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A B S T R A C T   

Recently, all inorganic double perovskites have drawn a lot of interest as promising solar mate-
rials. The optical, structural, thermoelectric, electronic, and mechanical properties of double 
halide perovskites A2LiGaI6 (A = Cs, Rb) are explored via first-principles calculations with the 
WIEN2k code, using GGA PBEsol and TB-mBJ potentials. The majority of perovskite materials 
utilized in the highest-performing solar cells have bandgaps ranging between 1.48 and 1.62 eV. 
The compounds A2LiGaI6 (A = Cs, Rb) have a direct bandgap of 1.51 eV and 1.55 eV, respectively, 
and are expected to be useful in solar cells. The optical study shows that there are large absorption 
bands in the visible region, as determined by the dielectric constant, absorption, and other 
dependent factors. Their potential for use in solar cells is increased by their absorption in the 
visible part. The BoltzTraP code has been used to perform thermoelectric studies to assess the 
electrical, thermal conductivities, and Seebeck coefficient. They are important for construction of 
thermoelectric generators that harvest heat energy because of their high figure of merit and 
incredibly low thermal conductivity of lattice at ambient temperature. Furthermore, by exam-
ining the spectroscopic limit maximum efficiency, up to 30 % efficiency is predicted for both 
compositions, which paves the way for the applicability of them in solar energy conversion.   

1. Introduction 

Nearly 85 % of the world’s population relies on limited fossil fuels for energy, which has negative effects on the environment and 
people’s health. Furthermore, until 2050, energy consumption will be doubled. Sustainable energy sources such as hydro, wind, and 
solar energy are becoming important [1]. As a result, researchers are working hard to develop solar cells with higher efficiency. 
Perovskite solar cells (PSCs) are rapidly becoming the most advanced due to their low-price and high-power conversion efficiency 
(PCE). We are all aware that the photovoltaic technology that is advancing the quickest in terms of development and research PSCs. 
Beginning with a dye-sensitized solar cell, researchers employed the hybrid inorganic-organic halide perovskite (HIOHP) CH3NH3PbI3 
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as a light-sensitizer to achieve a PCE of 3.8% [2]. Hybrid perovskites such as NH(CH3)3SnX3 (X = Br, Cl) [1], ABI3 (A = NH2CHNH2, 
CH3NH3; B––Pb, Sn) [3], and CH3NH3PbI3 have been noted as a possible replacement for high-efficiency solar cells [4]. The PCE of 
hybrid perovskites is relatively high: it is larger than 19 % in most cases [5,6]. Pb halide perovskite (HP)-based solution processed solar 
cells have already attained a record-breaking efficiency of over 22 % in a single-junction arrangement [7]. The extraordinary device 
efficency is due to the remarkable optical and electrical features of lead (Pb)-based perovskite, including their small bandgap with 
significant optical absorption coefficient, extended carrier lifetime, stable charge carriers transport, and low exciton binding energy [8, 
9]. Lead-based perovskites are toxic, not environmentally friendly, and deteriorate under a variety of conditions, including visible and 
ultraviolet light, heat, water vapour pressure, applied electric field, ambient air, and mechanical pressure. This is one of the main 
reasons why they are not a popular source of sustainable light-to-electricity conversion [10–13]. 

Finding stable and Pb-free substitutes with comparable optoelectronic capabilities to Pb-based perovskites is one of the intrinsic 
remedy to solve these problems [14–20]. This technique necessitates extensive searches through enormous compositional and 
structural areas, which would be too time-consuming and costly for standard trial-and-error experiments [21]. As a result, compu-
tational initiatives are required to design and discover efficient lead halide perovskite alternatives. The inorganic halide perovskites, 
also known as double perovskites, are highly sought-after for study due to their successful use as light-absorbing materials in 
photovoltaic devices [16,17]. 

Two significant substances, Cs2LiYBr6 and Cs2LiYI6 are also members of the family of crystalline elpasolite materials and are 
currently referred to as double perovskite lead-free halides [18,19]. These double perovskites halides, notably Cs2LiYX6 (where X = Cl 
and Br), are said to have a stable cubic phase (space-group: Fm3m). Existing literature includes experimental evidence that supports 
this. Additionally, it has been documented in the literature that crystals from this family exhibit good scintillation characteristics when 
excited by gamma radiation. As a result, light yield during the scintillation process is said to be freed in the energy range of 20,000–70, 
000 ph/MeV. The energy resolution of Cs2LiLaBr6 at 662 keV is 2.9 %. 

The fact that these materials involve d-f transitions as a result of the existence of the trivalent cationic sites with perfect Oh 
symmetry in the rare earth elements makes them extremely fascinating as well. Furthermore, it has been shown that Li-containing lead- 
free double perovskites halides can transform incident neutrons into secondary ionizing particles; as a result, these halides are thought 
to be promising for neutron and gamma-ray scintillator detectors with cerium (Ce) doping. Additionally, these materials are of 
particular interest for their luminescence properties due to the presence of core valence electrons. For instance, Loef et al. investigated 
the spectroscopic and scintillation property of both the pure and cerium doped Cs2LiYX6 (X = Br, Cl) and, as a consequence, they got 
novel information on the Ce doped and pure Cs2LiYX6 (X = Cl, Br), and examined their scintillation mechanism [20]. Eijk et al. studied 
the role of thermal neutrons scintillator with elpasolite Cs2LiYBr6, in addition to the decay timings and light yields from the monoclinic 
crystalline substance Li3YBr6 that contains Ce doping. With 1 % doping of Ce in CsLiYBr, a high value of light-yield of 64,000 x 

photons
thermal neutron was demonstrated from Cs2LiYBr6: Ce. The other, however, displayed an 88,200 photon yield per thermal neutron. 
Interestingly, both Cs2LiYX6 compounds (X = Br, I) share the same crystal structure, allowing us to study the anion influence spe-
cifically on optical characteristics [ 19–21]. 

Using the WIEN2k code for energy applications, we developed the materials A2LiGaI6 (A = Cs, Rb) based on an analysis of the 
aforementioned literature and the energy demand. The amount of literature on this significant compound is extremely limited. To 
describe how materials are used in sustainable devices, a thorough grasp of material qualities are necessary. In order to achieve this, 
density functional theory (DFT) simulations with Tran-Blaha modified Becke-Johnson (TB-mBJ) potential have been used to assess the 
electronic structures, refraction, absorbance coefficient, and dielectric constants of the double perovskites A2LiGaI6 (A = Cs, Rb) 
[22–29]. The use of the TBmBJ potential has significantly improved the accuracy of bandgap calculations for semiconductors 
compared to previous methods. While the GW approximation still offers the highest level of accuracy, its computationally intensive 
nature makes the TBmBJ potential an appealing option for researchers and practitioners who value a balance between precision and 
computational efficiency. In summary, the TBmBJ potential provides a notable advancement in accurately estimating semiconductor 
bandgaps, presenting a valuable alternative to the GW approximation in terms of accuracy and computational considerations [22,23, 
27,30]. In addition to the thermal and electrical conductivities, figure of merit and Seebeck coefficient of the transport properties have 
been examined. To carry out experimental research for fabricating solar cells and thermoelectric generators, our theoretical analysis of 
A2LiGaI6 (A = Cs, Rb) compound will supply the knowledge and trends needed to understand optoelectronic and thermoelectric 
properties. 

2. Computational details 

In this communication, to explore the required characteristics of the present crystalline materials, a computational program called 
WIEN2k based on full-potential augmented plane waves (APW) and local orbitals (lo) has been utilized [24,25,27]. Using an 
exchange-correlation functional PBEsol [24], the structural optimization at ground state and elastic properties of crystals were 
computed. An additional functional TB-mBJ was employed to investigate optoelectronic properties [26–31]. Within the interstitial 
zone and muffin tin spheres, electronic systems’ spherical harmonic and plane wave solutions were taken into consideration [31]. 
Initial parameter values for the cutoff energy, the Gaussian parameter Gmax, the angular momentum l, and RKmax in reciprocal lattice 
are − 0.7 mRy, 12, 10 and 8 respectively. We set the energy and charges convergence criterion to be 0.01 mRy and 0.0001e, 
respectively. 

Thermoelectric parameters such as thermal conductivity (к), electrical conductivity (σ), seebeck coefficient (S), power factor (PF), 
and the electronic component of the figure of merit (ZTe) were computed. 
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σ
τ =

ne2

m∗
(1) 

equation (1) describes the relationship between electrical conductivity (σ) and variables such as electric charge (e), charge density 
(n), and effective mass (m*). The relationship between temperature and σ can be explained using the subsequent formula [32–34]. 

σ(T, μ)= 1
Ω

∫

σαβ(ϵ)
[
− ∂f0(T, μ, ϵ)

∂ϵ

]

∂ϵ (2)  

Equation (2) mathematically explains the relationship between temperature and electrical conductivity (σ) using the transport energy 
distribution tensor represented by σαβ (∈), with α being the indices of the energy distribution tensor. The chemical potential is denoted 
by μ, and Ω is the volume of unit cell. Thermal conductivity (к) is the transfer of heat energy due to temperature differences and consists 
of two components: electronic conductivity (кe) and lattice conductivity (кl). This parameter is composed of two components: the кe, 
which is due to electronic transport, and the kl, which is caused by lattice vibrations (phonons). 

k= ke + kl (3) 

The thermo-power (S) calculated through equation (3), represented the voltage generated in response to a temperature gradient, 
where its mathematical formula that we used is of the form [34]. 

S(T , μ)= 1
eTΩσαβ(T, μ)

∫

σαβ(ϵ)(ϵ − μ)
[
− ∂f0(T, μ, ϵ)

∂ϵ

]

∂ϵ (4) 

The integral in equation (4) involves the product of the energy (ϵ) minus the chemical potential (μ) and the partial derivative of the 
Fermi-Dirac distribution function (f0) with respect to energy (ϵ). Equation (5) gives power factor (PF) which is another crucial ther-
moelectric parameter that determines the effectiveness of a thermoelectric device. It can be expressed mathematically as: 

PF = S2σ (5) 

A dimensionless number that represents the conversion efficiency of thermoelectric materials is called the figure of merit (ZT) and 
computed with equation (6). The following relatin can be used to compute it [11,32–34]. 

ZT =
S2σ T

k
(6)  

3. Result and discussions 

3.1. Structural properties 

With the composition of A2LiGaI6 (A = Cs, Rb), the Wyckoff locations of the A location at (1 /4, 1 /4, 1 /4) and (3 /4, 3 /4, 3 /4), Li at 

Fig. 1. (a) Optimized plot of Cs2LiGaI6 (b) Crystal Structure of Cs2LiGaI6 
(c) Optimized plot of Rb2LiGaI6 and (d) Crystal Structure Rb2LiGaI6. 
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(1 /2,0,0), Ga at (0,0,0), and I at site (x, 0,0) are shown in Fig. 1(b, d) [23,30,31]. Moreover, calculations based on generalized gradient 
approximation with the PBE for solids (GGA-PBEsol) calculations reveal that the lattice parameters of Cs2LiGaI6 and Rb2LiGaI6 are 
11.9144 Å and 11.8807 Å, correspondingly with space group 225 (Fm 3m). The material’s stability is an essential aspect of ensuring the 
device’s performance. The tolerance, octahydral and modified tolerance factors for two A2LiGaI6 (A = Cs, Rb) perovskite materials to 
forecasting structural stability have been estimated through equaions (7–9) respectively. The Goldschmidt tolerance factor is a 
measure of crystal structure stability and distortion. The following 

Relationsips and their respective ionic radii are used to derive these variables: 

τ= rA + rX
̅̅̅
2

√
(r|B + rX)

(7)  

μ=
rB

rX
(8)  

τ= rX

rB
− nA

⎡

⎢
⎢
⎣nA −

rA
rB

ln
(

rA
rB

)

⎤

⎥
⎥
⎦ (9)  

where rA, rX are Cesium/Rubidium, halogen atom Radii respectively and rB is the mean radii of the locations B+, B+3 [30,31]. Table 1 
enlisted the estimated values of octahedral, tolerance and modified tolerance factors. Fig. 1(a,c) display the energy vs. volume 

Optimization plots that were created using the Birch-Murnaghan equation of state equation (10) as follows: 

E(v)=E0 +
9B0V0

16

⎧
⎨

⎩

((
V0

V

)2
3

− 1

)

B′
0 +

(

6 − 4
(

V0

V

)2
3
)((

V0

V

)2
3

− 1

)2
⎫
⎬

⎭
(10)  

3.2. Electronic properties 

Fig. 2 (a and b) show the estimated band structures of two Cs/Rb-based perovskites. For the present perovkite materials, both the 
valence band maxima (VBM) and conduction band minima (CBM) are found at the same high symmetry point at (Γ- Γ). The calculated 
bandgaps of two perovskites are given in Table 1. The calculated direct bandgaps of Cs2LiGaI6 and Rb2LiGaI6 in the visible range are 
1.51 eV and 1.55 eV, correspondingly, highlighting their importance for solar and optoelectronic systems. The density of states (DOS) 
is important physical parameter for comprehending the electronic characteristics of materials. Fig. 3(a and b) illustrate the partial 
density of states (PDOS) and total density of states (TDOS) for A2LiGaI6 (A = Cs and Rb) using TB-mBJ-GGA approximations. The 5p 
orbital of halogen I dominate the valence band top of A2LiGaI6, while 4p-Ga, 5p-I, and 2s-Li states dominate the conduction band 
bottom of A2LiGaI6 (A = Rb and Cs) halide Perovskites. The inter-band transition electrons are controlled by the states of 4p-Ga and 5p- 
I, with Ga-4p states being the first conduction zone in all compounds. For Rb2LiGaI6 and Cs2LiGaI6, the s-Rb and s-Cs states are. 

Accountable for the e− being free in the structure. Only valence electrons are capable of hybridization and inter-band transitions, 
and when carriers acquire energy, electrons go directly from the valence to the conduction bands. 

3.3. Mechanical properties 

Although the examined alloys have cubic symmetry, we have computed just three independent elastic parameters symbolized as 
C44, C12, and C11, which are shown in Table 2, to characterize all mechanical properties. The results show that the elastic constants are 
positive, and the accuracy of the calculations that follow is checked using the Born criterion given in equation (11) for the cubic model 
[35–40]. 

C11 > 0;C44 > 0;C11 − C12 > 0;C11 + 2C12 > 0;C12 < B < C11 (11) 

The following formulas given in eqations (12–16) are used to compute the Young, bulk, shear moduli. Higher shear, Young, and 
bulk Modulus indicated a high resistance to deformation. 

Table 1 
The estimated lattice parameters, tolerance factors and bandgap Eg at ground state energy.  

Parameters Cs2LiGaI6 Rb2LiGaI6 

Lattice parameter Å 11.9144 11.8807 
Bandgap (eV) 1.51(direct) 1.55(direct) 
Tolerance factor (t) 0.8152 0.9021 
Octahedral factor (μ) 0.9318 0.9318 
Modified Tolerance factor (τ) 4.5970 3.1584  
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B=
(C11 + 2C12)

3
(12)  

S=
(SV + SR)

2
(13)  

SV =
(C11 − C12 + 3C44)

5
(14)  

SR =
5(C11 − C12)C44

3(C11 − C12) + 4C44
(15)  

Fig. 2. Graphs illustrating total density of states and band structure for (a) Cs2LiGaI6 and (b) Rb2LiGaI6.  

Fig. 3. PDOS of (a) Cs2LiGaI6 and (b) Rb2LiGaI6.  

Table 2 
Elastic parameters(C44, C12, C11), shear modulus S, bulk modulus B, Young modulus Y, anisotropic constant A, Cauchy’s pressure CP, Pugh ratio B/S, 
Poisson’s ratio, and shear constant C′ for Cs2LiGaI6 and Rb2LiGaI6.  

Parameters C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) S (GPa) Y (GPa) B/S ν A CP C′ 

Cs2LiGaI6 38.6662 8.5715 10.5161 18.6031 12.1424 25.3824 1.532 0.232 0.690 − 1.945 15.047 
Rb2LiGaI6 28.5622 7.2738 7.8059 14.3699 8.8395 18.8063 1.626 0.245 0.733 − 0.532 10.644  
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Y =
9BS

3B + 2S
(16) 

due to plasticity and amplified strength of the materials. The brittleness and ductility of materials are measured using Pugh’s ratio 
(B/S), Poisson’s ratio given in equation (17), and Cauchy’s pressure in equation (18). If (v > 0.26, B/S > 1.75, and CP > 0) [36–40], the 
material is ductile; otherwise, it is brittle. Our named compounds’ computed Pugh’s and Poisson’s ratios, as well as Cauchy’s pressure, 
are less than the limit values; thus, our studied compounds are brittle. 

ν= 3B − 2S
2(3B + S)

(17)  

CP =C12 − C44 (18)  

C′ =(C11-C12) / 2 (19)  

The shear constant computed by using equation (19). The shear constant’s + ve value C′ stands for the dynamical stability of the 
material [40]. Our designated compositions have positive shear constant values, demonstrating their dynamic stability. The aniso-
tropic Zener factor A determined by equation (20) that indicates whether the substance is anisotropic or isotropic, where it is rep-
resented as [39,40]. 

A=
2C44

C11 − C12
(20) 

The material is isotropic when A = 1, whereas it becomes anisotropic when A deviates from unity. Due to the varying values of A 
from unity, our named compounds are anisotropic materials. 

3.4. Optical properties 

The way a substance interacts with light is referred to as its optical characteristics. When designing solar cells, it’s essential to 
understand how the material used will respond to different frequencies of light, as this can have a significant effect on the solar cell’s 
efficiency. The behavior of material properties like conductivity, reflection, and absorption with the interaction of light is very 
important in designing solar cells. The dielectric function ε(ω) is the most essential parameter to understand optical characteristics, 
where it is represented as: ε(ω) = ε1(ω)+ iε2(ω). In this case, ε1(ω) and ε2(ω) are the dielectric function’s real and imaginary portions. 
The real portion ε1(ω) is attained using the Kramers Kronig relations using equation (21), and the imaginary portion ε2(ω) is found via 
summing all unoccupied to occupy interband transitions given in equation (22) [41,42]. 

ε1(ω)= 1 +
2P
π

∫∞

0

ω′ε2(ω)
ω′2 − ω2

dω (21)  

ε2(ω)=
h′e2

πm2ω2

∑

ij

∫

|Mcv(k)|2δ(ωcv(k) − ω)d3k (22)  

The optical transitions are estimated using the dipole matrix Mcv = < φck ∨ e∇ ∨ φvk >. , where m and e are the mass and charge of 
electron, respectively, and ω is the angular frequency of EM radiation. The real component of the dielectric constant ε1(ω), is the 
measurement of the material’s capacity to polarize in the presence of electric field at a particular frequency (ω). This property de-
termines how much light is reflected or transmitted by the material, which affects the overall efficacy of the solar cell. The dielectric 
constant’s imaginary part, ε2(ω), is an estimate ability of the material to absorb light at a particular frequency (ω). The quantum 
particle transitions from valence to conduction bands when maximum energy of light may interact with the material, and this causes 
the appearance of the peaks in ε2(ω). That is, we can say that the electron may transit from their ground state in the valence band to 
higher energy levels in the conduction band when maximum energy of light interacts with the material. In our case, we obtain two 
peaks in ε2(ω); one corresponds to visible and other corresponds to UV radiation of light. With the use of the ε1(ω) and ε2(ω) dielectric 
functions, all other key optical characteristics such as refractive index n(ω), extinction k(ω) and absorption coefficients α(ω), con-
ductivity σ(ω) and reflectivity R(ω) can be calculated through equations 23–26 respectively [42–45]. 

n(ω)= 1̅
̅̅
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)
2
+ ε2(ω)2

√

+ε1(ω)

)√

(23)  

k(ω)=
1̅
̅̅
2

√

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)2
+ ε2(ω)

2
√

− ε1(ω)
)√

(24)  
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α(ω)=

̅̅̅
2

√
ω

c

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ε1(ω)
2
+ ε2(ω)2

√

− ε1(ω)
)√

(25)  

R(ω)=

⃒
⃒
⃒
⃒
⃒

̅̅̅̅̅̅̅̅̅̅
ε(ω)

√
− 1

̅̅̅̅̅̅̅̅̅̅
ε(ω)

√
+ 1

⃒
⃒
⃒
⃒
⃒

2

(26) 

Utilising TB-mBJ exchange potentials, all of these optical characteristics were investigated [41,42]. Fig. 4(a) and (b) show the 
dielectric function’s real and imaginary parts. For energies of (2.1, 2.8) eV for Cs2LaGaI6 and (2.2, 2.85) eV for Rb2LiGaI6, the 
imaginary and real components of the dielectric show their first peak at the resonance frequency. The peaks swiftly decline to the 
minimal value after resonance. These measurements have a relationship to the visible region, making them useful in the solar sector. 
The static dielectric constant of Cs2LiGaI6 (3.45) is greater than the static dielectric constant of Rb2LiGaI6 (3.3), as shown in Fig. 4(a). 
Penn’s model, confirms that the bandgap of Cs2LiGaI6 is less than that of Rb2LiGaI6. When ε1(ω) has negative values, the material 
exhibits a metallic nature. As the metallicity of a compound increases, so does its reflectivity, thus the maximum reflectivity is observed 
in the range where ε1(ω) is negative. Fig. 4c and d represent the refractive index and imaginary part k(ω) which is essentially an energy 
function in eV. Phase velocity in an EM is measured as the real component of n(ω). The influence of the moving EM wave in the same 
medium is regulated by the k(ω). The static refractive index for both materials, index n(0) =

̅̅̅̅̅̅̅̅̅̅̅
ε1(0)

√
, is calculated up to 1.85. For 

Cs2LiGaI6, the n(ω) and k(ω) values are measured to be 5.0 eV and 7.0 eV, correspondingly, which 
Changed to 5.2 and 7.5 eV the change of composition Rb2LiGaI6. The ability of a material or medium to absorb electromagnetic 

radiation is measured by the absorption coefficient. It is defined as the ratio of the absorbed energy to the incident energy per unit 
distance traveled by the radiation or wave through the material. Similarly, conductivity is the degree of a material’s capability to 
conduct electric current and is related to the imaginary component of the dielectric constant. A higher conductivity leads to a lower 
loss of energy due to resistance in the solar cell. Fig. 5(a and b) illustrate the\ absorption coefficient and conductivity, which are 
essential material properties. Cs2LiGaI6 and Rb2LiGaI6 have their initial maximum absorption band and conductivity peaks in the 
visible energy band 2.8 eV–3.0 eV and 2.65 eV–2.8 eV, correspondingly. This further supports the validity of these materials in solar 
industry. In the lower energy range, the reflectivity increases from Rb to Cs, as illustrated in Fig. 5(c). Fig. 5(d) shows the eloss 
function, which shows the decline in light energy within the material. At 3eV, the greatest eloss was detected. 

Fig. 4. (a) Real dielectric constant, (b) imaginary dielectric constant, (c) refractive index, and (d) extinction coefficient.  
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3.5. Transport properties 

By using the BoltzTraP code, the thermoelectric characeristics of Rb2LiGaI6 and Cs2LiGaI6 are investigated. Calculations are used to 
estimate the characteristics of the materials in relation with σ, k, and S. The ZT is determined by the thermoelectric material efficiency 
measurement formula ZT = σS2

K T [38,39]. The material can have a higher thermoelectric efficiency if it has a large σ and a low k. The k 
is composed of ke, and kl, where k = ke + kl [41,42]. Figs. 6 and 7 show the computed transport characteristics in terms of T(k) and 
μ(eV). Fig. 6 (a, b) illustrates how the presence of n or p-types of charges carriers relie on the +ive or -ive value of μ(eV). In the 
BoltzTraP code, tt is utilized throughout this work’s calculations, relaxation time (τ), which has a fixed value (τ = 1014s), was utilized 
to divide the variables σ and k. Rb2LiGaI6 and Cs2LiGaI6 have maximum σ values at 300k of 9.2/Ω-m and 7.5/Ω-m, respectively, in the 
p-type area from − 0.15 eV to zero energy. For Rb2LiGaI6 and Cs2LiGaI6, the σ remains negligible for the n-type region. Based on these 
findings, we deduce that the cation changes from Cs to Rb when the σ rises. For Rb2LiGaI6 and Cs2LiGaI6, the values of σ rises from 
0.01/0.02 1/Ω-m (50K) to 1.5/1.45 1/Ω-m (1200K) as seen in Fig. 6 (c). This is a result of temperature-related bond breakage, which 
results in emission of more electrons together with the increment of their energy. coulomb repulsion causes the change in σ from Rb to 
Cs to be less [46–49]. The bandgap’s value has a significant impact on the ‘S’. Metals have a low value of ‘S’, while insulators have a 
high ‘S’ value. Therefore, the Seebeck coefficient would be less and vice versa depending on how wide the band gap was. On the other 
hand, conductivity varies in direct proportion to the effective charge carried [47,48]. Thermal conduction in a material is generated by 
the movement of electrons and phonons. In our analysis, we considered the electronic part of thermal conductivity due to the limi-
tations of the classical Boltzmann transport theory-based BoltzTraP code. In Fig. 6(d,e,f), we present the plot between the thermal 
conductivity (ke) against the chemical potential as well as temperature ranging from 50 K to 1200 K. As temperature increases, ke also 
rises due to the increased occurrence of thermal collisions resulting from the larger ionic radius of I. Within the p-type region, the 
highest peaks of thermal conductivity are observed within the range of − 0.5 to − 1.0 eV. 

The seebeck coefficient (S) is depicted in Fig. 7(a, b, and c) as a function of chemical potential (μ-EF) at various temperatures (200 K, 
400K, 600 K, 800 K, 1000K and 1200K). The Seebeck coefficient exhibits sharp peaks and dips for the full range of chemical potential. 
Positive and negative potentials both have high-intensity maxima at 300 K, and when the temperature rises to 600 and 800 K, these 
values start to fall. Since bound electrons are energized via gaining thermal energy and produce pairs of electrons and holes, the 
character is diminishing. Because the bands are small and dispersed with the prohibited region near the Fermi level and fewer charge 
carriers are present in this range, the most noticeable peaks are of 0–1 eV. S’s highest possible value at 300 K, the maximum values of S 
for Rb2LiGaI6 and Cs2LiGaI6, respectively, are 2700 μV/K and 2500 μV/K. It is clear from comparing the outcomes of these two 

Fig. 5. (a) Absorption coefficient (b) conductivity (c) reflectivity, and (d) eloss.  
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compounds that Rb2LiGaI6 exhibits a higher Seebeck coefficient due to the existence of a bigger bandgap. The observed outcomes are 
quite consistent with related other materials results calculated theoretically that have already been published, validating our findings 
[46–51]. 

Fig. 7(d,e,f) depicts the power factor (PF) calculated versus chemical potentials and temperatures ranging from 50 K to 1200 K. The 
PF exhibits a linear growth pattern until it reaches 800 K, reaching a value of 4 × 1010 W/K2ms for Rb2LiGaI6 and 3.8 × 1010 W/K2ms 
for Cs2LiGaI6. The significantly higher PF values make these perovskite systems particularly suitable for high-temperature thermo-
electric applications. The dimensionless ZT is the most significant factor that evaluates the effectiveness of thermoelectric materials. 
The relationship between ZT and σ and the coefficient of Seebeck clearly shows that ZT rises but falls with an increase in thermal 
conductivity. The values of ZT for Cs2LiGaI6 and Rb2LiGaI6 in terms of the chemical potential at temperatures of 1200 K, 1000 K, 800 K, 
600 K and 300 K are shown in Fig. 7(g, h,i). These two halide perovskites feature distinct peaks, the highest of which has a ZT that is 
almost equal to 1. The fact that these materials are semiconductors explains the high value of ZT. The graph shows that the magnitude 
of ZT starts to increase as the temperature increases and touches its highest value at high temperature. 

3.6. Spectroscopic limited maximum efficiency 

The spectroscopic limited maximum efficiency (SLME) model, which uses an ideal diode circuit and AM1.5G and DFT computed 
absorption spectra as two key input factors, is an effective technique for estimating theoretical PCEs of solar cells [52]. SLME is the 
extended form of Schockley-Queisser (SQ) limiting efficiency. SLME approach, based on Fermi golden rule, is important to design 
highly efficient devices as compared to the SQ limit. SLME is used to measure the maximum efficacy of the photovoltaic materials by 
taking into account the absorptivity a(E), thickness of the materials L, bandgap values and radiative/non-radiative recombination 
losses. We determined the absorptivity from the following relation equation (27): 

a(E)= 1 − e2α(E)L (27)  

where α(E) is absorption coefficient obtained from first principle and L is thickness of the materials. The AM1.5G solar spectrum data is 
also used as input for SLME calculations [53]. 

Using direct bandgap and theoretical absorbance coefficients, the SLME of investigated materials has been calculated to be 30 % 
efficient at 26 ◦C. However, we have found that their conversion efficiency as light harvesting devices have a substantial amount of 
space for improvement. Theoretical details of SLME calculations are reported in Fig. 8. 

Fig. 6. (a, b, c) Electrical conductivity (σ) (d, e, f) Thermal conductivity (k) of Rb2LiGaI6 and Cs2LiGaI6 calculated as 
function of μ-EF(eV) and T(k). 
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4. Conclusion 

In brief concluding remarks, the elastic, structural, transport and optoelectronic characteristics of cubic halide perovskites A2LiGaI6 
(where A = Rb and Cs) were analyzed through a broad DFT study using WIEN2k code. The optimized lattice constants of these Ga- 
based materials are calculated at 0 K temperature, which have no experimental data available yet. It is likely to have a cubic structure 
for A2LiGaI6 (where A = Rb and Cs) at ground state with space group# 225 (Fm 3m). The structural strength is addressed by tolerance 
factor and octahedral factor. Through the calculation of elastic constants, we have shown that the mechanical stability of all com-
pounds. The PBEsol exchange-correlation potential with the TBmBJ correction was used in this calculation. These perovskites exhibit 
semiconductor characteristics, with a direct band gap in the (Γ-Γ) direction and an ionic-covalent mixing of chemical bonds and both of 
these compounds have small direct bandgaps of 1.51 eV and 1.55 eV, the band structure and DOS confirm the semiconducting nature of 
the material. These materials offer good visible optical absorption and can be employed in optoelectronic applications. Our investi-
gation for the optical, transport, and mechanical properties of both compounds was carried out for the first time as far as we know. 

Fig. 7. (a, b,c) Seebeck coefficient, (d, e, f) power factor, and (g, h,i) figure of merit of Cs2LiGaI6 and Rb2LiGaI6.  

Fig. 8. SLME calculated at room temperature for the two double perovskites A2LiGaI6, where A = Cs, Rb.  

A. Haq et al.                                                                                                                                                                                                            



Heliyon 9 (2023) e21702

11

Moreover, these materials have potential for use in the thermoelectric generators due to their extremely low kl values and high ZT. We 
found a high value (30 %) of SLME at room temperature, which is notable in view of its applications in optoelectronics. Our findings 
will facilitate highly appropriate construction of lead-free double perovskites and will provide sufficient back-ground to experimental 
scientists to recognize the potential for energy harvesting. 
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