrs , and 2-3
eV for Rb, TISblg .

The optical conductivity of these materials
depends on the conduction electrons generated when
light of a certain frequency is incident upon them. The
first peaks of conductivity for the studied materials
appear in the visible region. The absorption coefficients

characteristic of typical semiconductors.

Reflectivity, denoted as R(w), describes the
surface properties of a material and represents the ratio
of incident to reflected power. Low reflectivity values
indicate high absorption. Based on this property, these
materials can be considered suitable candidates for solar
cell applications. The low reflectivity values of the
studied compounds confirm their high absorption and
conductivity in the visible energy region. Consequently,
these compounds hold great potential for energy
harvesting devices, as supported by previous research
on similar materials [47, 14].
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Fig. 7: The obtained optical parameter for Rb,TISbClgs, Rb,TISbBrs and Rb,TISblg (a) Absorption
coefficient, (b) Optical conductivity, (c) Reflectivity and (d) Energy loss.

f) Thermoelectric Properties

The thermoelectric (TE) properties of titled
materials are computed with Boltztrap2 code based on
classical Boltzmann transport theory. Due to the
limitations of the BoltzTraP2 code, we have only
discussed the electronic contribution. The Seebeck
coefficient (SC) and electrical conductivity are the
primary variables to assess a material’s thermoelectric
effectiveness. For the best ability to generate voltage, a
perfect thermoelectric material would have SC>240SC
> 240SC>240 V K—1"{-1}—1. Seebeck’s tensor form
can be used to express the Seebeck coefficient,
electrical conductivity, electronic thermal conductivity,
and lattice thermal conductivity [48].

s L J 0up (e =) |-
M) =— 37T,
f oupe) [~ 215 e

eT
o(T, ) = e? f O (€) [— %} de

dk
Oap (e,T) = f Z Vb,ka,ka,k5(£ - fb,k) 83
b

af, (T, )
7”65 ]ds

1 of, (T,
ke (T, 1) = per (f 05 (e)(e — p)? [— %} d£>
PF = ¢S2

In these equations, alpha (o) and beta () are
the tensor indices while epsilon (&), Omega (), and fy
(T, &, w) represent the band energy, unit cell volume,
and Fermi distribution function, respectively.

The temperature-dependent Seebeck
coefficient (SC) as a function of chemical potential for
Rb,TISbCls, Rb,TISbBrgand Rb,TISblgis analyzed.
From the results, it can be observed that for all
materials, the SC remains the same for hole- and
electron-doped systems. Furthermore, for Rb,TISbCls,
Rb,TISbBrg the maximum SC is 1.55 mV/K, while for
Rb,TISblg, itis 1.2 mV/K. Additionally, with increasing
temperature, the SC decreases. The obtained values for
SC are significantly high compared to reported double
perovskites such as Ba,XSbOg (X = Al, Ga) [48], and
Ca,MAsOg (M =Ga, |n) [13]
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Fig. 8: The calculated Seebeck coefficient as a function of Chemical potential at 300 K, 500 K and 700 K
temperature of (a) Rb,TISbCls, (b) Rb,TISbBrgs and (c) Rb,TISblg

A suitable level of electrical conductivity,
which is likewise directly related to the power factor
(PF), is also necessary for an effective thermoelectric
material. Temperature-dependent electrical conductivity
for Rb2TISbX6 (X = Cl, Br, I) per relaxation time (1)
against chemical potential is computed. As the
temperature increases from 300 K to 700 K, the
electrical conductivity for Rb2TISbX6 (X = Cl, Br, I)
increases. The semiconducting nature of these
compounds explains the rise in electrical conductivity
with increasing temperature.

From the results, it can be observed that
electrical conductivity shows highly anisotropic
behavior. For all materials, the electrical conductivity
for n-type carriers is significantly higher compared to p-
type carriers. Furthermore, for Rb,TISbBrs, it is higher
than other materials. For instance, at 1 eV, the
maximum value of electrical conductivity for Rb,TISblg
is 20x10" (Q'm?sec’) at 700 K, while for
Rb,TISbClg and Rb,TISbBrs, it is found to be
2 x 10" (@'m?sec’) and 6 x 10" (@*m™sec) under
the same conditions.
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Fig. 9: The calculated electrical conductivity as a function of chemical potential at 300 K, 500 K and 700 K
temperature of (a) Rb,TISbClg, (b) Rb,TISbBrg and (c) Rb,TISblg

g) Thermal Conductivity Analysis

Thermal conductivity consists of two primary
components: electronic thermal conductivity and lattice
thermal conductivity. The lattice thermal conductivity
(KL) arises due to phonon-lattice interactions, whereas
the electronic thermal conductivity (Ke/t) results from
the migration of charge carriers (electrons and holes).

The electronic component of thermal
conductivity per relaxation time is computed using the
BoltzTraP2 code. The temperature-dependent electronic
thermal conductivity as a function of chemical potential
is illustrated in Fig. 10 (a)—(c). The trend of Ke/t
closely resembles that of electrical conductivity. For

example, at 1 eV, the maximum value of Ke/t for
Rb, TIShlg at 700 K is 29 x 10* W-m™ 1K~ 157 1,
whereas for Rb, TISbClg and Rb, TISbBrg , it is 2 x
10* W-m™ K 1”1 and 7 x 10 W-m™ 1K™ 157 1,
respectively, under the same conditions.

In addition to Ke/t, we have also computed the
lattice thermal conductivity (KL). Fig. 11 presents the
calculated wvalues of KL for Rb, TISbClg ,
Rb, TISbBre , and Rb, TISblg . It is evident that KL is
highest for Rb, TISbCls and lowest for Rb, TISblg .
The lower KL value for Rb, TISbls can be attributed
to iodine’s larger ionic radius, which leads to weaker
phonon scattering compared to chlorine (CI) and
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bromine (Br). At 300 K, the calculated values of KL

are:
.

Rb, TISbClg : 4.1 W-m~ 1K~ 1
Rb, TISbBrg : 3.2 W-m~ K- 1

e Rb, TISblg : 23W-m™ 1K™ ¢
These findings suggest that Rb, TISbls exhibits lower
lattice thermal conductivity due to its structural and
atomic properties.
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Fig. 10: The calculated electronic thermal conductivity with respect to the chemical potential at 300 K, 500 K and
700 K temperature of (a) Rb,TISbClg, (b) Rb,TISbBrg and (c) Rb,TISblg
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Fig. 11: The calculated lattice thermal conductivity for Rb,TISbClg Rb,TISbBrs and Rb,TISbl

The efficiency of a material in thermoelectric
applications is often evaluated using the power factor
(PF), which quantifies its ability to convert thermal
energy into electrical energy. A higher PF value
indicates better heat dissipation efficiency. For
Rb, TISbXe (X = CI, Br, I), the calculated PF per
relaxation time (PF/r) is plotted against chemical
potential at different temperatures, as illustrated in Fig.

Rb, TISblg exhibits the highest PF/1. At 1 eV, the PF/t
for Rb, TISblg is 53 x 10 W/m-K2 at 700 K,
whereas for Rb, TISbCl, and Rb, TISbBre , the
values are 38 x 10 W/m-K2 and 49 x 10*° W/m-Kz2,
respectively, under the same conditions. These results
are comparable to previously reported PF values for
La, NiMnOg and Gd, NiMnOg [49]. Based on these
thermoelectric properties, Rb, TISbX¢ (X = ClI, Br, 1)

12 (a)—(c). Similar to electrical conductivity and can be considered promising candidates for
electronic thermal conductivity, PF/t is higher for n- thermoelectric applications.
type carriers. Among the studied compounds,
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Fig. 12: The calculated Power Factor (PF) with respect to the chemical potential at 300 K, 500 K and 700 K
temperature of (a) Rb,TISbClg, (b) Rb,TISbBrgs and (c) Rb,TISblg

The efficiency of a material can be evaluated using the
figure of merit (ZT), which is given by the relation:
S20T
K, + K,

ZT =

Where SSS is the Seebeck coefficient, ¢ is the
electrical conductivity, T is the absolute temperature, K,
is the electronic thermal conductivity, and K is the
lattice thermal conductivity.

The electrical conductivity and electronic
thermal conductivity, obtained through the BoltzTrap2
code, are dependent on the relaxation time. In a solid,
electron motion is influenced by two primary factors:
the driving force exerted by an external electric field
and the dissipative effect caused by electron scattering
due to phonons and point defects. The interplay
between these factors is described by the Boltzmann
transport equation. This study employs a relaxation-

time approximation method to solve the BTE, assuming
that the scattering mechanisms can be effectively
modeled using a relaxation time of T = 5 x 10715[50].

Figure 13 illustrates the calculated ZT values
for Rb, TISbClg , Rb, TISbBrg , and Rb, TISblg . Itis
evident from the figure that Rb, TIShls exhibits a
higher ZT compared to the other two materials. This is
primarily due to its lower lattice thermal conductivity
(KD, as ZT and Kgshare an inverse relationship.
Specifically, at 700 K, the ZT values are found to be
1.48 for Rb, TISbCl, , 1.68 for Rb, TISbBre , and 1.99
for Rb, TISbls . These values are significantly higher
than the reported ZT wvalues for halide double
perovskites Cs, ABFs (AB = BiAu, Aglr, CuBi) [50]
and A, B, O, (A = Er, B = Ru, Sn) [51]. Based on
these thermoelectric properties, it can be concluded that
Rb, TISbCls , Rb, TISbBrs, and Rb, TISbls are
promising candidates for thermoelectric applications.
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Fig. 13: The calculated figure of merit (ZT) with respect to the chemical potential at 300 K, 500 K and 700 K
temperature of (a) Rb,TISbClg, (b) Rb,TISbBrg and (c) Rb,TISblg

CONCLUSION

By utilizing first-principles density functional
theory (DFT) calculations, we have investigated the
structural, mechanical, optoelectronic, and
thermoelectric properties of the Rb, TISbXe (X = Cl,
Br, 1) compounds, considering their potential
applications in energy devices. The structural stability

of these compounds is corroborated by octahedral,
tolerance and modified tolerance factors. Their negative
values of formation energy further confirm
thermodynamic stability, while dynamic stability is
corroborated by phonon dispersion analysis. In addition,
the formation energy of competing phases (TIX +
RbTIX, + Rbs Sh, Xy ) indicates that the pristine
phase is more stable and thus contributes to verifying
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these assumptions. With respect to the optical
properties, the absorption coefficient, refractive index,
and dielectric function further sustain the hypothesis
that these materials have substantial promise in solar
energy applications. The electronic structure analysis
carried out with TB-mBJ potential showed these
materials, in contrast to most halide double perovskites,
which are known to possess large band gaps, have small
direct band gaps of 2.07 eV, 1.48 eV, and 1.04 eV. The
remarkable metal-to-metal charge transfer resulting
from the bandgap transition strengthens their
optoelectronic attributes. The mechanical property
evaluations confirm that the compounds possess
sufficient ductility and anisotropy, making them
suitable for practical applications. Considering the
thermoelectric parameters, the power factor and figure
of merit (ZT), Rb, TISbls appears to be the best
candidate for thermoelectric applications, as it exhibits
the highest ZT value of 1.99 at 700 K. Also, the values
of electrical and electronic thermal conductivity suggest
that p-type carriers perform better, while lattice thermal
conductivity is highest for Rb, TISbCls and lowest for
Rb, TISble . Fulfilling the requirements for renewable
energy technologies, these results position Rb, TISbXg
perovskites as innovative materials for solar cells and
thermoelectric devices.
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