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Abstract

:

In this study, we used the FP-LAPW technique based on density functional theory applied in WIEN2k code to examine the structural, electronic, elastic, and thermoelectric properties of cubic double perovskite Rb2InBiX6 (X = Cl, Br) compounds. The structural stability was confirmed from the tolerance factor, formation energy, and phonon dispersion. The exchange-correlation potentials LDA, GGA, mBJ, and HSE were used to estimate the electronic properties. According to the band structure computed band gap using mBJ, the HSE are 1.61 eV, 1.81 eV for Rb2InBiCl6 and 1.22 eV, 1.32 eV for Rb2InBiBr6 compounds, respectively. The mechanical stability of the materials under examination were reflected by the calculated elastic constants. The estimated bulk modulus-to-shear modulus ratios for Rb2InBiX6 (X = Cl, Br) are 2.13 and 3.65, respectively. This indicates that the examined compounds were ductile in nature. The optical properties in terms of real and imaginary dielectric functions, refractive index, and absorption coefficient were computed, indicating that they might be employed in optoelectronic and photovoltaic applications. In the temperature range 200–800 K, the electrical conductivity, Seebeck coefficient, thermal conductivity, and power factor (PF) were analysed. Relatively high PFs of about 2.7 × 1010 W/K2 ms and 3.1 × 1010 W/K2 ms were obtained for Rb2InBiX6 (X = Cl, Br) suggesting that these compounds are viable for usage in thermoelectric devices. Both the compounds showed strong absorption patterns and excellent PF signifying that these are suitable materials for photovoltaic and thermoelectric applications.
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1. Introduction


The need for energy has significantly increased in recent years, which has accelerated efforts to identify non-fossil fuel and non-conventional energy sources. It leads to a shift in global attention towards renewable energy sources [1,2]. Thermoelectricity is a promising method of creating renewable energy that allows for the efficient utilization of waste heat through the direct conversion of thermal and electrical energies [3,4,5]. The efficiency of thermoelectric (TE) material is evaluated by the figure of merit (ZT), as ZT = (S2σT)/(κe + κl), where S is the Seebeck coefficient, σ is electrical conductivity, T is the absolute temperature, and κe,κl is electronic and lattice contributions to the thermal conductivity [1,6]. Achieving an optimum ZT requires high thermoelectric power factor (S2σ) and minimum thermal conductivity (κ). Using a basic understanding of thermoelectricity, researchers are working on enhancing thermoelectric power factor (S2σ) and reducing thermal conductivity (κ) [7,8,9]. Energy filtering, rational structure/lattice imperfection designs that include dislocations, and point defects are considered to minimize κ by improving multi-wavelength phonon scattering as well as having been considered to increase S2σ. As a result, new and novel thermoelectric materials with the best ZT are emerging [9]. However, in recent decades, perovskite-based compounds have received interest and are found to exhibit exceptional ZT. Because they offer diverse physical, chemical and catalytic properties, many scientists and researchers are interested in these compounds. Simple perovskites (ABX3) have a cubic crystal structure and belong to the space group Fm-3m (225). Due to the fact that the A-site cation has 12 coordination numbers, it creates a 12-fold octahedron geometry with its neighbours [10]. The B-site cation forms octahedral geometry by interacting with its surrounding anions. In addition to normal perovskites, double perovskites have drawn a lot of attention due to their extraordinary potential for modern applications. The double perovskite has the formula A2BB’X6, in which the B- and B’-site are occupied by transition/non-transition cations, and the A-site is filled by a rare-earth or alkaline-earth metal and X belongs to oxides or halides. The extraordinary properties of halide-based double perovskites, such as their electrical, optical, thermoelectric, and superconducting capabilities, have aroused the interest of researchers in a wide range of technologically significant disciplines as well as applied and basic domains of material research [11,12,13,14]. According to literature, the monovalent (M+) and trivalent (M3+) ions can be used to replace Pb2+ ions in ABX3 to produce lead-free, novel, halide-based double perovskite A2M+M3+X6 compounds [15,16,17,18,19]. Recently, a number of novel double perovskite compounds were reported. In this context, A as K, Cs, Rb, M+ cation as Cu, Ag, In and M3+ cation as Bi, Sb and X as Cl, Br, I compounds were well reported, emphasizing their optoelectronics and transport properties [20,21,22,23,24,25,26,27,28]. Due to the extraordinary importance of the Bi3+ and Sb3+ ions, numerous inorganic double perovskite compounds based on them have undergone extensive research [29]. Using ab initio calculations, Savory et al. investigated the electronic characteristics of double perovskites Cs2MBiX6 (M = Ag, Bi and X = Cl, Br, I) [30]. These compounds, according to the findings, could be utilised in high-efficiency solar cells. Xiao et al. employed density functional theory (DFT) simulations to analyse the thermodynamic stability of Cs2AgBiBr6 [31]. The two lead-free double perovskite compounds Cs2AgBiBr6 and Cs2AgBiCl6 were synthesized by Filip et al. and were found to be efficient for visible absorption semiconductors [32]. Wei et al. synthesized double perovskite, Cs2AgSbBr6 single crystals using the hydrothermal method. XRD and UV VIS data suggested that the material has a cubic phase (Fm-3m) with a lattice parameter of 11.15 Å and an indirect band gap of 1.64 eV [33]. According to several theoretical and experimental studies, the double perovskite compound Cs2AgInCl6 is appropriate for a wide range of solar and thermoelectric device applications [34,35]. Although the material has a reasonable band gap energy under normal circumstances, it should be noted that due to an indirect band gap, the material behaves differently when exposed to sunlight. Mukhtar et al. investigated A2KGaI6 (A = Cs, Rb) double perovskite compounds that possess a direct band gap of 1.81 eV,1.85 eV. The PF for Cs2KGaI6 is 2.89 × 1011 W/K2 ms and for Rb2KGaI6 is 3.17 × 1011 W/K2 ms at 800 K, respectively [36]. Saeed et al. studied Cs2AgCrX6 (X = Cl, Br, and I) compounds exhibiting strong carrier mobility between the valance band (VB) and conduction band (CB). Because of its high electrical conductivity and Seebeck coefficient, Cs2AgCrI6 is a potential thermoelectric material [37]. Iqbal et al. studied Rb2AlInX6 (X = Cl, Br, I) double perovskites and revealed their stability using a phonon dispersion study. The calculated power factor at 300 K is 2.43 × 1011 W/K2ms, 2.53 × 1011 W/K2ms, and 2.63 × 1011 W/K2ms for Rb2AlInX6 (X = Cl, Br, I), which indicates that these compounds are suitable for thermoelectric device applications [38]. While substantial studies on Cs-based halide double perovskite compounds have been conducted, there has been fewer reports on Rb-based halide double perovskite compounds both experimentally and theoretically [39]. The Rb with an atomic radius ∼303 pm possesses identical physical and chemical properties to that of Cs (atomic radius ∼363 pm). According to Saliba et al., Rb incorporation in a perovskite-based solar cell can enhance its stability and photovoltaic performance [40]. However, from a literature survey, Rb-based halide double perovskite Rb2InBiX6 (X = Cl, Br) compounds have not been intensively investigated. Motivated by the above, in this study, first-principles calculations were used to study the structural, elastic, electronic, optical, and thermoelectric properties of the Rb2InBiX6 (X = Cl, Br) compounds. The manuscript is divided into three sections. Section 1 discusses the introduction, Section 2 gives a thorough explanation of the computational approach employed in the current study, and Section 3 discusses the results and conclusions that were found to be extremely important in the field of scientific research today.




2. Computational Method


The structural, mechanical, and transport characteristics of Rb2InBiX6 (X = Cl, Br) compounds were calculated employing a WIEN2k code [41] programme employing Perdew-Burke-Ernzerhof (PBE) techniques within density functional theory (DFT) [42]. The modified Becke-Johnson (mBJ) exchange approximation was also taken into consideration in order to achieve more precise electrical and optical properties [43]. Electronic and optical properties were computed using the PBE+mBJ potential. The region is separated into two parts in theFP-LAPW approach [44]: the interstitial region and the un-overlapping muffin tin (MT) spheres. The MT radii for Rb, In, Bi, Cl, and Br atoms were calculated to be 2.35, 1.80, 1.77, 2.01, and 1.64 atomic units (a.u.). In the unit cell, the smallest muffin tin radius is RMT, Kmax × RMT = 8. Gmax = 12 au−1 was set as the maximum Fourier expansion of charge density. A total of 1000 k-points were employed, together with the 10 × 10 × 10 grid, to integrate the reciprocal space of the irreducible Brillouin zone. The total convergence threshold energy 10−5 Ry was used to complete the self-consistent computations. We employed the IRelast package [45] to study the mechanical properties of investigated Rb2InBiX6 (X = Cl, Br) compounds. Additionally using VASP (Vienna Ab-initio Simulation Package) software [46], the band structure (HSE) phonon dispersion studies were performed. We utilized the BoltzTraP [47] algorithm to determine the thermoelectric characteristics. A fine grid mesh (46 × 46 × 46) was considered for calculation of transport properties.




3. Result and Discussion


3.1. Structural Properties


Figure 1 shows the crystal structure of Rb2InBiX6 (X = Cl, Br) compounds, which displays cubic face-cantered atomic configuration with space group Fm-3m (225) [48]. The constituent atoms Rb, In, Bi, and X are located at (0.25, 0.25, 0.25), (0.5, 0.5, 0.5), (0, 0, 0), and (y, 0, 0), respectively (y = 0.247) [49,50]. We used the PBE-GGA functional to optimize the structural parameters for both compounds. Table 1 shows the structural parameters and bond length of all the atoms for the studied Rb2InBiX6 (X = Cl, Br) compounds. It is noticed that for the examined compounds, the lattice constant increases as the anion switches from Cl to Br because Br has a larger ionic radius than Cl. The results are also consistent with other reports [50].



We estimated the formation energy for material stability, and the results are shown in Table 2. Their mathematical expression are as follows.


     E   f  =      E    Total     Rb  2    InBiX  6    − 2  E  Rb   bulk   −      E    In   bulk   −      E    Bi   bulk   − 6  E X  bulk    



(1)







The negative value of formation energy suggests the stability of the investigated compounds [51]. The average bond length can be used to calculate the tolerance factor (τ) of the double perovskite compounds, and thus, the crystal structure of the material can be estimated. The tolerance factor is influenced by temperature and pressure. A tolerance factor (τ) in the range 0.95–1.04 agrees with analytically derived values, suggesting the cubic crystal structure of the compounds under study [52]. The tolerance factor is estimated to be nearly equal to 1 signifying the cubic crystal structure of Rb2InBiX6 (X = Cl, Br) compounds. We used phonon dispersion simulations to study the dynamical stability of Rb2InBiX6 (X = Cl, Br) compounds. The Vienna ab-initio Simulation Package (VASP) is used to calculate the phonon spectra using the finite displacement method. Along high symmetry directions (M-K-Г-A-L) in the first Brillouin zone, the phonon dispersion was computed (Figure 2). The balanced and unbalanced phonon structures are determined via the real and imaginary frequencies in the phonon plot for positive and negative frequencies, respectively. The dynamical stability of the investigated Rb2InBiX6 (X = Cl, Br) compounds are evidenced from the absence of an imaginary frequency at Г-point [53,54]. The obtained results are consistent with other reports. The investigated Rb2InBiX6 (X = Cl, Br) compounds exhibit 10 atoms that constitute a total of 3 acoustic modes and 27 optical modes [24].




3.2. Mechanical Property


Designing solids for commercial manufacture for a variety of purposes requires consideration of mechanical qualities that includes second-order elastic constants (Cij), bulk modulus (B), shear modulus (G), Pung ratio (B/G), anisotropy (A), etc. The strength of the dimensional structure in the cubic system is determined via three distinct elastic constants, C11, C12, and C44. Where C11 represents the stiffness of materials against strains, C12 signifies shear stress, and C44 denotes opposition to shear deformation [55]. The computed elastic constants for cubic double perovskite Rb2InBiX6 (X = Cl, Br) compounds are represented in Table 2. To confirm the stability of the compounds under examination, the Born-Huang stability criterion [56] is taken into account, which is:


(C11 − C12)/2 > 0, (C11 + 2C12) > 0, C11 > 0



(2)







Our calculations show that the compounds meet the Born-Huang stability criterion, indicating their stability. Other elastic constants for cubic structure such as bulk modulus (B), shear modulus (G), Young modulus (Y), Poisson’s ratio (ν), and anisotropy (A) are computed using the below formulae.


  B =    C  11   + 2  C  12    3   



(3)






  G =    C  11   −  C  12    2   



(4)






   Y    =   9 GB   3 B +  G       



(5)






   ν  =   3 B − 2 G   2   3 B + G      



(6)






  A =   2  C  44      C  11   −  C  12      



(7)







The bulk modulus (B) of a material (when subjected to pressure) indicates how resistant the material is to volume change. While the shear modulus (G) represents the crystal’s resistance to plastic deformation, the high B value signifies good crystal strength. The computed values of B are 18.08 GPa, 33.97 GPa for Rb2InBiX6 (X = Cl, Br) compounds. Because Rb2InBiBr6 has a higher B value than Rb2InBiCl6, it is more resistant to volume variation than Rb2InBiCl6. Furthermore, Rb2InBiBr6 has a greater G (9.30) than Rb2InBiCl6 (8.48). As a result, Rb2InBiBr6 has a significant resistance to transverse bending [57]. The brittleness or ductility of a material is determined via Pugh’s ratio (B/G) [58]. The crystal is ductile if the B/G ratio is more than 1.75; otherwise, it is brittle [59]. The estimated B/G for Rb2InBiX6 (X = Cl, Br) compounds is shown in Table 2, indicating that the compounds under consideration are ductile. To identify between brittleness and ductility, Frantsevich et al. used Poisson’s ratio (ν); 0.26 is the key value for both brittle and ductile properties. When the ν goes below 0.26, the compound is brittle; when it rises over 0.26, it becomes ductile. The calculated ν for the Rb2InBiX6 (X = Cl, Br) compounds is 0.29 and 0.37, indicating that the materials are ductile by nature. This is again confirmed from Cauchy pressure [60], which is computed as Cp = C12 – C44, as listed in Table 2. Cauchy pressure values indicate that the compounds under investigation are ductile. The ionic (covalent) nature of the crystal bond can be determined using the positive (negative) value of the Cauchy pressure. The positive Cauchy pressures of the double perovskites Rb2InBiX6 (X = Cl, Br) compounds show that these are ionic in nature. A = 1 implies isotropic, while 1 < A < 1 denotes anisotropic crystals [61,62]. The melting point Tm and Debye temperature (θD), two thermodynamic parameters related to elastic characteristics, were also investigated [63]. Using the following relation, the θD was calculated from the mean sound velocity (Vm):


   θ D  =  h   K B          3 n   4 π        N   A ρ     M        −  1 3     V m   



(8)




where k is Boltzmann’s constant, h is Plank’s constant, NA is Avogadro’s number, ρ is the density of the material, M is the molecular weight, and n is the number of atoms in a single cell. The computed Debye temperature is given in Table 2. The mean sound speed of the investigated substances was calculated using [64]:


   V m  =      1 3     2   υ t 3    +  1   υ l 3          −  1 3     



(9)




where the longitudinal and transverse components of sound velocity are υι and υt, calculated using the shear modulus and bulk modulus, respectively, as


   υ t  =    G υ    ,        υ l  =     3 B + 4 G   3 ρ      



(10)







Table 2 provides the computed values of υt, υl, Vm, θD, and Tm.
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Table 2. Computed values of elastic constants C11, C12, C44 in (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus Y (GPa), Poisson’s ratio ν, Zener anisotropy factor (A), B/G ratio, Cauchy pressure (C12 − C44), and melting temperature Tm (K) for Rb2InBiX6 (X = Cl, Br) compounds using PBE-GGA approach.






Table 2. Computed values of elastic constants C11, C12, C44 in (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus Y (GPa), Poisson’s ratio ν, Zener anisotropy factor (A), B/G ratio, Cauchy pressure (C12 − C44), and melting temperature Tm (K) for Rb2InBiX6 (X = Cl, Br) compounds using PBE-GGA approach.











	Parameters
	Rb2InBiCl6
	Rb2InBiBr6
	Cs2LiYBr6 [65]





	C11
	44.32
	61.81
	45.73



	C12
	4.97
	20.05
	11.88



	C44
	1.02
	1.58
	10.54



	B
	18.08
	33.97
	23.16



	G
	8.48
	9.30
	12.75



	Y
	22.01
	25.56
	32.33



	ν
	0.29
	0.37
	0.26



	B/G
	2.13
	3.65
	1.81



	C12 − C44
	3.95
	18.47
	1.33



	A
	0.05
	0.07
	



	ΘD
	126.6
	119.1
	



	Vtran
	1245
	1203
	



	Vlong
	2759
	3202
	



	Vavg.
	1404
	1365
	



	Tm
	494.8
	643.2
	









3.3. Electronic Properties


The electronic characteristics of cubic Rb2InBiX6 (X = Cl, Br) compounds have been studied based on band structure density of states (DOS) and bonding nature has been addressed in terms of charge density distribution. The electronic band structure of the studied Rb2InBiX6 (X = Cl, Br) double perovskite compounds was computed along the high symmetry directions (M-K-Г-A-L) in the Brillouin Zone and is presented in Figure 3a–j. The approximations, namely, PBE-LDA, PBE-GGA, PBE-sol, mBJ, and HSE, seem to have a similar band structure with a fermi level at 0. eV predicts the semiconductor nature of the compounds having a band gap of 1.15 eV, 1.27 eV, 1.50 eV, 1.61 eV, and 1.81 eV for Rb2InBiCl6 and 0.64 eV, 0.73 eV, 0.97 eV, 1.22 eV, and 1.32 eV for Rb2InBiBr6 compounds, respectively. A significant improvement is seen when compared to other experimental and theoretical studies when the modified Becke‒Johnson (mBJ) exchange potential is employed to correct the underestimating band gap, as represented in Table 3. Furthermore, both materials have a direct band gap character due to having the same high symmetry K-points, as shown in Figure 3a–j [53].



The combined TDOS and PDOS of Rb2InBiX6 (X = Cl, Br) double perovskite compounds are shown in Figure 4a,b. Comprehensive information about elemental contribution is provided by the plot. The density of states contour shows that in the range 0 to 4 eV the bands formed due to Bi/In atoms, whereas a top of valence band in the range −4 to 0 eV is formed due to Cl/Br atoms with a minor contribution of Rb atoms for the investigated Rb2InBiX6 (X = Cl, Br) compounds. Bands between 2.5 and 4 eV are produced by the Bi atom in the conduction band. The hybridization of the Bi atom with a small contribution of Rb atoms results in the bands that are within the higher energy level of the conduction band.



To better understand the photovoltaic characteristics which are significantly affected by resistivity, carrier mobility as well as the optical response of free carriers, study on the effective masses of carriers (holes and electrons) is essential [66]. The following formula is used to compute the effective mass of carriers in Rb2InBiX6 (X = Cl, Br) [67].


   1   m *    =  1   ћ 2       d  2      E n     k      dk  2     



(11)







For these perovskite materials, the computed effective mass values are given in Table 3. The findings show that the effective mass of carriers (electrons and holes) in the studied perovskite compounds are relatively low. For photovoltaic materials, the lower effective mass is very advantageous since it facilitates the transfer of carriers. This suggests that the double perovskite Rb2InBiX6 (X = Cl, Br) may prove to be efficient in photovoltaics.
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Table 3. Computed band gap using different exchange corelation functional, effective mass of electron (me*) and holes (mh*), Bader charges (using PBE-GGA approach) for Rb2InBiX6 (X = Cl, Br) compound.






Table 3. Computed band gap using different exchange corelation functional, effective mass of electron (me*) and holes (mh*), Bader charges (using PBE-GGA approach) for Rb2InBiX6 (X = Cl, Br) compound.















	Compound
	LDA
	GGA
	PBE-Sol
	mBJ
	HSE
	Effective Mass
	Bader Charge





	Rb2InBiCl6
	1.15
	1.27
	1.50
	1.61
	1.81
	m*e = 0.76

m*h = 0.91
	Rb = 0.91

In = 0.89

Bi = 1.65

Cl = −0.72



	Cs2InAgCl6 [68]
	
	
	
	2.49
	
	
	



	Rb2InBiBr6
	0.64
	0.73
	0.97
	1.22
	1.32
	m*e = 0.72

m*h = 0.80
	Rb = 0.88

In = 0.67

Bi = 1.34

Br = −0.63



	Cs2InAgBr6 [68]
	
	
	
	1.38
	
	
	









3.4. ELF and Bader Charge


The bonding characteristics of the compounds can be obtained from charge density and its distribution plot [54,69]. Along the body diagonal plane, Figure 5a,b depicts the spatial charge configuration for the halogen-based double perovskite. The charge distributions of the Rb and In atoms are perfectly spherical, with no overlap between the charge contours of the Cl/Br atom. It was discovered that there was an ionic bond between the Rb and In and the Cl/Br atom. The charge distribution of the Bi, on the other hand, fluctuates from perfectly spherical to deformed, resulting in covalent bonding with the Cl/Br atom (dumb-bell type). This is again confirmed from the Bader charge analysis, whereby Br accepts electrons from the Bi-network, as given in Table 3.




3.5. Optical Properties


The studied double perovskite compounds (Rb2InBiX6 (X = Cl, Br)) have the features of direct band gaps and wide band gaps, which sparked our interest in finding out more about their optical properties [70]. Analysing the material optical properties is essential to obtain the precise information required for usage in optoelectronic and photovoltaic application; to investigate energy-dependent optical properties, the dielectric functions are considered. The complex dielectric function ε (ω) consists of two parts, real and imaginary, which can be expressed as


  ε =  ε 1     ω  +    i ε   2     ω   



(12)







The imaginary part, ε2 (ω) [71], is due to inter-band and intra-band transitions that display probable transitions along k-vectors from the occupied to unoccupied states over the Brillouin zone (BZ) and that are reliant on DOS and the momentum matrix P and can be mathematically defined as


   ε 2     ω  =    e 2  ћ      π m   2   ω 2    ∑ ∫      M  ν , c    k     2  δ    ω   ν c     k  − ω    d 3  k  



(13)




where p stands for the moment matrix element in between the states of band α and β under the crystal momentum k, and ck and vk are the crystal wave functions relative to the CB and VB along crystal wave vector k. The ε1 (ω) from the imaginary dielectric can be computed as [72]


   ε 1   ω  = 1 +  2 π  P   ∫  0 ∞        ω ′    ε   2      ω ′      d  ω ′          ω ′   2  −  ω 2       



(14)







The knowledge of both the real and imaginary parts of the dielectric function allow us to calculate other important optical functions such as the refractive index n (ω), the optical absorption coefficient α (ω), etc.



Figure 6a,b illustrates the fluctuation of real ε1 (ω) and imaginary ε2 (ω) dielectric function with photon energy (0 eV to 8 eV) for Rb2InBiX6 (X = Cl, Br). The amount of polarisation that occurs when light interacts with a medium is quantified as ε1 (ω), and the amount of energy loss because of light dispersion is evaluated via ε2 (ω). At zero energy level the ε1 (ω) is termed as static dielectric constant ε1 (0). The computed ε1 (0) values are presented in Table 4. It is noticed that ε1 (0) increases from Cl to Br due to the greater polarizability of larger halogens. Moreover, these values are inversely correlated with their relevant band gaps retrieved from the computed band structures, and accordingly, Penn’s model (i.e., ε1 (0) = 1 + (hωp/Eg)) may be demonstrated to be satisfied [73]. From Figure 6a it is observed that ε1 (ω) increased with photon energy with multiple peaks that are known as relaxation peaks. Relaxation time or frequency can be determined from these peaks. Additionally, because of the inverse relationship between the relaxation frequency and the net mass of oscillating atoms, the relaxation peaks are shifted towards lower energy. As observed from Figure 6a, the main peaks of ε1 (ω) lie in the visible range for the investigated Rb2InBiX6 (X = Cl, Br) compounds. The refractive index n (ω) in the energy range is computed using n (ω) =      ε  1     ( ω   )  . As a result, n (ω) exhibits behaviour that is similar to that of ε1 (ω), as shown in Figure 6c. The computed values of the highest n (ω) are represented in Table 4.



The variation of ε2 (ω) with photon energy is represented in Figure 6b. The imaginary component of the dielectric function depicts absorption qualities as well as the optical band gap [74]. Up to 1.08 eV and 0.51 eV, no absorption is seen that would suggest the optical band gap is approximately comparable to the electrical band gap. Figure 6d represents variation of absorption coefficient α (ω) with photon energy. It exhibits the same pattern as ε2 (ω). The different peaks in the plot represent the energy loss due to the material absorption. The presence of absorption peaks in the visible spectrum indicates that the studied compounds exhibit good absorption performance in this region. The detailed analysis of optical properties shows outstanding photoelectric characteristics, indicating a great deal of potential for usage in the absorber layer of solar cells.



In semiconductors, photon absorption causes electrons in the VB to be elevated to the CB, creating free charge carriers, such as holes in the VB and electrons in the CB. The coulombic interaction photoexcited electrons and holes result in “excitonic effects”, which modify the optoelectronic behaviour of semiconductors. The Mott‒Wannier model’s equation [75] was used to compute the exciton binding energies of Rb2InBiX6 (X = Cl, Br) compounds.


   E b  ex   =    e 4    2     4    π ε   0   ћ 2     2       μ r     ε 1       0   2      ≈ 13.56      μ r     m e     1   ε 1       0   2     



(15)




here    μ r  =    m e *  ×      m   h *     m e *  +      m   h *      is the exciton effective mass, ε1 (0) corresponds to static dielectric constant, and        m   e *    and    m h *    denotes effective mass of electrons and holes. For Rb2InBiX6 (X = Cl, Br) compounds, the estimated exciton binding energy is 380.02, 280.63 meV, which is observed to be quite close to other reports [37].




3.6. Thermoelectric Property


Thermoelectric (TE) energy conversion, which incorporates waste heat recovery, is widely regarded as a viable power production technique. To explore the transport behaviour of cubic Rb2InBiX6 (X = Cl, Br) compounds, the BoltzTrap code is employed along with the constant relaxation time approximation. In this study, the Seebeck coefficient, electrical and thermal conductivity properties, and their correlations to temperature are investigated to determine the thermoelectric response of the examined compounds.



The magnitude of the transport properties are influenced by band structure, charge carrier type, and effective mass [76]. The carriers that participate in the transport phenomena (holes and electrons) are principally determined by their band gap. It is noticed that the band gap increases with application of mBJ as compared to GGA. The tuning of the band gap is the important aspect for determination of the Seebeck coefficient. Insulators show a high Seebeck coefficient, while metals show the lowest Seebeck coefficient [77]. The thermoelectric voltage generated due to the temperature gradient across two ends of a material is measured via the Seebeck coefficient, which is directly dependent on charge carriers. To have the best thermoelectric performance, the Seebeck coefficient should be high. For p-type materials, S is positive, but for n-type materials, it is negative [78]. The variation of S with temperature is represented in Figure 7a suggesting p-type behaviour with positive magnitude of the Seebeck coefficient. The magnitude of S was found to be 335 μV/K, 550 μV/K for the studied Rb2InBiX6 (X = Cl, Br) compounds at room temperature, as shown in Table 4. Correspondingly, at a high temperature of 800 K the S was found to be 237 μV/K, 295 μV/K for Rb2InBiX6 (X = Cl, Br) compounds, respectively. The ionic size increases from Cl to Br, which leads to loosely bound valence electrons that only need a very little amount of energy to break the bond. As a result, little excitation energy is needed due to band gap decreases from Cl to Br and the creation of free charge carriers rises, resulting in an increase in electrical conductivity. Similarly, as an atom changes from Cl to Br, S decreases because the potentials maintained across the sample edges may deteriorate as the band gap decreases and free charge carriers rise at lower exciting energies. Other reports on similar compounds support this; for instance, for S it is reported to be 250 μV/K, 246 μV/K for Cs2InBiX6 (X = Cl, Br) [24], 232.13 μV/K, 229.15 μV/K for Rb2AlInX6 (X = Cl, Br) [38], and 208 μV/K, 205 μV/K for Cs2InAgX6 (X = Cl, Br) [68]. According to Figure 7b, the Seebeck coefficient is inversely associated to electrical conductivity and directly linked to the band gap. Furthermore, an ideal TE material has a Seebeck coefficient of more than 200 μV/K suggesting a good thermoelectric response of the investigated compounds. Figure 7b shows the predicted electrical conductivity (σ/τ) with temperature variation. At room temperature, it is calculated to be 0.01 × 1018 (ΩmS)−1, 0.07 × 1018 (ΩmS)−1 for Rb2InBiX6 (X = Cl, Br) compounds. A comparative study of electrical conductivity at room temperature can be found in Table 4. The obtained σ/τ is comparable to other reports such as 0.01 × 1018 (ΩmS)−1, 0.07 × 1018 (ΩmS)−1 for Cs2AgCrX6 (X = Cl, Br) [37], 0.96 × 1018 (ΩmS)−1 and 1.06 × 1018 (ΩmS)−1 for Rb2AlInX6 (X = Cl, Br) compounds [38]. As the temperature rises, σ/τ increases as well, which is a common pattern for semiconductor materials [79]. At 800 K the σ/τ for Rb2InBiX6 (X = Cl, Br) are found to be 0.26 × 1018 (ΩmS)−1, 0.46 × 1018 (ΩmS)−1 respectively. The electrical conductivity of Rb2InBiBr6 is noticed to be high, which is due to the presence of high density of charge carriers, which enhances the electrical conductivity. Thermal lattice conductivity (κ/τ) is the result of the contributions of both electronic as well as lattice thermal conductivities. The electron and hole motion are responsible for electronic thermal conductivity, whereas lattice vibrations (phonons) are responsible for lattice thermal conductivity. Here, we have considered the electronic thermal conductivity (κe/τ) as it is only significant in the electronic limit, as shown in Figure 7c [80]. It is observed that κe/τ increases significantly with temperature. The magnitude of κe/τ at ambient temperature (300 K) with comparison to reported compounds is presented in Table 4. Widemann Franz law (σ/κ) provides the relationship between electrical conductivity to thermal conductivity. The σ/κ was noticed to be in the order of 10−5, signalling excellent electrical conductivity and reduced thermal conductivity [81]. The effectiveness of a thermoelectric compound can be determined from the power factor (PF), which is a product of the square of the Seebeck coefficient and electrical conductivity [82]. Figure 7d shows the calculated PF for the investigated Rb2InBiX6 (X = Cl, Br) compounds. The computed PF at 800 K is found to be 2.7 × 1010 W/K2ms, 3.1 × 1010 W/K2ms for Rb2InBiX6 (X = Cl, Br) compounds. The high power factor at high temperatures shows that the compounds are suitable for usage in thermoelectric devices.





4. Conclusions


In this study, density functional theory has been employed to analyse the physical properties of double perovskite Rb2InBiX6 (X = Cl, Br) compounds. According to the computed results, the investigated compounds are thermodynamically and mechanically stable, as evidenced from the formation energy, tolerance factor, and Born‒Huang stability criterion. The Pung ratio value and Poisson ratio suggest that both Rb2InBiX6 (X = Cl, Br) compounds are ductile in nature. According to the band structure computed band gap using mBJ, the HSE are 1.61 eV, 1.81 eV for Rb2InBiCl6 and 1.22 eV, 1.32 eV for Rb2InBiBr6 compounds, respectively. The studied compounds have a significantly lower effective mass of electrons than other perovskite compounds, suggesting that they may have higher carrier mobility. Furthermore, the optical parameters of Rb2InBiX6 (X = Cl, Br) have been thoroughly examined in order to comprehend their optical features. The computed outcomes show that the compounds have outstanding light absorption and good dielectric characteristics. In the transport properties, we determined the power factor employing BoltzTraP software. The computed PF values at 800 K are 2.7 × 1010 W/K2ms, 3.1 × 1010 W/K2ms for Rb2InBiX6 (X = Cl, Br) compounds. The potential application of Rb2InBiX6 (X = Cl, Br) compounds for the application of optoelectronic and thermoelectric devices is demonstrated via the appropriate values of estimated parameters such as adequate direct band gap, excellent absorption spectra, and high power factor.
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Figure 1. Generated cubic crystal structure of Rb2InBiX6 (X = Cl, Br) compounds. 
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Figure 2. (a,b): Phonon dispersion plots for (a) Rb2InBiCl6 and (b) Rb2InBiBr6. 
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Figure 3. Band structure for (a–e) Rb2InBiCl6 and (f–j) Rb2InBiBr6 using different exchange corelation functionals. 
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Figure 4. (a,b): Calculated electronic properties with (a,b) TDOS and PDOS for Rb2InBiX6 (X = Cl, Br) compounds using mBJ approach. 
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Figure 5. (a,b) Electron localization function (ELF) for Rb2InBiX6 (X = Cl, Br) compounds along (100) plane. 
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Figure 6. Computed (a) real part ε1 (ω), (b) imaginary part ε2 (ω) of dielectric, (c) refractive index n (ω), (d) absorption coefficient α(ω) for Rb2InBiX6 (X = Cl, Br) compounds. 
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Figure 7. Computed values of (a) Seebeck coefficient (s), (b) electrical conductivity (σ/τ), (c) thermal conductivity (κ/τ), (d) power factor (S2σ) with temperature. 
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Table 1. Computed lattice parameter a (Å), volume V, formation energy Ef, tolerance factor (τ), and bond-length (Å) for Rb2InBiX6 (X = Cl, Br) compounds using PBE-GGA approach.
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	Compound Name
	a (Å)
	V(a.u3)
	Ef (eV/atom)
	Tolerance

Factor (τ)
	Bond Length (Å)





	Rb2InBiCl6
	11.38
	1474.04
	−1.57
	0.95
	In-Cl = 2.97

Bi-Cl = 2.71



	Rb2InBiBr6
	11.87
	1673.30
	−1.37
	0.93
	In-Br = 3.05

Bi-Br = 2.88



	Cs2KTiCl6 [50]
	11.31
	
	
	0.94
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Table 4. Calculated optical and transport properties for double perovskite Rb2InBiX6 (X = Cl, Br) compounds using mBJ approach.
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Material Property

	
Rb2InBiCl6

	
Rb2AlInCl6 [38]

	
Rb2InBiBr6

	
Rb2AlInBr6 [38]






	
Optical

properties

	
ε1 (0)

	
3.81

	
4.52

	
4.24

	
5.51




	
n (0)

	
1.94

	
2.12

	
2.05

	
2.34




	
Transport properties

(300 K)

	
S (µVK)

	
335

	
232.13

	
550

	
229.15




	
σ/τ (Ωms)−1 (1018)

	
0.01

	
0.03

	
0.07

	
0.046




	
k/τ (W/mKs) (1015)

	
0.13

	
9.6

	
0.20

	
10.6




	
PF (1010)

(W/K2ms)

	
0.34

	
0.23

	
0.86

	
0.25
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