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Abstract
For the fabrication of thermoelectric and optoelectronic devices,metal halide perovskitematerials are
perfect applicants. In this work,first-principles computation is carried out to explore the structural,
optical, electronic, and transport features of Rb2InGaX6(X=Cl, Br, I).In structural calculations, the
obtained value of Paugh’s ratio(B/G) reveals thematerial’s brittleness. The acquired negative value of
enthalpy of formation (ΔHf) exposes the studiedmaterials are stable. The exploitation of band
structure exhibits that the Rb2InGaX6(X=Cl, Br) compound possesses an indirect bandgap value of
2.20eV for Cl, which significantly decreases to 0.90 eV by substituting anion fromCl up to I. The
materials under observation possess a remarkable absorption coefficientα (ω) in ultraviolet and
visible region (2–8eV) of light spectra, whichmakes it practical for photocell and optical device
fabrication. Furthermore, the transport features are estimated by utilizing the BoltzTrap codewithin
the temperature range of 200–500K. The calculated value of the figure ofmerit (ZT) indicates that
Rb2GaInX6 (X=Cl, Br, I) compounds are a potential candidate for thermoelectric device
applications.

1. Introduction

Over the past few years, perovskitematerials have developedmaterial science and solid-state physics based on
their fundamental features. Aswe live in the era of the environmental energy crisis, with the increasing energy
demand, fossil fuels are declining day by day. So, tominimize their depletion, scientists are concentrating on the
fabrication of light-harvesting devices that could convert light energy into electrical energywithout polluting the
environment [1]. Solar energy takes a fractional part in replacing non-renewable sources of energy such as fossil
fuels. Spotting the potentialmaterial for energy harvesting applications is essential [2, 3]. Earlier lead-based
perovskitematerials were used to convert light energy into electricity due to their high efficiency of energy
conversion, but their toxic nature assists the researchers for an alternative substance. They have found captivated
recognition of the organic/inorganic halide-based perovskite in theoretical and experimental consideration
since thesematerials come upwith a cheap processing cost, recycling, non-toxic nature, adjustable bandgap, and
high-temperature stability, whichmake them suitable for the fabrication of solar cells power generation
devices [4].

Perovskite was the firstmanwho specified the structure of perovskitematerial. If the unit cell is doubled,
they become double perovskites. Their general formula is A2BB′O6 [5]. These perovskite compounds have
promising applications in differentfields of sciences. In recent decades, lead-based perovskitematerials have
become essential in optoelectronic devices. They bring up amassive increase in the power conversion efficiency
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greater than 25% through unique fabricating procedures [6]. Due to their toxicity and instability, thesematerials
are prohibited frombeing used commercially. This has stimulated the researchers to develop lead-free,
environmentally friendlymaterials, high-temperature stability, and cheap processing cost. A noticeable
advancement is beingmade to discover possible applications (such as thermoelectric, optoelectronic, and
spintronic) of the lead-free perovskites [5].

In recent years,muchwork has been allotted to double perovskitematerials to investigate their properties for
possible applications. Parreyet al (2018)find out that the La2NbMnO6 compound is half-metallic, and its
bandgap energy is 3.75 eV. Furthermore, he found thismaterial suitable for optoelectronic devices in IR andUV
frequency ranges. He also predicted thefigure ofmerit as 0.14 [7]. Ullah et al (2020) showed perfectly suitable for
optoelectronic devices. He also calculated values of optical properties, which show that these perovskites are
perfectly suitable for optoelectronic devices [8], Nabi et al (2019), used the density functional theory (DFT) to
understand howpressure affect the electronic, structural, thermodynamic, and thermoelectric properties of
Ba2MnTaO6 double perovskites. He showed that compounds have awide bandgap ranging from2.63 to 2.56 eV.
He calculated the value of the Seebeck coefficient, which is 99.69.[9], Razzaq and Islam (2020) showed that
Paugh’s ductility index (B/G) talks about the brittleness of thematerial. TheCalculated value of the Zener
anisotropic factor supported the anisotropic nature of the compound. TheDirect bandgap of this compound is
1.33eV. The compound’s semiconducting naturewas calculated by the density of states (DOS) and electronic
band structures. Cs2SnBr6 [10], Dar, S.A. et al (2019) investigated the electronic features by computing the
different optical parameters that showed the semiconducting nature [11].

In the light of a comprehensive literature review, it is noticeable that the calculated values of the bandgap,
absorption coefficient, thermoelectric properties such as Seebeck coefficient, thefigure ofmerit confirm that
thesematerials are suitable for solar cell and thermoelectric device fabrications.

2. Computationalmethods

To examine the structure, thermoelectric and optoelectronic features of Rb2InGaX6(X=Cl, Br) double
perovskite, theoretical computations are carried out by implementing the FPLAPWmethod inWIEN2K
software [12]. Themodified Becke-Johnson exchange-correlation functions are usedwithin generalized
gradient approximation (GGA) to estimate the least total energy value. The value of the tolerance factor (tG)
determines the stability of the compound, and it can be found by using the relation [13]:
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Here r r r, ,A B X the ionic radii of respective atoms and this formula determine the stability of crystal strucutre
by taking into account the ionic radii of involving atoms. The computed electronic features show the
semiconducting nature of the compound. The electronic strucutre calculationwas carried out using PBEsol
approximation. In addition, the lattice parameter was calculated from the energy volume optimization graph.
The unit cell is split up into interstitial region andmuffin tin radii RMT.Muffin tin radii are chosen to ensure no
charge leakage in the interstitial region and energy convergence [5, 12]. The initial variables have been adapted in
the Brillouin zone byGaussian variables Gmax= 16 andKmax´RMT= 8. Thewave vector (k)mesh is
approximate of 12×12×12 order chosen by 2000-k uponwhich energy is liberated.Moreover,
optoelectronic features are computed by theKramer-Kronigformula [11]. The real and imaginary dielectric
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To investigate transport properties ofmaterial BoltzTrap code is used that is established on Semiclassical
Boltzmann transport theory.

Its expressions are as:
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Here, ƒ0 is the Fermi–Dirac equilibriumdistribution function,Ω shows the volume of crystal structure, andμ is
the chemical potential [14].

3. Results and discussion

3.1. Structural properties
Figure1 shows the cubic structure ofRb2GaInX6(X=Cl, Br, I)material. The calculated value of lattice parameter
(ao) are noticed as 10.66Å, 11.13Å, and 11.87Å, forCl, Br, and I-based compositions, respectively. This increase in
lattice parameters is credited to the greater ionic size of proceeding halides. The space group can represent the
arrangement of atoms in the crystal structure Fm3 mwith their uniqueWyckoff positions. TheRb ions sit at the 8c
sitewith atomic coordinates(1/4,1/4,1/4), Ga ions sit at the 4a sitewith coordinates (0,0,0). Similarly, it occupies
the 4b sitewith coordinates (1/2,0,0)while halides take the 24e sitewith coordinates (x,0,0).

To get a stable energy state at the lowest energy, onemust optimize the volume. The volume optimization
was done to acquire the lattice constants using theMurnaghan equation [15].
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The volume energy graph for all three compositions is shown infigure 2. Table 1 comprises the computed
values of lattice parameters. Based on this data, one can predict that the computed parameters agreewith the
reported experimental values [16–17].

3.2. Phonon spectra
The phonon dispersion spectra of Rb2GaInX6 (X=Cl, Br, I) double perovskites were computed using PBEsol
functional of TB-mBJ potential and are presented infigure 3. In these compositions, there are 10 atoms and thus
30 phononmodeswhich are divided in twomain types called acoustic and optical phonons. Optical phonons
have a greater wavelength at a lower frequency. The positive value of frequency in the complete BZ assured the
stability of under study compositions of double perovskites [18].

3.3.Mechanical properties
Thematerial ismechanically stable if it satisfies thenecessary condition of stability knownasBorn stability criteria,
i.e., C11>0,C44>0,C11–C12>0, andC11+2C12>0,whereC11, C12,C44are elastic constants [10]. The
computed values of theBulkmodulus(B) and Shearmodulus (G) are also given below in table 1,which shows that

Figure 1.TheCubic structure of double perovskites Rb2GaInX6 (X=Cl, Br, I), where the blue, red, green, and black spheres represent
Rb, In, Ga, andX atoms.
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thematerial is rigid. The value of Pugh ratioB/Gshows the ductility/brittleness of thematerial. The calculated value
of Pugh’s ratio ismore significant than 1.75,which shows that thematerials under investigation are ductile [17].

The calculated enthalpy of formation (ΔHf) is given in Table 1. The enthalpy of formation can determine the
thermodynamic firmness. The observed negative values ofΔHfpredict that heat is released during the formation
of the compound, and it ismore stable. The calculated values of Young’smodulus (Y) and anisotropy factor (A)
are also given below.

3.4.Optoelectronic features
The computation of partial density of states, and total density of states provide useful information about
optoelectronic features of Rb2GaInX6 (X=Cl, Br, I) [19]. The consequences indicates that the three
compositions Rb2GaInCl6, Rb2GaInBr6, Rb2GaInI6 have indirect bandgap values of 2.20 eV, 1.55 eV, 0.90 eV
respectively (shown infigure 4).Moreover, in the Brillouin zone, conduction bandminima of the compositions
are at L, and valence bandmaxima deceits at X crystallographic position. By changing anion fromCl to I, the
width of the bandgap is reduced. The conduction band (CB)moves near the Fermi level (reduction in the
bandgap) due to increased atomic sizewhilemoving down the group fromCl to I [20].

Figure 2.Volume versus energy graph of studied compoundRb2GaInX6 (X=Cl, Br, I).

Table 1.The calculated values of structural andmechanical parameters of Rb2GaInX6 (X=Cl, Br, I).

Structural parameters Rb2GaInCl6 Rb2GaInBr6 Rb2GaInI6

PBEsol OtherCal. PBEsol OtherCal. PBEsol OtherCal.

Ao 10.66 10.82a 11.13 11.36a 11.87 12.15a

Bo 29.11 26.13 20.60

tG 0.95 0.96 0.98

ΔHf −1.64 −1.08 −0.82

C11 54.11 49.67 32.77

C12 16.92 14.22 13.87

C44 8.31 7.24 3.75

B 29.31 26.03 20.17

G 11.54 10.46 5.48

Y 30.62 27.67 15.09

B/G 2.53 2.48 3.68

υ 0.34 0.33 0.37

A 0.44 0.40 0.39
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Figure 3.Phonon dispersion spectra of Rb2GaInX6 (X=Cl, Br, I).

Figure 4.DFT calculated electronic band structures of Rb2GaInX6 (X=Cl, Br, I).
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Generally, in the formation of band gaps, the graphs ofDOS show the contribution of different states, and
total density of states (TDOS) represents the contribution of all the three compositions that are Rb2GaInX6

(X=Cl, Br, I). Partial density of states (PDOS) provides a better insight into the contribution of different
elements in band formation. It is clear from figure 5 that the 5s state of Rband 4p state of Ga plays a vital
contribution in forming the conduction band. At the same time,4p-In has aminor contribution in band
formation both in valence and conduction band. Furthermore, in forming the valence band, halogens have
additional feasibility of states 3p/4p/5p of Cl, Br, and I, respectively.

The interactionof lightwithmatter instigates electrons for interband and intra-band transition. The inter-band
transition is appropriate for optoelectronic applications. In addition, the bandgapof the compound is a
subsequential parameter since it talks about that particular regionwheremaximumenergy absorption takes place. It
canbe seen fromfigure 6 that the real part of the dielectric constant corresponds to the refraction,whereas the
imaginary part corresponds to the extinctioncoefficient. Thehighest peaks show themaximumabsorptionof light.

Themaximum crust obtains due to the resonance of frequency of light with the vibrational frequency of
material particles. Different values of optical variables such as refractive index (n), dielectric constant (ε),
absorption (α), and reflectivity (R) for thematerial Rb2GaInX6 (X=Cl, Br, I) are displayed in table 2.

The real part of thedielectricparameterε1(ω) reachesmaximumvaluesof 3.29, 3.92, and5.10 for
Rb2GaInCl/Br/I6, respectively, as shown infigure6.A rising value in real part of thedielectric constant isnoticedwhile
moving fromCl to I,which is 3.29 to5.10.This increase in value is in accordancewithPenn’smodel [19].

ħ( ) ( )E1 p g1
2e w w» + ¥ whichpredicts that the compound is appropriate foroptoelectronicdevice applications.

Computed zero energy refractive index ( )n w are given in table 2, and it canbecalculatedby the following formula [21]:

( ) [ { ( ) ( ) ( ) } ] ( )n 81
2

2
2

1
1 2w e w e w e w= + +

Figure 5.Calculated TDOSof Rb2GaInX6 (X=Cl, Br, I) and PDOSof Rb,Ga, In, andX atomswithmBJ potential.
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The absorption parameterα(ω) controls that up to a point, thewavelength of light could absorb into the
material. The highest absorption crest is found inUVand visible regionswithin the energy range of 2–8eV. At
zero energy, the reflectivity (R)valuewas observed at 0.08 for Cl and 0.15 for I.The variation ofα(ω),σ(ω) and
R(ω)within the energy range of 0–12 eV is shown infigure 7.

3.5. Thermoelectric features
Tomanufacture energy conservation devices that can convert heat to electrical energy, one needsmaterials with
acceptable values of the Seebeck coefficient andfigure ofmerit. The thermoelectric features of Rb2GaInX6

(X=Cl, Br, I) are computed by classical Boltzmann transport theory and executed in BoltzTrap code [22]. The
figured values of thermoelectric features are given in table 3. A perfect thermoelectricalmaterial should have a
high value of electrical conductivity(σ/τ)and Seebeck coefficient (S) and a low value of thermal conductivity(k/
τ) [13]. Figure 8 labels the transport properties for Rb2GaInX6 (X=Cl, Br, I)material against Temperature (K).

The electrical conductivity of depends upon the carrier concentration, carriesmobility and charge on each
charge carrier and it is proportional to the number of free charge carriers. The values ofσ/τ are 6.51/5.74/2.63
(Ωms−1) for Rb2GaInX6 (X=Cl, Br, I) compounds, respectively. It can be noticed fromfigure 8 that with the
gradual increase in temperature,σ/ τ also increases. This increase in the value ofσ/τ is attributed to the
increasing carrier concentration as a result of bond breaking. Themathematical expression of as b is as follows:

⎡
⎣

⎤
⎦

( ) ( ) ( ) ( )f T
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1 0 , ,
9a aòs a m s e

e m
e

=
W

-
¶
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whereƒ0 represents the Fermi–Dirac equilibriumdistribution function,μ is the chemical potential, andΩ shows
the volume of crystal structure.

Figure 6.The estimated values of real part ε1(ω), imaginary part of dielectric function ε2(ω), Refraction and coefficient of extinction
for Rb2GaInX6 (X=Cl, Br, I) by usingmBJ-potential.

Table 2.Estimated values of bandgap and optical
constants by usingmBJ potential at zero for cubic
structure Rb2GaInX6 (X=Cl, Br, I).

Spinel Eg(eV) ε1 n R

Rb2GaInCl6 2.20 3.29 1.81 0.08

Rb2GaInBr6 1.55 3.92 1.98 0.10

Rb2GaInI6 0.90 5.10 2.26 0.15
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The heat frow per unit area of thematerial when a temperature gradient ismaintaine across its terminal is
termed as the thermal conductivity (k/τ). The thermal conductivity possesses two parts: the phonon part ( )kph

and the electronic part ( )k .e Nevertheless, in the present work, only the electronic part is discussed because the
contribution of phonons is not in notice at low temperature, and the BoltzTrap code restricts it. It can be
observed from figure 8(c) that the value of ke/τ rises with an increase in temperature. Because of the larger ionic
radii, the thermal collision increases [23].

The calculated values of ke/τ are 1.08/0.920/0.62×1014WmK−1 for thematerial Rb2GaInX6 (X=Cl, Br,
I), respectively. It can be noticed that exploredmaterials have a low value of ke/τ.So, it is a suitable applicant for

Figure 7.Calculated values ofα(ω),σ(ω) andR(ω) of Rb2GaInX6 (X=Cl, Br, I) by usingmBJ-potential.

Table 3.Estimated values at 300K of Electrical conductivity (σ/τ), Thermal conductivity (ke/τ), Seebeck parameter (S), Power
factor (PF), and figure ofmerit throughmBJ-potential for the structure of Rb2GaInX6 (X=Cl, Br, I).

Perovskites σ/τ (× 1018/Ωms−1) ke/τ (×1014Wm−1K−1) S (μVK−1) PF (×1010 WmK−2s−1) ZT

Rb2GaInCl6 6.51 1.08 197.25 2.53 0.72

Rb2GaInBr6 5.74 0.92 203.03 2.36 0.74

Rb2GaInI6 2.63 0.62 248.66 1.62 0.76
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thermoelectric device fabrication. The thermal conductivity can be determined by the formula [14].
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The capability of amaterial to produce electrothermal voltagewhen a temperature difference exists between
the ends of amaterial is called Seebeck coefficient. It is usuallymeasured inμVK−1. It can be noticed from the
graph that there is a reduction in the value of Swith the temperature rise. This observed behavior confirms the
conduction of small polarons in thematerial with charge carriers independent of temperature [24]. The
decreasing behavior is due to the increasing thermalmovement of carriers with decreasing value of Seebeck
voltage. The obtained positive value of the Seebeck coefficient predicts the flowof positive charge carriers and
vice versa for negative values. The Seebeck coefficient can be calculated by using the formula.
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The calculated values of the Seebeck coefficient for Rb2GaInX6 (X=Cl, Br, I) are 197.25/203.03/248.66
μVK−1, respectively in the temperature range of (200–800K).

Power factor ( )PF is the percentage expression of energy efficiency of a thermoelectric device. It shows the
overall efficient performance of the double perovskitematerials for energy conservation devices. The following
equation can represent it:

( )PF
S

12
2s
t

=

Figure 8(d) shows that the power factor increases when there is a rise in temperature because it is directly
related to the value of S and .s The estimated value of PF at room temperature is higher for Cl(2.53×
1010 WmK−2s−1) than other compositions.

The value of thefigure ofmerit indicates the effective functioning of thermoelectric (TE) devices. For a
perfect thermoelectric device, the value of ZTmust be equal to or greater than unity. The below relation can
calculate the figure ofmerit:

( )ZT
TS

k
13

2s
=

S denotes the Seebeck coefficient, s and k represent the electrical and thermal conductivities, respectively.
It can be noted fromfigure 9 that the value ofZT decreases as the Temperature (K) increases. As observed at

high temperatures, the bandgap value reduces, so the value ofZT is also reduced [25]. The noted value ofZT is
0.72 at 800K for Rb2GaInCl6, and similarly, for other compositions, values are given in table 3. Since external

Figure 8.Estimated values of (a) (σ/τ), (b) (ke/τ), (c) (S) and (d) (PF) for Rb2GaInX6 (X=Cl, Br, I).
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pressure helpsmold electronic properties, which ultimately affect optical and thermal transports ofmaterials
[26, 27], similar strategies could also be practiced for thematerials under investigation tomake them sound as
per technological requirements.

4. Conclusion

In summary, by usingmBJpotential for thefirst time, the optoelectronic and thermoelectric properties of
Rb2GaInX6 (X=Cl, Br, I)halide perovskite has been completely investigated basedon thefirst principles study.The
estimated structural parameters truly satisfy the experimental results. The calculatedPaugh’s value,which is larger
than 1.75ofRb2GaInX6 (X=Cl, Br, I), predicts the ductile nature of thematerials.Theobtained results of bandgap
structure reveals that all the threematerials own indirect bandgaps of2.20eV (Rb2GaInCl6),1.55eV (Rb2GaInBr6)
and0.90eV (Rb2GaInI6). The high value of absorptionα (ω)parameter in theUVandvisible regionwithin energy
range (2–8eV)proves that exploredmaterials are potential candidates for optical devices. Furthermore, the obtained
value of ZT forRb2GaInCl6is∼0.73 at room temperaturemakes it useful for thermoelectric applications.
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