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Abstract

Thermo-electric (TE) material applications reduce reliance on traditional energy resources by converting heat to electric energy. We have stud-
ied, for the first time, the thermo-electric properties of Rb,SeXs(X=Br,Cl). Using norm-conserving pseudo potentials in a plane wave basis set
of Quantum Espresso code, the optoelectronic, elastic and thermo-electric properties of Rb,SeX¢(X=Br,Cl) have been investigated using den-
sity functional theory. Generalized Gradient Approximation of Perdew Burke Ernzerhof (GGA-PBE) and Generalized Gradient Approximation
of Perdew Burke Ernzerhof adapted for Solid (GGA-PBESol) exchange correlation functionals were employed in all calculations. The band
structure plots suggest that the studied double perovskites have indirect band gaps. Rb,SeBrg band gap values of 1.7574/ 1.569 eV (using GGA-
PBE/PBEsol) are remarkably similar to that of two effective inorganic/organic perovskites FAPbl; and MAPbI;. Maximum peaks generated from
refractive index results indicate possible solar cell uses of the materials because they are in the visible and ultraviolet ranges. The results of
other optical properties such as absorption coefficients, electron energy loss, conductivity, and reflectivity concludes that Rb,SeX¢(X=Br,Cl) have
good values for electron generation, high potential for applications in the optoelectronic industry and are semiconductor in nature. The calculated
shear anisotropy values of Rb,SeBry/Clg are 3.09/1.71, suggesting that they are isotropic materials. With calculated Poisson’s ratio of 0.32 and
0.26, the materials are predicted to be ductile in nature. The two materials are appropriate for thermo-electric applications since their thermal to
electrical conductivity ratio are small (the order of 107%). The calculated minimum values of Seebeck coefficient values of 0.198 x 103/ 0.166 x
10° (m V/K) at 750 K, for Rb,SeBry/Cly are positive, indicating that they have p-type conduction. Figure of merit values at all temperature range
considered are greater than one (Z7 > 1) for both Rb,SeBrs and Rb,SeClg, suggesting that they are good thermo-electric materials. The results of
the calculations provide the basis for the industrial application of Rb,SeBry/Clg as solar cells.
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1. Introduction
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[1]. Due to the increased need for energy, researchers are
looking for ways to avoid using fossil fuels, which are harmful
to our ecosystem. Sunlight, together with tidal energy, wind en-
ergy, hydrothermal energy, and other renewable energy sources,
are abundant, infinite, and nontoxic [2, 3]. Many efforts have
been made by researchers to develop low-cost, environmental
friendly systems that can harness the solar energy spectrum, as
an alternative source of electricity [4, 5]. Solar energy, being
the most important renewable energy source, has played a key
role and thus demonstrated varying performance depending on
the material used in photovoltaic (PV) modules [6]. Currently,
the search for an appropriate material is a primary motivation
for researchers, and extensive research is being conducted to
identify their potential applications in opto-electronics [2, 6-9].

Perovskite structure materials are one of the emerging
technologies for solar power with cheap manufacturing costs
and materials that are altering renewable energy technology.
due to their industrial and technological wide applications
such as optoelectronic materials, half metallic materials,
thermo-electric materials, spintronic materials, ferromagnetic
materials, semiconductors, magneto optic materials, and so on
[10-12]. Perovskite studies have received a lot of attention,
both theoretically and experimentally [10, 12]. Perovskite
has a wide range of applications due to its unique tuneable
structure, impurity addition, and material atom substitutions
(vacancy). Several investigations on double perovskite solar
cells have showed good environmental stability and intriguing
optoelectronic features [7, 9, 13, 14]. Perovskite is a fantastic
material for many technologies, but it has narrow electrical
conductivity, toxicity, and structural instabilities which limits
its use in technical application [1, 15-17].

In 2022, [9] investigated the crystal structure of inorganic
halide double perovskite A,BX4. They used the octahedral
factor and the radius ratio to forecast the development and
deformation of the structure, where A = Cs and Rb, B =
Ge, Zr, Sn, Hf, Se, Te, and Pd, and X = I, Cl, Br, yielding
42 compounds. The energy band gaps of 14 different types
of crystalline PV crystals ranged from 1.33 eV to 2.40 eV.
Some materials, such as Cs,Zrls, Cs,Hflgs, Cs,Selg, Cs,Tels,
Rb,HfBrg, Rb,GeClg, Cs,SeBrg, and Rb,HfBrg, exhibit con-
duction band minimum edges greater than 4.6 eV and valence
band maximum edges less than - 5.4 eV. The light absorption
curves of Cs,Selg, Cs,SeBrg, Rb,SeBrg, and Rb,SeClg span a
large range in the visible light spectrum. The molecules con-
taining Cs and Rb are nearly identical, and the Cs-containing
perovskite crystals are more stable. The band gap size and light
absorption qualities of Rb,Sels, Rb,SeBrg, and other com-
pounds make them suitable alternatives for light absorption
materials. The two materials considered in the current study
were included in their research. However, the thermo-electric
properties were not investigated. This study aims to investigate
the thermo-electric properties of Rb,SeBrg/Clg.

[18] used a theoretical method to investigate the structural,
mechanical, and optoelectronic properties of lead-free double

perovskites A,SeXs (A=Rb, K; X=Cl, Br, I). Their findings
show that these A,SeXqs (A=Rb, K; X=Cl, Br, I) double
perovskites are ductile as well as structurally and mechanically
stable. Their electronic structure calculation shows that these
double perovskite materials are indirect band gap semicon-
ductors. As suggested by [18], A,SeCls and A,SeBrg can
be used to make a variety of optoelectronic devices such as
photodetectors, solar cells, light-emitting diodes, and so on.

The optoelectronic, optical, elastic and thermo-electric
properties of the double perovskites Rb,SeXq(X=Br,Cl) have
been investigated in this work utilizing density functional the-
ory (DFT) first principle approaches. GGA-PBE and GGA-
PBEsol exchange-correlation functionals were utilized to evalu-
ate atomic interactions. We have, for the first time, investigated
the thermo-electric properties of Rb,SeBrg/Clg. The calcula-
tions have been carried out using a norm-conserving pseudo
potential as implemented in the plane wave Quantum Espresso
algorithm. This article is organized as follows: Section 2 de-
scribes the computational details, followed by results presenta-
tion and discussions in Section 3. Section 4 contains the con-
clusion.

2. Computational Details

In this study, norm-conserving pseudo potentials were used
in the calculation of optoelectronic, elastic and thermo-electric
properties of Rb,SeX(X=Br,Cl) using plane wave methods
as implemented in the Quantum-Espresso code [19, 20] using
GGA-PBE and GGA-PBESol exchange correlation functionals
[21]. The energy cut-off convergence was set at 120 Ry
and Brillouin zone integration sampling with k-point mesh
6 % 6 x 6 Monkhorst-Pack [22] was employed for the electronic
and elastic properties calculations. The force and energy
convergence thresholds were 107 eV A" and 107% eV per
atom, respectively.

Thermo-electric properties such as electrical conductivity
(0), electronic thermal conductivity (k,), Seebeck coeflicient
(S), power factor (PF), and figure of merit (ZT) were in-
vestigated in this study using GGA-PBE and GGA-PBESol
via the generalized semi-classical BoltzTraP2 package [37],
which works within the framework of density functional theory
(DFT) as implemented in Quantum ESPRESSO code, under
the constant relaxation time approximation (r = 107'4s).
Calculated values of S and «, depend linearly on 7 within this
constant 7 approximation, and ZT depends strongly on these
TE parameters.

The electronic, optical, elastic and thermo-electric prop-
erties of the Rb,SeX((X=Br,Cl) double perovskite materials
were investigated using both GGA-PBE and GGA-PBEsol
[21] exchange correlation functionals. To further investigate
the origin of the electronic band structure, the total density
of states (TDOS) and partial density of states (PDOS) of
Rb,SeX(X=Br,Cl) double perovskite matrial were calculated.
For the thermo-electric properties, k-points of 18 x 18 x 18
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was employed. The locations of the atoms were completely
optimized for optical characteristics and density of state,
Broyden-Fletcher-Goldfarb-Shanno quasi-Newton algorithm
(BFGS) was utilized for complete structural relaxation [23, 24].

2.1. Calculation of Optical Properties

One of the crucial criteria for the selection of high-
performance solar cells is their optical properties, which play
a significant role and can be correlated with electronic struc-
tures for necessary explanations [25]. When an appropriate ray
of light in the form of a photon is impinged on a material, it
will result in some properties known as optical properties [7].
It is critical because it demonstrates how efficiently PV ma-
terials absorb energy (photons) when they fall on them [26—
28]. Strong optical absorbance and large dielectric constant are
highly required. The linear response approach can be used to
determine the dielectric function expression [25-27]:

g(w) = e1(w) +igr(w), ey

where £ (w) and &;(w) represent the real and imaginary dielec-
tric tensor components, respectively. The real part of the dielec-
tric tensor component shows how much light is polarized by
incident light at the plasmonic resonance frequency and how
this varies with photon energy, whereas the imaginary part of
the dielectric tensor shows how much light is absorbed by the
material [26, 27, 29]. Furthermore, optical features of mate-
rials enable relevant instruments to examine the energy band
structure, lattice vibrations, impurity levels, and exciton, among
other things [26, 27]. The real and imaginary parts of dielectric
tensors are given as follows using Kramers-Kronig [30] rela-
tions:

2 (™ wlho
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The reflectivity (R(w)), refractive index (n(w)), optical con-
ductivity (Re(0)), energy loss spectrum (L(w)), extinction co-
efficient (K(w)), and absorption coefficient (I(w)) as photon en-
ergy functions within the range of 0 - 30 eV are determined for
Rb,SeX(X=Br,Cl). GGA-PBE and GGA-PBEsol exchange
correlation functionals were used in optical properties calcu-
lation in this work. The other optical properties, such as optical
conductivity (Re(0)), refractive index (n(w)), extinction coeffi-
cient (K(w)), electron energy loss spectrum (L(w)), reflectivity
(R(w)) and absorption coefficient (/(w)) have been computed
using:
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2.2. Calculation of Mechanical Properties

During materials manufacturing process, it’s necessary to
provide mechanical and elastic properties of the material so that
the detailed knowledge of the material will be known [7, 31].
During the process of fabricating a material, forces may be ap-
plied to it, this makes it vital to understand the nature of solid
forces and its atomic dynamical behaviour [7, 31] before ap-
plying forces to that material. The elastic constant C;; of a ma-
terial directly proves its strength and stability. Max Born and
Kun Huang developed the Born-Huang theory [32], which pro-
vides a broad explanation of a material’s mechanical stability
and was later examined by L. Max [32]. The theorem is Born-
Huang elastic criteria. The stability criteria for cubic crystal
structure are given as follows [32]:

Cii —Cpp >0, (10)
Cii—2Cpp >0, (1)
Cu >0, (12)
Ci1 < B < Cu, (13)

where B is the bulk modulus. If a material’s Cy, value is low,
it implies that the material will compress more easily in the
C), direction than in any other direction [7, 33]. Voigt, Reuss
[34], and Hills [35] established a link between the elastic con-
stant and several isotropic properties such as bulk modulus,
shear modulus, and young modulus. Chung and Buessem com-
bined this relationship into the Voigt-Reuss-Hill Approximation
(VHR) [36]. The bulk modulus of a material is a measure of its
strength which may be computed using the formula:

_ Ci +2Cyp
= 3 .

The shear modulus of a material is a measurement of its
capacity to resist transverse deformations in relation to its hard-
ness. It defines a material’s plastic deformation to resistance;
a greater value of shear modulus describes the material’s duc-
tility. High shear modulus value implies that the material will
be very difficult to change shape or form. The values of shear
anisotropy (A), internal strain factor (£), Young’s modulus (Y),
Poisson’s ratio (v), Pugh’s ratio (R,) and Frantsevich’s ratio
(Ry) were, respectively, calculated using the following:

B (14)

2Cy
A= ————, 15
Ci-Ci (1)
(C11 +8C12)
= - 16
¢ T(Ci +2C12) (16)
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_ % (18)
R, = g, (19)
Ry = %, (20)

2.3. Calculation of Thermo-electric Properties

The Boltztrap2 code [37] was used to calculate the thermo-
electric properties. The code calculates the Seebeck coefficient
(S), electrical conductivity (o), and thermal conductivity («.) at
various temperature (7)) values. The power factor (PF) is then
obtained by multiplying electrical conductivity with the square
of Seebeck coeflicient [38, 39]:

PF = S%0 (21)

The figure of merit (ZT) is computed using the following for-
mulae [71]:

2
7T = o)

T. (22)

Ke

3. Results and Discussion

3.1. Electronic Properties

The band structure of a material reveals information about
its conductivity nature, which also connects optical and elec-
tronic properties with the crystal structure [40]. This section
presents the results of the band structure and density of states
calculations of Rb,SeXs(X=Br,Cl). Band structures and den-
sity of states are very important parameters when building an
optoelectronic device.

3.1.1. Band structure

Band structure plots for Rb,SeBrg and Rb,SeClg was shown
in Figures 1 and 2, respectively. It can be observed from the
Figures that the valence band maximum (VBM) and conduction
band minimum (CBM) do not lie at the same symmetry point.
The Figures also show that Rb,SeX(X=Br,Cl) have indirect
band gaps. Rb,SeBrg has CBM = - 4.6317 eV and VBM =
- 3.0627 eV, whereas Rb,SeClg has CBM = - 5.1639 eV and
VBM =-2.7141 eV. Given the energy band values of indium tin
oxide (ITO), Silver (Ag) and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), the minimum edge of the
conduction band must be more than 4.6 eV, and the highest
value of the valence band must be less than 5.4 eV [41, 42].
The aforesaid conditions are met by the double perovskite
materials in this work as shown in Table 1.

Table 1 displays the calculated band gaps for the double
perovskite materials. The band gap results show that there is an
increase in the band gap value when the cations is changed from
Br to Cl halogen anions; Rb,SeClg has higher band gap (2.6115
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Figure 1: Band structure plots of Rb,SeBrg using (a) GGA-PBE and (b) GGA-
PBESol.

Table 1: Electronic band gap of studied double perovskite using GGA-PBE and
GGA-PBESol.

Material GGA-PBE GGA-PBESol Other Calculations
(eV) (eV) (eV)
Rb,SeBrg 1.7574 1.569 1.775[9], 1.93 [9],
1.60 [18], 2.37 [18]
Rb,SeClg 2.6115 2.4498 2.819 (9], 2.912 [9],

2.48 [18],3.20 [18]

eV and 2.4498 eV) than Rb,SeBrg (1.7574 and 1.569). The
computed band gap results are comparable to those reported
by [9] and [18] for all the double perovskite materials. From
the result, Rb,SeBry has a band gap value that is very close
to the band gap values of two efficient inorganic/organic per-
ovskite forms (NH,CH=NH,Pbl;) FAPbl; and (CH;NH;PBI;)
MAPDI;. The calculated band gap of Rb,SeBrg using PBESol
is also quite near to the Shockley-Queisser theory of optimum
band gap energy (Eg) for high-efficiency solar cells, which is in
the 1.3 eV to 1.4 eV range [29, 43, 44].
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Figure 2: Band structure plots of Rb,SeCl¢ using (a) GGA-PBE and (b) GGA-
PBESol.

3.1.2. Density of State (DOS)

Figures 3 and 4 show plots of the computed TDOS
using GGA-PBE and GGA-PBESol exchange correlational
functionals. The Figures clearly show that conduction bands
and valence bands do not cross the Fermi energy level. The
result also confirms that the two double perovskite materials
are semiconductor in nature.

The PDOS (Projected Density of State) was studied to in-
vestigate atomic orbitals contribution of each atom, Figures 5
and 6 show the PDOS plots of the studied double perovskites
Rb,SeX(X=Br,Cl) using both GGA-PBE and GGA-PBESol.
From the plots of Rb,SeBrg, Se-3p orbital is the most dominant
in the VBM followed by Br-2p orbital, while in CBM, Br-2p
is the most dominant then followed by Se-2s orbitals, Se and
Br have contributed in obtaining a good value of band gap in
Rb,SeBrg double perovskite using both GGA-PBE and GGA-
PBESol. From the plots Rb,SeClg, Se-3p orbital is the most
dominant in the VBM followed by CI-2p orbital, and in CBM
Cl-2p is the most dominant, followed by Se-2s and then Rb-
3s orbitals; this contributes in obtaining value of band gap of
Rb,SeClg double perovskite materials. Other atoms in the stud-
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Figure 3: Total density of states (TDOS) of (a) GGA-PBE Rb,SeBrg and (b)
GGA-PBESol Rb,SeBryg.
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Figure 4: Total density of states (TDOS) of Rb,SeClg¢ using (a) GGA-PBE and
(b) GGA-PBESol.
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Figure 5: Partial density of states (PDOS) of Rb,SeBrg using (a) GGA-PBE
and (b) GGA-PBESol
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Figure 6: Partial density of states (PDOS) of Rb,SeClg using (a) GGA-PBE and
(b) GGA-PBESol

ied double perovskite materials have little or no contribution to
both CBM and VBM of the studied double perovskite materi-
als.

3.2. Optical properties

The calculated dielectric function of the investigated double
perovskite is based on inter-band transitions, which correspond
to the electronic band gaps. Figure 7 shows the plots of the real
part of the dielectric functions &(w). From the figure, &(w)
depends strongly on band gap and it has a static value which is
part of the electronic static dielectric constant. Rb,SeBrg has
static values of 5.7 and 6.3 for GGA-PBE and GGA-PBEsol,
respectively, and Rb,SeClg has static values of 4.5 and 4.9
for GGA-PBE and GGA-PBEsol, respectively. Rb,SeBrg
has higher polarizability than Rb,SeCls. The values of real
dielectric function obtained in this result are comparable with
these reported in [9].

The spectrum of the imaginary component of the dielec-
tric function describes the response generated by incident
electromagnetic radiation to the material, which also causes
a shift in inter band that is related with the absorption of
radiation in valance band occupied states [45]. The imaginary
part of the dielectric constant is used to calculate the optical
band gap, the optical gap is related to the threshold peak
of the imaginary part of the dielectric function, which is a
threshold energy value for absorbing a photon and creating an
electron-hole pair [46]. The excitonic peaks of all substances
are in the band gap energy range. When the visible range of
energy matches the excitonic range of energy, the material
has a low reflectivity and a high absorption coefficient [7, 47].
Figures 7 - 14 show the plot of optical properties results in
this work. From the plots, Rb,SeBrg (9.2 at 4 eV and 8.6 at 4
eV) has higher peak than Rb,SeClg (6.7 at4 eV and 6.3 at4 eV).

At zero energy, the values of refractive index is called static
refractive index [48]. The calculated static refractive index
values for Rb,SeBrg are 2.40 and 2.50 using GGA-PBE and
GGA-PBESsol, respectively, while for Rb,SeClg, they are 2.13
and 2.25 using GGA-PBE and GGA-PBEsol, respectively;
this is shown in Figure 9. Maximum refractive index of
around 29 - 32 were obtained for the studied double perovskite
materials within the range of photon energies of 3 — 3.5 eV,
and the minimum was obtained at photon energies of around
22 eV. Maximum peaks generated from refractive index results
indicate possible solar cell uses of the materials because they
are in the visible and ultraviolet ranges.

The amplitude of incident waves and reflected waves is
used to calculate the reflection coefficient R(w) [18]. The
reflectivity of a semiconductor material estimates the quantity
of incident light that falls on it [49]. The lower the reflectivity
of a material, the greater is its absorption of visible and UV
light [49]. Rb,SeBrg and Rb,SeClg show reflectivity values in
the range of 0.24-0.37 at photon energies of around 3.5-4.0
eV for both GGA-PBE and GGA-PBESol, respectively, as
shown in Figure 10, but there is a reduction in reflection at
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Figure 7: Real dielectric function plots of (a) Rb,SeBrg and (b) Rb,SeClg using
GGA-PBE and GGA-PBESol.
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Figure 9: Refractive index plots of (a) Rb,SeBrg and (b) Rb,SeClg using GGA-
PBE and GGA-PBESol.
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Figure 10: Reflectivity plots of (a) Rb,SeBrg and (b) Rb,SeClg using GGA-
PBE and GGA-PBESol.
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Figure 13: Extinction coefficient plots of (a) Rb,SeBrg and (b) Rb,SeCl¢ using
GGA-PBE and GGA-PBESol.

2.51 __ Rb,SeBrs (PBE)

Rb,SeBrs (PBESol)

0 5 10 20 25 30

15
Energy (eV)
(a)

—— Rb,SeCls (PBE)
Rb,SeCls (PBESol)

5 10 20 25 30

15
Energy (eV)
(b)

Figure 14: Absorption coefficient plots of (a) Rb,SeBrg and (b) Rb,SeClg using
GGA-PBE and GGA-PBESol.
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around 5.5-6.0 eV for the two materials. It is possible to
conclude that both Rb,SeBrg and Rb,SeClg can be employed in
optoelectronic applications.

The optical conductivity (o) reveals free electron creation
as a result of incident energy absorption [8, 50]. Figure 11 de-
picts the optical conductivity of the studied double perovskite
materials, which is proportional to the imaginary component of
dielectric function [48]. According to the figure, conductivity
starts at a static value of 0, it then increases to a higher value
within the range of 0.23-0.25 at around 8.0-10.0 eV for both
Rb,SeBrg and Rb,SeClg, and then gradually decreases until it
reaches the lowest values at around 24-25 eV.

An electron energy loss spectrum (EELS) can be used to
characterize nanostructures and microstructures. Inter-band,
intra-band, and plasmon interactions are defined by the electron
energy-loss function. EELS is the energy lost by a fast-moving
electron of electromagnetic light when it passes through a
medium [51]. The plots of the studied double perovskites
shows that the highest peak began at roughly 20 eV in the
UV zone for the two double perovskite materials, which is
attributable to electron energy loss induced by incident light
inelastic electron scattering as shown in Figure 12.

The extinction coefficient reveals a material’s ability to
hold incident light, which is one of the features of optoelec-
tronic materials [52]. It also expresses material behavior in
terms of electromagnetic radiation attenuation at a specific
wavelength [51]. Figure 13 shows the plots of extinction
coefficients, which indicates higher values of around 1.5-1.8 at
photon energy values of around 4-5 eV for both Rb,SeBrg and
Rb,SeCls. The extinction coefficient K(w) decrease after its
peaks value, indicating clear declination in K(w) within higher
energy range of UV region. Due to electromagnetic radiation in
elastic scattering such as photoelectric effect, compton effect,
etc., the region clearly reveals difference in K(w) [53, 54].

Figure 14 depicts the optical absorption plots of the inves-
tigated double perovskite materials; the plots illustrate the per-
centage attenuation of light intensity that propagates per unit
distance in a material. According to the plots, both Rb,SeBrg
and Rb,SeClg have high absorption value of roughly 2.1-2.35
within the region of 10-22 eV photon energy. Due to the phonon
energy within the forbidden band, they also reveal that the ma-
terials are transparent from partially ultra-violet to some visible
light area (0-4 eV). Rb,SeBrg has higher value than Rb,SeClg.
Both Rb,SeBrg and Rb,SeClg have high absorption coefficients
and wider absorption range, making them potential materials
for use in the optoelectronic industry.

3.3. Elastic properties

The result of computed values of bulk modulus, shear
modulus, Young modulus, and Poisson’s ratio for Rb,SeBryg
and Rb,SeClg are shown in Table 2. Young’s modulus (Y) deals
with a material’s stiffness. It displays the overall strength of a
material [7]. From Table 2, Young modulus values are higher
than the bulk modulus values, this indicates that the material

will be very hard to break [55]. Higher B values can indicate
good crystal formation. If shear anisotropy (A) of a material
equals one, the material is said to be isotropic [55]. From Table
2, the anisotropy values of the two materials are greater than
one. The estimated shear anisotropy values of Rb,SeBrg and
Rb,SeClg using both GGA-PBE and GGA-PBESol indicate
that they are isotropic double perovskite materials.

The Poisson’s ratio is a supportive parameter for determin-
ing crucial solid-material qualities like brittleness or ductility,
shear stability, and the nature of interatomic force [7, 54].
A material with a Poisson’s ratio less than 0.26 is said to be
brittle, whereas a material with a Poisson’s ratio more than
0.26 is a ductile material. The result of Rb,SeCl is comparable
with result reported by [18]. Using GGA-PBE, the Poisson
ratio values of Rb,SeBrg and Rb,SeBrg are greater than 0.26,
suggesting that they are ductile in nature. This is consistent
with the results reported by [18]. The use of GGA-PBEsol,
however, suggest that the two materials are brittle in nature,
since the Poisson ratio values are < 0.26. This is also in

consonant with the results obtained in [9].

Cauchy pressure (C12 — C44), Pugh’s ratio (R,) and Frant-
sevich’s ratio (G/B) can also be used to forecast the ductility
or brittleness of a material [54]. Negative values of Cauchy
pressure indicates brittleness of a material, while a positive
value indicates materials ductility. The computed Cauchy
pressure results for both Rb,SeBrg and Rb,SeClg indicate that
both are ductile in nature, except the calculation of the Cauchy
pressure of Rb,SeClg using GGA-PBEsol, which suggests that
Rb,SeClg is brittle. Pugh’s ratio (Rp) is the ratio of bulk modu-
lus to shear modulus ratio. A material is said to be brittle if the
Pugh’s ratio is less than 1.75; otherwise, it is ductile [54, 55].
The computed values of Pugh’s ratio (Rp) for Rb,SeBrg and
Rb,SeBry are greater than 1.75. The inverse of Pugh’s ratio
is termed as Frantsevich’s ratio (Ry). Frantsevich’s ratio (Ry)
of a material must be greater than 0.571 for a material to be
ductile; otherwise, the material is brittle [54]. The calculated
Frantsevich’s ratios (Ry) for Rb,SeBrg and Rb,SeClg indicate
that they are ductile, because the calculated values are larger
than 0.571. Overall, one can conclude that the two materials
are ductile in nature.

Debye temperature is a solid characteristic that is related to
thermodynamic properties of materials such as entropy, thermal
expansion, and vibrational internal energy [56]. Debye temper-
ature is the fundamental factor that provides some insight into
thermodynamic behaviors from the standpoint of mechanical
quantities that may be acquired from the average sound veloc-
ity [57]. Higher Debye temperatures indicate increase in ther-
mal conductivity and stronger covalent bonds or bond strength
in the materials [56, 57]. Rb,SeClg has a higher Debye tem-
perature than Rb,SeBrg. This clearly shows that Rb,SeClg will
have a strong temperature resistance due to its lattice vibration
[1, 58, 59]. The increase in temperature can help in the thermo-
dynamic stability of the studied double perovskite materials.
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Table 2: Calculated values of elastic properties of Rb,SeX(X=Br,Cl) double perovskite using GGA-PBE and GGA-PBESol.

Mechanical Rb,SeBry Rb,SeBry Other Works Rb,SeClg Rb,SeClg Other Works

Property PBE PBESol PBE PBESol

C11(GPa) 11.8 20.22 9.719],24.5[18] | 16.82 21.19 14.8 [9], 26 [18]

C12(GPa) 8.15 9.6 2.2[9],13 18] 7.52 9.0 5.08 [9], 13.5

(18]

C44(GPa) 5.65 9.13 7.2[9],11.4[18] | 6.3 9.74 6.7 [9], 12.4 [18]

Cip-Cuy 2.5 0.47 - 1.22 -0.74 -

B (GPa) 9.37 13.14 5.0[9],16.8 [18] | 10.62 23.06 8.8 9], 17.6 [18]

Gy (GPa) 3.60 7.60 - 5.62 7.88 -

G, (GPa) 3.08 7.09 - 5.52 7.59 -

G (GPa) 3.6 7.34 4.9 9], 8.6 [18] 5.62 7.73 6.4 [9], 9.4 [18]

A 3.09 1.71 1.98 [18] 1.35 1.59 -

& 0.391 0.60 - 0.345 0.55 -

Y 9.56 18.57 112 [9], 22.1 | 14.34 19.38 155 [9], 239
(18] (18]

v 0.32 0.26 0.14 [9], 0.28 | 0.27 0.25 0.21 [9], 0.27
(18] [18]

Rp 2.6 1.78 - 1.88 1.68 -

Ry 0.38 0.55 - 0.52 0.59 -

Op (K) 97.091 136.9 - 150.2 172.5 -

3.4. Thermo-electric Properties

Materials that have thermo-electric properties are being
studied for use in converting thermal energy to electrical energy.
The charge movement for energy transfer generates a heat gra-
dient, which creates a potential difference and a thermo-electric
effect [38]. Thermo-electric materials are widely used in a va-
riety of practical applications, including thermo-electric refrig-
erators, detectors, and cooling systems [38, 60]. Perovskites
materials are widely used for this purpose due to their low ther-
mal conductivity and high electronic conductivity [38, 60, 61].
Materials with a narrow band gap semiconductor can also be
used for thermo-electric applications [60, 62]. Semiconduc-
tors, in general, have a high Seebeck coefficient and low ther-
mal conductivity, whereas antiperovskites, such as Sr3SbN,
are semiconductors with a bandgap of 1.15 eV and high ther-
mopower and power factor [63, 64]. The bandgap of most
high performance thermoelectric materials is around 0.5-1.5 eV
[63, 64]. A material’s band gap has a significant influence on
the temperature-dependent electrical and thermal conductivi-
ties, Seebeck coefficient (S ), and other associated parameters.
High band gap materials have higher S values, and vice versa.

3.4.1. Electrical conductivity

The calculated electrical conductivity (o) for
Rb,SeX((X=CLBr) are shown in Figure 15, In the figure,
electrical conductivity (o) was plotted against temperature
in the range of 150-1300 K. The Figure indicates that the
electrical conductivity increases with increase in temperature;
this is due to thermal excitation of electrons to the conduction
band. High electrical conductivity materials are preferred for
thermo-electric applications because they reverse the Joule
heating effect [60]. Figure 15 indicates that o increases

with increasing temperature; this trend holds true for the two
exchange correlation functionals and the two double perovskite
materials. According to the plots, Rb,SeBrg has a higher
electrical conductivity value than Rb,SeClg.
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Figure 15: Electrical conductivity plots of (a) Rb,SeBrg and (b) Rb,SeClg using
GGA-PBE and GGA-PBESol.



Yahya et al. /J. Nig. Soc. Phys. Sci. 5 (2023) 1418

3.4.2. Thermal conductivity

Thermal conductivity «, is another thermo-electric property
parameter that combines the effect of electronic () and lattice
thermal conductivity (k;). Only the electronic contribution of
thermal conductivity is calculated by the BoltzTrap2 code [37].
A good thermo-electric material has a low carrier resistance,
which results from lower thermal conductivity, resulting in less
carrier collision and heating [65]. Electronic thermal conduc-
tivity calculated for Rb,SeX4(X=Br,Cl) using GGA-PBE and
GGA-PBESol are shown in Figure 16. From the plots, the
computed electronic thermal conductivity increases with tem-
perature. Rb,SeBrg has higher electronic thermal conductivity
values than Rb,SeClg at high temperatures. Very good thermo-
electric materials have ratio of thermal to electrical conductivity
(/o) to be very small [1, 66, 67]. Thermal to electrical con-
ductivity ratio of the two studied double perovskite materials
is of the order of 107>; this suggests that both Rb,SeBry and
Rb,SeCl¢ are appropriate for thermo-electric applications.
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Figure 16: Thermal conductivity plots of (a) Rb,SeBrg and (b) Rb,SeClg using
GGA-PBE and GGA-PBESol.

3.4.3. Seebeck coefficients

Seebeck coefficient (S), also known as thermopower, is an-
other important parameter related to material electronic struc-
ture. It is defined as the magnitude of an induced thermo-
electric voltage caused by a temperature gradient within the
material [68]. Depending on the material, thermopower can be
positive or negative. The dominant hole charge carrier is rep-
resented by positive Seebeck coefficients, while the dominant
electron charge carrier is represented by negative Seebeck co-

11

11

efficients. The plots of calculated Seebeck coefficients of the
studied double perovskite materials are shown in Figure 17.
The Seebeck coefficient values for Rb,SeBrg and Rb,SeClg are
decreasing with increasing temperature, with minimum See-
beck coefficient values of 0.198 x 10° (m V/K), and 0.166 x
10° (m V/K) at 750 K, respectively. Rb,SeBrg has higher See-
beck coefficient values than Rb,SeClg at high temperatures. All
the calculated Seebeck coefficient values of the studied double
perovskite are positive, indicating that the studied double per-
ovskite compounds have p-type conduction.
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Figure 17: Seebeck coeflicients plots of (a) Rb,SeBrq and (b) Rb,SeClg using
GGA-PBE and GGA-PBESol.

3.4.4. Power factor

Power factor defines the efficiency of a material for thermo-
electric applications [39]. If a material has a high PF, it will ex-
tract heat effectively [69, 70]. The plot of power factor versus
temperature range of 150 - 1300 K for Rb,SeX¢(X=Br,Cl) dou-
ble perovskite materials using two different exchange correla-
tion functionals are shown in Figure 18. For all exchange corre-
lation functionals, the PF of the investigated double perovskite
materials rises with temperature up to 1300 K; Rb,SeBrg has
a PF value of 9.10 x 10'* W/mk?s (PBESol) and 6.20 x 104
W/mk?s (PBE), but Rb,SeClg has a PF value of 4.60 x 10
W/mk?s (PBESol) and 3.80 x 10'"* W/mk*s (PBE). PF stud-
ies clearly show that Rb,SeBrg double perovskite is more ef-
fective in thermoelectric conversion than the Rb,SeClg double
perovskites because it has higher PF values than Rb,SeClg.



Yahya et al. /J. Nig. Soc. Phys. Sci. 5 (2023) 1418

—e— Rb,SeBrg (PBE)
—e— Rb;SeBrs (PBESol)

@

'S

520 x 10 [W/(mK?2s)]
N (=]

200 400 600 800 1000 1200
Temperature (K)
(@)
— 4.51 —e— Rb,SeCls (PBE)
i —e— Rb,SeCls (PBESol)
200 400 600 800 1000 1200

Temperature (K)
(b)

Figure 18: Power factor plots of (a) Rb,SeBrg and (b) Rb,SeClg using GGA-
PBE and GGA-PBESol

3.4.5. Figure of merit

The dimensionless figure of merit (ZT) is commonly used to
calculate the efficiency of a thermo-electric material [71]. The
figure of merit combines a number of material properties that
must be optimized in order to create an efficient thermo-electric
generator. A material with ZT> 1 is a good thermo-electric
material and suitable for device engineering [38, 72, 73]. The
plots of calculated ZT against temperature in the range of 150
- 1300 K are shown in Figure 19. According to the plots, the
calculated figure of merit values at all temperature range con-
sidered are greater than one for both Rb,SeBrg and Rb,SeCly.
Rb,SeBrg have higher ZT values than Rb,SeClg. It can be con-
cluded that the studied double perovskite materials are good
thermo-electric material and suitable for device engineering.
From all the results of TE properties, Rb,SeBrg exhibit better
thermoelectric properties than Rb,SeClg.

4. Conclusion

The parameterized GGA-PBE and GGA-PBEsol ex-
change correlation functionals were used to examine the
optoelectronic, elastic, and thermo-electric properties of
Rb,SeX(X=CLBr) utilizing plane wave methods as imple-
mented in the Quantum-Espresso code. The results of the
electronic properties calculations revealed that both Rb,SeBrg
and Rb,SeClg double perovskite materials are indirect band
gap semiconductors. The band gap values of Rb,SeBrg are
relatively close to the two most studied organic perovskite
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Figure 19: Figure of merit plots of (a) Rb,SeBrg and (b) Rb,SeClg using GGA-
PBE and GGA-PBESol

(NH,CH=NH,Pbl3) FAPbI; and (CH;NH;PBI3;) MAPbI;, and
very close to the Shockley-Queisser theory of optimum band
gap energy (Eg) for high efficiency solar cells, which are in
the range of 1.3 eV to 1.4 eV. The conductivity results show
that the examined double perovskite materials have good val-
ues for electron generation. They have high absorption coef-
ficients and a wider absorption range, making them potential
materials for use in the optoelectronic industry. The calculated
bulk moduli, shear moduli, Young moduli, and poisson’s ra-
tios for Rb,SeBrg and Rb,SeCl¢ indicate that they are ductile
in nature. Due to high Debye temperature, Rb,SeClg hypo-
thetically has more resistance to temperature than Rb,SeBrg.
Thermal to electrical conductivity ratio of the two materials is
small (of the order of 107>), suggesting that the two double
perovskite materials are appropriate for thermo-electric appli-
cations. The calculated Seebeck coefficient values are positive,
meaning that they have p-type conduction. Figure of merit re-
sults indicate that Rb,SeX(X=Cl,Br) are good thermo-electric
materials and Rb,SeBrg exhibit better thermoelectric properties
than Rb,SeClg.
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