. Afri
' Published by I'lcan
R ST L e R T . .
m Avatable onlie @ hgaant nancr ngfiniex sAE/ent Scientific
= African Scientific Reports 3 (2024) 171 Reports

Effect of hydrostatic pressure on opto-electronic, elastic and
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Abstract

Double perovskites find applications across a diverse range of situations and varying pressure conditions. In this work, Quantum ESPRESSO code
with a plane wave basis set was used to study the opto-electronic, elastic, and thermoelectric properties of Rb,SeX¢ (X=Cl, Br) double perovskites
under hydrostatic pressure (0 - 8 GPa). Perdew-Burke-Ernzerhof for Solids (PBESol) with generalized gradient approximation (GGA) was used
as exchange-correlation functional. The band gap values of the materials decrease under hydrostatic pressure. Rb,SeClg has a band gap value
of 2.44 eV at 0 GPa, 2.21 eV at 2 GPa. Above 2 GPa, the material has a metallic nature. Rb,SeBrg has a band gap value of 1.56 eV at 0 GPa,
but has a metallic nature under hydrostatic pressure (2 GPa to 8 GPa). The optical properties results indicate that the materials exhibit maximum
absorption, high reflectivity, low optical loss in the visible and ultraviolet regions, good optical conductivity, and a refractive index suitable for use
in opto-electronic applications. The materials are confirmed to be mechanically stable under all the hydrostatic pressure values studied. Electrical
conductivity, thermal conductivity, and Seebeck coefficient (S') values of the studied materials increase with an increase in hydrostatic pressure and
temperature. The maximum value of S for Rb,SeBry is 0.248 x10° (m V/k), while for Rb,SeCls, maximum S = 0.175 x103 (m V/k). The positive
values of S suggest that the predominant charge carriers of Rb,SeClg/Brg are holes. Also, Rb,SeBrg has a figure of merit (ZT') value of 3.44, while
for Rb,SeClg, ZT = 1.07. Since the values of ZT are greater than unity, the two double perovskite materials have good ZT values for thermoelectric
device engineering. The results also suggest that Rb,SeBry is a better thermoelectric material than Rb,SeClg.
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1. Introduction

The application of hydrostatic pressure has proven to be a useful tool for adjusting the structural phases and photovoltaic char-
acteristics of hybrid perovskites [1, 2]. By altering the energy landscapes and charge-carrier dynamics of halide perovskites, applied
pressure reveals unexpected characteristics. Compressed halide perovskites exhibit better solar performance due to the optimized
band gap, extended charge-carrier lifetimes, decreased trap-state densities, and adjusted carrier conductivities [1, 2].
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The association between a material’s band structure and conductivity [3] demonstrates the connection between crystal structure,
optical and electrical properties. A material’s electrical band structure is inextricably tied to the arrangement of atoms within its
crystal lattice. Pressure causes the lattice to compress, reducing atomic spacing inside the material [4]. This compression significantly
affects the energy levels of the valence and conduction bands, as well as the overlap of atomic orbitals [4]. Several phenomena,
including quantum confinement, changes in electronic states, and momentum disparities, can account for the observed variations in
the energy band gap. Under hydrostatic pressure, interatomic distances decrease, leading to closer atomic proximity [4]. According
to Ahmad et al. [4], quantum confinement effects may intensify, potentially altering the effective size of electronic wavefunctions.
The energy band gap widens as the energy difference between the conduction and valence bands increases. Pressure-induced changes
in atomic arrangements can produce changes in the positions of electronic states, which can impact the energy of the bands [4]. To
foresee a material’s potential applications and device performance in opto-electronics and photovoltaics (PVs), its optical properties
must be understood. The frequency-dependent complex dielectric function describes the optical transition between occupied and
unoccupied orbitals [5]. Dielectric functions can be used to analyze the absorption coefficient /(w), reflectivity R(w), energy loss L
(w), conductivity Re (o), extinction coefficients K(w), and complex refractive index n(w).

When pressure is applied to a material, the interatomic distances inside it change, resulting in changes in lattice properties
[4]. As a result, structural properties change in response to pressure, largely due to alterations in elastic constants. These elastic
constants are closely related to mechanical properties, indicating that hydrostatic pressure influences the mechanical behavior of
the material. It’s also worth noting that mechanical properties are closely related to electronic properties. Materials with stronger
covalent bonds typically have higher Young’s moduli than those with weaker metallic linkages [4]. The “stress-strain” technique,
commonly implemented in the Quantum Espresso code [6, 7], is used to calculate the independent elastic constants, which are
crucial for understanding the characteristics of solid compounds. Thermoelectric materials transform waste energy (heat) from any
system into electrical energy [8—10]. Thermoelectric materials could be used to make energy gadgets, generate electricity, and
cooling devices. The transport qualities of designed compositions are investigated to see whether they are appropriate for that use.
To improve thermoelectric efficiency, materials must have high Seebeck coeflicient (S), electrical conductivity (o-/7), power factor
(PF), and figure of merit (ZT), while thermal conductivity («x./7) must be low [9, 11]. Other factors influencing thermoelectric
efficiency include increased carrier mobility and smaller band gaps [9].

The electronic, optical, elastic, and thermoelectric properties of Rb,SeX(X=Br,Cl) have been carried out by Yahya ef al. [10].
The calculated band gap values of Rb,SeBrg were 1.7574 and 1.569 eV using GGA-PBE and GGA-PBEsol, respectively, and are
strikingly close to those of the two most used inorganic/organic perovskites, viz., FAPbl; and MAPDbI;. The optical properties
such as refractive index, absorption coefficients, electron energy loss, conductivity, and reflectivity computed in the study lead to
the conclusion that Rb,SeX(X=Br,Cl) are semiconductor materials with good electron generation values and have high potential
applications in the opto-electronic industry. Rb,SeBry/Clg shear anisotropy values of 3.09 and 1.71, respectively, which indicate that
they are isotropic in nature. The materials’ computed Poisson’s ratios of 0.32 and 0.26 indicate that they are ductile materials. They
exhibit p-type conduction, as evidenced by the positive computed values of the Seebeck coefficient, and they have figure of merit
values (ZT) that is greater than one, indicating that they are effective thermoelectric materials.

In Ref. [12], 42 inorganic double perovskite materials were examined using density functional theory (DFT). The analysis of
high-throughput computing data was introduced using the data mining technique in informatics, starting with the fabrication of
double perovskite crystal structures. The findings reveal that 39 of the crystals have stable perovskite structures. The materials were
found to be mechanically stable. Li et al. [13] also used theoretical methods to study the mechanical, structural, and opto-electronic
properties of A,SeXs (A=Rb, K; X=ClI, Br, I) lead-free double perovskites. The outcome of the calculations suggests that A,SeXg¢
(A=Rb, K; X=Cl, Br, I) double perovskite materials are ductile and mechanically stable.

In the previous theoretical studies on Rb,SeXy (X=Cl, Br, I), the properties were calculated at O GPa [10, 12, 13]. Per-
ovskite materials have applications in a variety of situations within a range of pressure values; therefore, the study of materials’
properties under hydrostatic pressure is essential. In the current study, opto-electronic, elastic, and thermoelectric properties of
Rb,SeX(X=Cl,Br) have been investigated under hydrostatic pressure (0-8 GPa) using a plane wave basis set of Quantum ESPRESSO
(QE). Perdew—Burke—Ernzerhof for Solids (PBESol) was used as exchange-correlation functional. The article is structured as fol-
lows: Section 2 provides the computational details, Section 3 presents the results and discussion of the results, and Section 4 contains
the conclusion.

2. Computational details

The plane-wave basis set of the Quantum ESPRESSO algorithm, which is based on Density Functional Theory (DFT) [6, 7], was
used to carry out the calculations. DFT is a helpful technique used in material discovery that can be utilized to investigate known
as well as unknown material properties. Norm-conserving pseudopotentials (NCPP) [14] were utilized in this study to characterize
the electron-ion interactions. All structural optimization and property calculations were performed between 0 and 8 GPa of external
hydrostatic pressure. In the Perdew-Burke-Ernzerhof for Solids (PBESol) schemes of the generalized gradient approximation (GGA)
[15, 16] employed in the study, the atomic potential was defined by means of the electron exchange-correlation energy function. For
every atom, the corresponding cut-off energy, energy, and force convergence thresholds were obtained to be 120 Ry, 107> eV, and
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107% eV A1, respectively. For structural optimization, band gap, optical properties, and mechanical properties, an a-centered 6 X 6 X
6 K-mesh in the Brillouin zone was used [17], whereas K-points of 12 x 12 x 12 and 32 x 32 x 32 were used for the density of state
(DOS) and partial density of state (PDOS) calculations, respectively. Calculations of opto-electronic, mechanical, and thermoelectric
properties have also been carried out. The BFGS (Broyden-Fletcher-Goldfarb-Shanno) quasi-Newton algorithm was employed for
comprehensive structural relaxation, and the atom locations were fully optimized for DOS, PDOS, and optical properties [18, 19].

2.1. Optical properties calculation

The dielectric function &(w) = &(w) + &(w), which is involved in characterizing the optical properties of materials, can be used
to macroscopically define the optical response function. The imaginary component (&;(w)) of the dielectric function can be found
using the momentum matrix elements between the occupied and unoccupied electronic states, as stated in equation (2). Equation
(1) illustrates how the Kramers-Kronig relation may also be used to compute the real part (¢;(w)) of the dielectric function. When
designing optical devices for the double-perovskite materials under study, these optical constants play a crucial role.
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The optical properties were studied for Rb,SeClg/Brg double perovskite materials under hydrostatic pressure (0-8 GPa) by utilizing
the real and imaginary components of the dielectric function. The optical properties considered include the following: absorption
coefficient (I (w)), electron energy-loss functions (L (w)), extinction coefficient (K (w)), optical conductivity (Re (o)), reflectivity (R
(w)), and refractive index (n (w)). The following expressions are utilized in their computation [10, 20, 21]:
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2.2. Mechanical properties calculation

It is vital to understand a material’s mechanical qualities, such as brittleness, ductility, deformation, strain, stress, and hardness,
during the production process. Long-lasting and successful device applications require mechanically stable compounds. Cubic
compounds meet the Born criteria [10, 20, 21]. The elastic constants Cy;, Ci2, and Cyq are used in this definition. Born et al.
[22] later looked into the Born-Huang theory [22], which was created by Max Born and Kun Huang and offers a comprehensive
explanation of a material’s mechanical stability. The following are the stability conditions for the cubic crystal structure [22]:

Cu-C2>0, ©
Ci1 —2Cpp > 0, (10)
Cyy > 0, (1D
and
Ci1 < B<Cy. (12)
The bulk modulus (B) in equation (12) above is calculated using:
poCut2e 0
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A material with a low C, value compresses more easily in the C}, direction compared to other directions [10, 20]. Voigt [23], Reuss
[24], and Hill [25] found a correlation between the elastic constant and various isotropic properties, such as bulk modulus, shear
modulus, and young modulus. Chung and Buessem developed the Voigt-Reuss-Hill Approximation (VHR) [26], which incorporates
this relationship. Voigt’s elastic modulus equations are as follows:

Cy+2C
By = %, (14)
Cy1—-Cip+3C
Gy = %, (15)

By and Gy denote the isotropic bulk and shear moduli, respectively. For a cubic structure, Reuss’ bulk modulus (Bg) and Voigt’s
(By) are comparable. Equation (16) denotes Reuss’ shear modulus (Gg) [24]:

5(C11 = Ci2) Cy
Gr = . (16)
BT 4Cu +3(Cri - Cp)
The Hill’s elastic moduli approximation is used to get the average of Voigt’s and Reuss’ elastic moduli values [25].
1
By = E(Bv + Bg), (17)
1
Gu = E(GV + Gg). (18)

Hill’s bulk (G) and shear moduli (Bj) are computed using equations (17) and (18) [22]. The bulk modulus of a material measures
its strength, while the shear modulus measures its resistance to transverse deformations about its hardness [10, 27, 28]. A greater
shear modulus value shows a material’s ductility and resistance to plastic deformation [10, 27]. The expressions for calculating shear
anisotropy (A), Cauchy pressure (P¢), Young’s modulus (Y), Poisson’s ratio (v), and Pugh’s ratio (Rp) are as follows:

2C44

A= ———mr, (19)
Ci—Cp2

Pc =Cip — Cys, (20)
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2.3. Thermoelectric properties calculation

The BoltzTraP2 package [29] was used in this work to calculate the thermoelectric characteristics (TE) of Rb,SeClg/Brg. The
BoltzTraP2 package operates within the DFT framework written in QE code, with a relaxation time constant of 10~'*s. The ther-
moelectric properties evaluated include electronic thermal conductivity («,.), Seebeck coefficient (§), electrical conductivity (o7/7),
power factor (PF), and figure of merit (ZT') at temperatures ranging from 150-1300 K. The Seebeck coeflicient and electronic ther-
mal conductivity have a significant impact on the figure of merit (ZT'), and these thermoelectric characteristics are reliant on the
relaxation time constant. PF is calculated using the following expression [10]:

PF = §’0, 24)
while the figure of merit (ZT') is calculated using:
2
=201 (25)
Ke

3. Results and discussion

3.1. Electronic Properties

To fully comprehend the photoelectric conversion efficiency (PCE) of perovskite solar cell materials, it is necessary to exam-
ine their electrical structure. The energy band structure (BS), density of states (DOS), and partial density of state (PDOS) of the
investigated double perovskite materials are calculated under hydrostatic pressure (0-8 GPa).
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Figure 1: Band structure plots at 0 GPa for (a) Rb,SeClg and (b) Rb,SeBryg.
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Figure 2: Band structure plots at 8 GPa for (a) Rb,SeClg and (b) Rb,SeBryg.

3.1.1. Band structure

The effect of hydrostatic pressure on the band gap energy of the Rb,SeCly/Brg double perovskite materials were studied. Figures
1 and 2 show the band structure of Rb,SeCl¢/Brg under hydrostatic pressure (0—8 GPa). Band structure plots reveal dispersion along
high-symmetry regions in the Brillouin Zone. Table 1 shows that at certain hydrostatic pressure levels, the examined materials exhibit
metallic and indirect band gap semiconductor characteristics. This means that the studied materials’ VBM (valence band maximum)
and CBM (conduction band minimum) do not share the same symmetry points at some hydrostatic pressure levels, but their band
gaps are suitable for opto-electronic applications. At some hydrostatic pressure values, bands are crossing the fermi energy (Er)
from VBM to CBM, as shown in Figure 2.

Table 1 shows that replacing Br atoms with Cl atoms reduces the energy band gap of Rb,SeX(X=CIl,Br) by the order of Rb,SeBryg
< Rb,SeCl. The band gap likewise decreases when hydrostatic pressure increases from 0 to 8 GPa. Table 1 shows that Rb,SeClg
have band gap value 2.44 eV at 0 GPa, 2.21 eV at 2 GPa, and 0.00 eV at pressure values > 4 GPa, due to bands crossing Ey from
VBM to CBM.

At 0 GPa, Rb,SeBrg has band gap value of 1.56 eV. At pressure value > 2 GPa, Rb,SeBrg has band gap values of 0.00 eV,
indicating that the material has metallic nature. This shows that Rb,SeBrg at 2-8 GPa hydrostatic pressure values has a metallic
character as the bands cross from VBM to CBM, as seen in Figure 2. The band structure results also demonstrate that hydrostatic
pressure has an effect on changing the material’s semiconductor nature to metallic nature, as it converts the indirect semiconducting
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Figure 3: Density of state plots at 0 GPa for (a) Rb,SeClg and (b) Rb,SeBry.
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Figure 4: Density of state plots at 8 GPa for (a) Rb,SeClg and (b) Rb,SeBry.

Table 1: Calculated electronic band gap of Rb,SeX¢(X=CIl,Br) double perovskites materials under hydrostatic pressure (0-8 GPa).

Pressure (GPa) Rb,SeClg Other Works Rb,SeBryg Other Works

0 (GPa) 2.44 2.819, 2912 [12], 2.48, 1.56 1.755, 1.93 [12], 1.60,
3.20[13] 2.37 [13]

2 (GPa) 2.21 - 0.00 -

4 (GPa) 0.00 - 0.00 -

6 (GPa) 0.00 - 0.00 -

8 (GPa) 0.00 - 0.00 -

nature of the studied double perovskite with higher band gap energy to low band gap energy and then to metallic nature. These
compounds’ band gap values demonstrate their usefulness in the design and development of photonic, electrical, and opto-electronic
devices.

3.1.2. Density of state
Total density of states (TDOS) and partial density of states (PDOS) reflect a material’s transport qualities. They are commonly
employed to highlight the contribution of different states to band formation [3]. The TDOS and PDOS graphs in Figures 3-6
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Figure 6: Partial density of state plots at 8 GPa for (a) Rb,SeClg and (b) Rb,SeBryg.

demonstrate consistent band gaps and topologies. At the fermi energy level area, electrons’ contributions to each state were revealed
as they moved from the valence band to the conduction band. TDOS plots show the contribution of the constituent atoms’ basic
atomic orbitals to the electronic state at the valence band that makes up the structure. The computed PDOS shows that the valence
band at 0—4 GPa is largely composed of Se-3p and Cl-2p orbitals, whereas the conduction band is primarily composed of CI-2p,
Se-2s, and Rb-3s orbitals. The valence band shows clear hybridization between Se-3p and CI-2p, but the conduction band shows
anti-bonding hybridization between Cl-2p, Se-2s, and Rb-3s. The bands transition from VBM to CBM, causing the band gap energy
to drop as the pressure changes from O to 8 GPa, as illustrated in the PDOS plots. Hydrostatic pressure buckles the band gap
engineering of the examined double perovskite materials due to a decrease in energy band gap, causing the material’s nature to
change from semiconductor to metal.

3.2. Optical properties

All plots showing the computed optical properties of the Rb,SeCls/Brg double perovskite materials are within the incident photon
energy range of 0 to 30 eV at hydrostatic pressures of 0 to 8 GPa. Observing the variation of £;(w = 0) (the real part of the dielectric
constant) with photon energy reveals how much the materials are polarized by the light that enters at the photonic optimum frequency.
The static values (g1(0)) of Rb,SeClg range from 4.7 to 6.2, as shown in Figure 7, while the static values for Rb,SeBrg is between
6.3-8.6.

Figure 8 shows the plots of &;(w) as a function of the energy (in eV) for Rb,SeCly/Brg double perovskite materials. The study
found that the double perovskite materials have maximum &,(0) values between 3.5 and 4.5 eV for 0-8 GPa. The plots indicate that
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Figure 7: Real dielectric function plots for (a) Rb,SeClg and (b) Rb,SeBrs.
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Figure 8: Imaginary dielectric function plots for (a) Rb,SeClg and (b) Rb,SeBrs.

the greatest value of &;(w) was obtained at 8 GPa, and the lowest value was at 0 GPa. Also Rb,SeBrg has higher £,(0) values than
Rb,SeClg for all hydrostatic pressures utilized in the computation. The increased dielectric constant values of Rb,SeClg/Brg double
perovskite materials make them suitable for use in electrostatic capacitors such as New Paradigm Super (NPS) capacitors [30]. When
developing electrical devices, greater and lower dielectric constant values are critical.

The refractive index (n (w)) describes the material’s transparency and light dispersion. Figure 9 shows plots of n(w) and photon
energy at hydrostatic pressures ranging from 0-8 GPa. The refractive index, an important physical feature in optics, describes how
light behaves inside materials. According to Nabi ef al. [31], the refractive index of a substance varies with the velocity of light
passing through different media. The static values n(0) for all examined double perovskite materials range from 2.2 to 2.9 at all
hydrostatic pressure values considered. Figure 9 indicate that the maximum values of n(w) were discovered at hydrostatic pressure
value of 8 GPa and the lowest values at 0 GPa. The static values of the refractive index is found to increase with increase in hydrostatic
pressure. The Figure reveals that the explored double perovskite materials have high refractive index in the 3-4 eV photon energy
range, indicating that they are more appropriate for visible area operation [32]. Since the materials refractive index values are greater
than unity at all hydrostatic pressure values, this indicates the materials’ transparent behavior [33].

Materials’ morphology is determined by light reflection, which indicates surface roughness [10, 32]. The static values of the
reflectivity (R(0)) is found to increase with hydrostatic pressure for the two materials, as demonstrated in Figure 10. Higher values
are obtained around photon energies values of 21 and 24 eV. When compared to Rb,SeBrg, Rb,SeClg shows increased reflectivity.
Optical devices can employ high reflectivity materials, while anti-reflection devices can use low reflectivity materials [34].
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Figure 10: Reflectivity plots for (a) Rb,SeClg and (b) Rb,SeBrsg.

The optical conductivity (Re (o)) demonstrates the generation of free electrons due to incoming energy absorption, with a
maximum value of 7 eV. The incident energy absorption creates free carriers, resulting in an advancing current [10, 30]. Figure 11
shows the optical conductivity (Re (7)) of Rb,SeClg/Brg under hydrostatic pressure from O to 8 GPa, which rises with increase in
pressure, like several other optical characteristics of the studied double perovskite materials. Over a certain range of photon energy
(2-25 eV). The results demonstrate that at all hydrostatic pressure values, 07(0) was about 0.20 to 0.30 for Rb,SeClg/Bry in the range
of photon energy 8.0 eV to 9.5 eV. In comparison to Rb,SeClg, Rb,SeBrg exhibits higher optical conductivity. As a result, incident
energy absorption generates free carriers that induce an advancing current. The optical conductivity calculations reveal that the two
materials can be exploited in opto-electronics applications.

The electron energy loss function (L(w)) has a considerable influence on the energy loss of fast electrons traveling through the
material and is typically maximum at plasma energy [10, 20]. Electron energy-loss spectroscopy [35] measures the energy distribution
of electrons interacting with a specimen and losing energy due to inelastic scattering. Equation 7 was used to calculate the electron
energy-loss spectrum of Rb,SeClg/Brg at hydrostatic pressures ranging from 0 to 8 GPa. The EELS for Rb,SeX(X=Cl,Br) falls
within the 21-24 eV photon energy range, as illustrated in Figure 12. Maximum EELS values were obtained at roughly 4.0-7.1.
The findings also demonstrate that the peak EELS values of the examined double perovskite materials increase with increase in the
hydrostatic pressure. When compared to Rb,SeBrg, Rb,SeClg has higher EELS. Peaks in the reflectivity spectrum and the energy
loss spectrum occur in roughly the same photon energy range. This clearly shows that infrared and visible energy ranges have lower
energy losses [36]. The studied materials exhibit insignificant L (w) values around 5 eV and very low values near 10 eV, allowing
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Figure 11: Optical conductivity plots for (a) Rb,SeClg and (b) Rb,SeClg.
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Figure 12: Electron energy loss plots for (a) Rb,SeClg and (b) Rb,SeBrg.

them to be used in a wide range of opto-electronic applications in the visible and ultraviolet areas [37].

The extinction coefficient, K(w), defines electromagnetic waves’ movement through any medium [10, 31]. It is also an important
physical characteristic related to a material’s ability to absorb light at a specific frequency. Figure 13 shows the plots K(w) against
energy. The Figure shows that K(w) increases with hydrostatic pressure. maximum K(w) values were observed for all studied double
perovskite materials between 3.5 and 5.0 eV. Extinction coefficients were highest at 2 GPa (2.05) and 4 GPa (2.0), and lowest at 6
GPa (1.90) and 8 GPa (1.65), as depicted in the plot.

Semiconductor optical properties are crucial for modeling quantum structures [38]. The absorption coefficient (I (w)) is a physical
metric that represents the distance that incident light of a specific wavelength travels through a material before being absorbed [38].
According to Ref. [39], the absorption coefficient (/(w)) measures the attenuation of light energy per centimeter in a material.
Figure 14 shows the computed values of /(w) for Rb,SeCl¢/Brg under hydrostatic pressures. The maximum value of the absorption
coefficient increases with hydrostatic pressure, reaching higher values at photon energies of 17-18.5 eV. The Figure also shows that
Rb,SeClg has higher I(w) values than Rb,SeBrg. A high value of I(w) allows the use of the material for optical properties applications.

Hydrostatic pressure has a significant impact on the optical behavior of the examined double perovskite materials because it
increases their optical characteristics. The optical properties of Rb,SeCl¢/Brg confirm maximum absorption, high reflectivity, low
optical loss in visible and ultraviolet regions, good optical conductivity, and a refractive index appropriate for visible range operation.
As a result, the investigated double perovskite materials have become increasingly important for solar cells and other photonic
applications.
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Figure 13: Extinction coeflicient plots for (a) Rb,SeClg and (b) Rb,SeBry.
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Figure 14: Absorption coefficient plots for (a) Rb,SeClg and (b) Rb,SeBrs.

3.3. Mechanical properties

The elastic constants provide the basis for determining many mechanical parameters, including Young’s modulus (Y), bulk
modulus (B), shear modulus (G), Poisson’s ratio (v), Pugh’s ratio (Rp), and shear anisotropy (A). Additionally, these mechanical
characteristics can be estimated using the Voigt-Reuss-Hill approximations, particularly for polycrystalline crystals [22, 25]. Com-
pound stability and stiffness can be characterized by describing the nature of forces acting within solids [40]. Mechanical stability
criteria are computed using the required and sufficient Born criteria, especially for cubic crystal formations, stated using equations
9)-(12).

Table 2 displays the mechanical properties of Rb,SeCl¢/Bry double perovskite materials studied at hydrostatic pressure (0 to 8
GPa). The table shows that the bulk modulus (B), C;;, Ci», and Cy4 values for Rb,SeClg/Brg double perovskite materials meet the
Born criteria and ensure mechanical stability at all hydrostatic pressure values (0—8 GPa). The findings show that pressure has a
considerable effect on the mechanical properties of the materials under investigation. Table 2 demonstrates that the material is easily
compressible in the C44 direction (under hydrostatic pressure), as Ca4 has the smallest value when the elastic constants are compared.

Table 2 also shows that the B, Y, and G values of Rb,SeCl¢/Brg double perovskite materials increase with increase in hydrostatic
pressure. Hydrostatic pressure increases the examined material’s core forces, covalent bonding strength, and plastic deformation to
resistance. A material’s degree of isotropy can be calculated using its shear anisotropy (A) factor. If the material’s shear anisotropy
is equal to one, it is isotropic and evenly deformable along all directions of the material’s body. Elastic anisotropy occurs when the
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Figure 15: Plots of electrical conductivity for (a) Rb,SeClg and (b) Rb,SeBrg.
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Figure 16: Plots of Thermal conductivity for (a) Rb,SeClg and (b) Rb,SeBrg.

Table 2: Mechanical properties of Rb,SeX(X=CLBr) double perovskites materials under hydrostatic pressure (0-8 GPa).

1000

Material Pressure Cy; Cyp Cys Pc B G A Y v Rp
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa)
0 21.19 9.01 9.74 -0.74  23.06 17.73 1.59 1938 0.25 1.68
2 38.05 19.99 1625 3.73 26.01 12.84 1.79 33.07 0.28 2.02

Rb,SeClg 4 52.15 30.99 2276 8.22 37.13 1748 215 4378 029 212
6 6645 39.76 29.59 10.16 49.86 21.11 221 5339 030 2.36
8 7947 4793 3278 15.14 5844 2443 247 6431 031 239
0 20.22  9.60 9.13 0.47 13.14  7.34 1.71 18,57 026 1.78
2 3730 2140 16.03 5.37 26,70 12.09 2.01 31.51 030 220

Rb,SeBryg 4 5195 3136 21.89 946 3822  16.17 212 4249 031 236
6 65.09 4043 26.68 13.75 48.65 1957 216 51775 032 248
8 7735 48.04 3029 17.11 57.81 2291 211 6070 032 252
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Figure 17: Plots of Seebeck coefficient for (a) Rb,SeClg and (b) Rb,SeBrsg.
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Figure 18: Plots of Power factor for (a) Rb,SeClg and (b) Rb,SeBrg.

shear anisotropy is less than or greater than one [10, 20, 21, 41, 42]. The anisotropy values of Rb,SeClg/Brg double perovskite are
greater than one for all hydrostatic pressures (0—-8 GPa), indicating that they are elastic anisotropy materials.

The estimated Cauchy pressure (P¢) not only describes a material’s ductility but also the angular nature of compounds and
their metal atomic bonding [43]. Positive Cauchy pressure indicates metallic bonding and its ductility, whereas angular-directed
bonding is brittle [43]. Table 2 shows that the computed P¢ of Rb,SeCl¢/Brg double perovskite materials increases with increasing
hydrostatic pressure. The examined double perovskite materials have positive P¢ values. This demonstrates the metallic bonding
of the materials, as well as ductility. However, Rb,SeClg evaluated under O GPa hydrostatic pressure has negative P¢ values (-0.74
GPa), indicating angular directed bonding and brittleness for the material at 0 GPa [43]. The Poisson’s ratio (v) for polycrystalline
aggregate, which measures lateral deformation in a material [42], was computed using equation (22). To determine a material’s
brittleness and ductility, Poisson’s ratio can be applied. The term “ductile” refers to a material with a v greater than 0.26, in contrast
to "brittle” [10, 33, 41]. When pressure is applied, the two materials have v values greater than 0.26, suggesting that they are ductile.
Pugh’s ratio (Rp) refers to the bulk-shear modulus ratio [44]. Ductile materials have a Pugh’s ratio greater than 1.75, while brittle
materials have a Pugh’s ratio less than 1.75 [10, 21, 41, 44]. Under hydrostatic pressure, the two materials have Rp values greater
than 1.75, supporting the ductile nature of the materials under pressure.

3.4. Thermoelectric properties

The Boltztrap2 code was used in the calculations of the thermoelectric properties. The code maintains a constant relaxation time
(7) of 10745 [29]. The examination of the thermoelectric properties of Rb,SeCl/Br, under hydrostatic pressure (0—8 GPa) considers
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Figure 19: Plots of figure of merit for (a) Rb,SeClg and (b) Rb,SeBryg.

electrical and thermal conductivities, Seebeck coefficient, power factor, and figure of merit.

Charge carrier mobility and density determine a material’s electrical conductivity (o) [8, 9]. The electrical conductivity of
Rb,SeCl¢/Brg was studied at hydrostatic pressure values of 0—8 GPa. Figure 15 depicts o-/7 plots for the examined double perovskite
materials under hydrostatic pressure. Thermal conductivity (o-) was shown against a temperature range of 150—1300 K. One can see
that o rises with increasing hydrostatic pressure. Rb,SeBrg has higher values of o than Rb,SeClg at high temperatures, suggesting
that it has better electrical conductivity for use as a thermoelectric material.

Thermal conductivity (k) consists of two components: the lattice and the electronic thermal component, which includes the
impact of electrons and holes within the material. The mathematical formula x = x, + k; [8—10] can be utilized to demonstrate this
claim. Figure 16 depicts plots of «, for Rb,SeX(X=Cl,Br) under hydrostatic pressure and how they increase with temperature (in
the range 150-1300 K). It can be observed that the values of k, increase with the hydrostatic pressure. «, has low values at 0 GPa
and high values at 8 GPa. The findings also demonstrate that Rb,SeClg has lower «, values than Rb,SeBrg. Rb,SeClg exhibits lower
thermoelectric values than Rb,SeBrg. The Seebeck coefficient is the ratio of voltage to temperature (S = V/T) [8, 10]. Seebeck
coefficients (S) can be positive or negative, depending on the materials under study. When holes are the primary charge carriers in
a substance, S is positive; when electrons are the predominant charge carriers, S is negative. Figure 17 shows plots of S versus
temperature at different hydrostatic pressure. Rb,SeBrg has greater values of § than Rb,SeClg. The positive Seebeck coefficients
indicate that the main charge carriers of Rb,SeClg/Brg are holes. The results also show that Rb,SeBrg is a better thermoelectric
material than Rb,SeClg.

The power factor (PF) is a crucial factor to consider when determining a material’s suitability for thermoelectric applications. It
is defined as the product of the Seebeck coefficient and electrical conductivity, as given in equation (24) [10, 11]. Figure 18 depict
PF plots against temperature (150-1300 K range). As shown in the figure, PF values increase as both temperature and hydrostatic
pressure rise. Rb,SeBrg has greater values of PF than Rb,SeCls. The highest value of PF was found for Rb,SeBrg, which is around
13 x 10" W/(mK?S), while the lowest was obtained for Rb,SeClg, which is around 6.1 x 10'* W/(mK?S). The results also showed
that Rb,SeBrg has better PF values for thermoelectric applications than Rb,SeClg.

The figure of merit (ZT') demonstrates the superior caliber of thermal compounds. Low heat conductivity and electrical properties
are the two most essential parameters for assessing increased thermoelectric efficiency. Materials with ZT > 1 are effective ther-
moelectric materials and are suitable for device engineering [10, 45]. The figure of merit ZT of Rb,SeCls/Brg falls with increasing
temperature, as demonstrated in Figure 19. However, all the values are > 1 for the two materials (Rb,SeBrg and Rb,SeClg), indicating
that they have good ZT values for thermoelectric device engineering.

4. Conclusion

This study examined the opto-electronic, elastic, and thermoelectric properties of Rb,SeX(X=CI,Br) under hydrostatic pressure
(0-8 GPa), utilizing a plane wave basis set of Quantum ESPRESSO (QE) codes. The band gap values of the materials were found
to decrease when hydrostatic pressure was applied on the materials. Rb,SeClg has a band gap value of 2.44 eV at 0 GPa, 2.21
eV at 2 GPa, and has metallic nature at pressure values above 2 GPa. Rb,SeBrg has a band gap value of 1.56 eV at 0 GPa, but
has a metallic nature under hydrostatic pressure (2 GPa to 8 GPa). The optical properties calculations suggest that the materials
have good absorption and reflectivity, little optical loss in visible and ultraviolet regions, good optical conductivity, and a refractive
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index adequate for visible range operation. As a result, the investigated double perovskite materials are important for solar cells and
other opto-electronic applications. The materials’ bulk modulus (B), Ci;, Cj2, and Cy4 values all match the Born criteria, ensuring
mechanical stability at all hydrostatic pressures investigated. They exhibit elastic anisotropy, as evidenced by shear anisotropy values
which are larger than one at all hydrostatic pressure values. Electrical conductivity, thermal conductivity, Seebeck coefficients, and
power factor all increase with increasing pressure values. Rb,SeBrg has a greater value of S (0.248 x 10® (m V/k) than Rb,SeCl,
(S = 0.175x 10° (m V/k)). The positive Seebeck coefficients indicate that the main charge carriers of the materials are holes.
Rb,SeBr, has a higher value of PF (about 13 x 10'* W/(mK?2S)) than Rb,SeCly (about 6.1 x 10'* W/(mK?2S)). The results of ZT
in this study are more than unity, indicating that the materials have good ZT values for thermoelectric device engineering. The
thermoelectric results indicate that Rb,SeBrg is a more effective thermoelectric material than Rb,SeClgs. We conclude that hydrostatic
pressure has a substantial effect on tuning the optical and thermoelectric behavior of the double perovskite materials, as increasing
hydrostatic pressure causes an increase in the optical and thermoelectric parameters of the studied double perovskites.
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