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A B S T R A C T

Density functional theory calculations were performed on the stability, mechanical, optoelectronic and ther
moelectric characteristics for halide double perovskites (Cs2, K2, Rb2)SnCl6. This study focuses on the effects of 
temperature and chemical potential on electrons transport in these materials. Key transport results include 
maximum Seebeck coefficient of 1500 μVK⁻1 at 300 K, maximum power factor of 2.5 1011 Ws− 1K− 2 at 300 K and 
maximum electrical conductivity (σ/τ)x1019 Wm− 1K− 1s− 1 of 11, 6 and 9 at 300 K for (Rb2, Cs2, K2)SnCl6. High 
Seebeck coefficient and high electrical conductivity prove the existence of covalent bonding between Cl-3p site 
and (Cs-6p, K-4S, Rb-5s) states with weak van der Waals type interactions, which is also confirmed by adsorption 
analysis. The charge transfer is taking place via Cl-3p and (Cs-6p, K-4S, Rb-5s) states between upper valence band 
and lower conduction band. The estimated power factor offers useful guidelines for tuning and improving the 
thermoelectric performance. The density of states predicts the n-type conductivity in all compounds which was 
confirmed from positive value of Seebeck coefficient.

1. Introduction

Research focuses on new materials with significant performance for 
renewable energy production and which meet the necessary criteria to 
resolve energy shortages. An ab-initio calculation provides detailed in
formation on inorganic metal halide double perovskites for solar cells 
and renewable energy. Fully inorganic metal halide double perovskites 
have received much attention due to their many advantages, such as 
high stability. However, it is difficult to achieve efficient near-infrared 
luminescence in these materials [1]. Inorganic metal halide double pe
rovskites(Cs2, K2, Rb2)SnCl6 are performed as absorbers for solar cells 
and renewable energy. We see that the movement of the tin and chlorine 
atoms resides essentially in a translation and a liberation of the rigid 
SnCl6 octahedral. The development of white LEDs attracts researchers to 
determine new efficient white light-emitting materials. Hybrid 
organic-inorganic metal halide double perovskites with adequate 

luminescent properties are promising candidates for LED applications 
[2]. Solid-state lighting technology has developed in the field of inor
ganic light-emitting diodes (ILEDs), organic light-emitting diodes 
(OLEDs), and polymer light-emitting diodes (PLEDs) [3–5]. The excel
lent optoelectronic properties of metal halide perovskites (MHPs) give 
them potential applications in solar cells [6–8] and LEDs [9–11]. These 
metal halide perovskites have the stoichiometric formula A2XCl6, where 
A is a monovalent organic/inorganic cation, X is a tetravalent metal ion 
and Cl is an ordered halide ion which exhibit fruitful structures and good 
ion tolerance [12–14]. Rb2SnCl6 has a direct band gap of 2.40 eV near 
the visible region, depicts high values of Seebeck coefficient and low 
thermal conductivity, which make it potential candidate for visible light 
solar cells and ensure its importance for renewable energy [15]. Syn
chrotron X-ray diffraction measurements and Raman spectroscopy 
combined with density functional theory calculations show that 
Cs2SnCl6 retains its CFC structure up to a pressure of 20 GPa [16]. A 
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general study of stability, some characteristics such as mechanical, op
toelectronic and thermoelectric for (Cs2, K2, Rb2)SnCl6 are explored. The 
experimental synthesis is done by taking 0.178 g of Sn powder dissolved 
in 0.125 ml of HCl to obtain a hydrochloric acid solution SnCl2. 0.505 g 
of (Cs, K, Rb)Cl is added to a beaker, 26.5 ml of deionized water and 9 ml 
of HCl are used to prepare the sample at the reaction condition of 0.042 
mol/L reactants and 3 mol/L HCl. Finally, 1.5 mmol of SnCl2 solution is 
added. The mixture is stirred at room temperature for 7 h, the precipitate 
is recovered by centrifugation and washed with anhydrous ethanol [17,
18]. Thermoelectric measurements such as the Seebeck coefficient, 
conductivities and power factor in the cases of spin-up and spin-dn allow 
the understanding of the complex role of electron spin at high temper
atures and its role in energy recovery applications [19]. The 
heteroatom-doped porous carbons are promise for constructing perov
skite solar cells and enhance its efficiency and stability [20]. The ideal 
tolerance factor, the positive frequencies of phonons dispersion and 
negative formation energies ensure the structural and thermodynamic 
existence, and dynamic stability of doubles perovskites [21]. Electrical 
and thermal conductivities, Seebeck coefficient and power factor 
explain the thermoelectric analysis for energy applications [22]. The 
importance of halide perovskite NCs is noted in optoelectronic appli
cations, including light-emitting devices (LEDs), solar cells, lasers, thin 
film transistors (TFTs) [23]. Perovskite solar cells (PSCs) are gaining 
popularity due to their high efficiency and low-cost fabrication [24]. 
Halide perovskites have been a hot topic in electronic medical equip
ment, and medical stents [25]. We optimized the lattice constant of (Cs2, 
K2, Rb2)SnCl6 in the simple cubic phase with space group Fm3m(225). 
The result reveals that these double perovskites are suitable for solar 
cells and optoelectronic devices. The stability of these materials is 
ensured by the study of the optimization energy and the phonon spectra. 
Our optical parameters results indicate that optimal light absorption is 
in the infrared (IR) region, reflecting the use of these metal halides 
double perovskites in optoelectronic devices. The transport character
istics are examined in terms of figure of merit, electrical conductivity, 
thermal conductivity and Seebeck coefficient. Our results are useful for 
future experimental research for applications related to renewable en
ergy devices. The Wien2k code has been compiled based on the 

FP-LAPW method, which has the best performance as compared to other 
codes. Perovskite-based cells are a new generation of photovoltaic cells, 
which have significant efficiency and manufacturing costs. The choice of 
these materials is their high light absorption, large charge carrier 
diffusion length and low number of crystal defects.

2. Calculation method

The WIEN2k code is a reliable and precise method in the calculation 
of stability, mechanical, optoelectronic, and thermoelectric properties 
[26]. WIEN2k is a powerful computational tool based on the 
Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method. It 
offers high precision for solving density functional theory (DFT) equa
tions. Its advantages include accurate band gap with the mBJ-GGA ex
change potential, precise structural optimization using GGA-PBESOL, 
and flexibility in studying a wide range of material properties, such as 
electronic, optical, thermoelectric, and mechanical characteristics. We 
introduce the Kohn-Sham Equation:

[
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ψ i(r) = εiψ i(r), where, Veff is the effective potential, 

combining the external, Hartree, and exchange-correlation potentials. 
The exchange-correlation GGA-PBESOL and mBJ-GGA functionals are 
used to improve structural and electronic property predictions. The 
Birch-Murnaghan equation of state is used for structural optimization: 
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where E(V) is the energy as a function of volume, V0 is the equilibrium 
volume, B0 is the bulk modulus, and B0́ is its pressure derivative. The 
Boltzmann transport equation is used for calculating the Seebeck coef
ficient, electrical conductivity and thermal conductivity. 

S=
1
eT

∫
σ(E)(E − μ)f(E)dE
∫

σ(E)f(E)dE 

where σ(E) is the energy-dependent electrical conductivity, μ is the 
chemical potential, and f(E) is the Fermi-Dirac distribution. These 
equations enhance the transparency and reproducibility of the meth
odology, provide a theoretical foundation for the results and show how 
computational methods are mathematically grounded. The optimization 
of the lattice constant was carried out using the GGA-PBESOL approxi
mation [27] which provides a precise value of the lattice constant, but 
underestimates the band gap. The band structure is a crucial parameter 
for the electronic and transport properties, therefore, the most accurate 
mBJ-GGA is used as exchange potential for self-consistency approxi
mation for optoelectronic and thermoelectric properties [28]. We used 
the value of RMT.Kmax = 9 Ry, where RMT and Kmax are the muffin-tin 
radii and wave vector in reciprocal space for (Cs2, K2, Rb2)SnCl6. The 
value of k-points is adjusted as 18x18x18, which was changed to 
22x22x22 before computing the transport properties. The lattice con
stant is optimized using Birch-Murnaghan’s equation of state [29]. The 
RMT of K, Cs, Rb and Sn is 2.5. While the RMT of Cl in K2SnCl6, Cs2SnCl6 
and Rb2SnCl6 is 2.15, 2.16, 2.16 respectively. The optical properties are 
calculated using the Full Potential Linearized Augmented Plane Wave 
method implemented in the WIEN2k code known for its precision in 
solving the Kohn–Sham equations. The dielectric function was deter
mined within the random phase approximation. GGA-PBE and mBJ-GGA 
potentials were used to improve the accuracy of the electronic structure 
and the derived optical parameters. The real and imaginary parts of the 
dielectric function, the refractive index, absorption coefficient, reflec
tivity, and energy loss function were computed as a function of photon 
energy by employing a dense k-point mesh (18 × 18 × 18) to ensure 
energy convergence. For the thermoelectric properties, the Boltzmann 
transport theory was applied using the BoltzTraP2 code. The Seebeck 

Fig. 1. The cubic crystal structure of (Cs2, K2, Rb2)SnCl6, Cl atom (green color), 
(Cs, K, Rb) (sky blue color) and Sn (grey color).
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coefficient, electrical conductivity, and electronic thermal conductivity 
were calculated as functions of the chemical potential and temperature. 
The dense k-point mesh (22 × 22 × 22) sampling ensured the accuracy 
of energy-dependent transport properties, while the temperature range 
of 300 K–900 K was explored to capture the thermoelectric behavior 
under practical operating conditions. The power factor was calculated 
by combining the Seebeck coefficient and electrical conductivity, 
providing insights into the thermoelectric efficiency of the materials. 
k-points are used in calculations to obtain more precision in electronic, 
optical and thermoelectric properties by minimizing the calculation 
cost. k-points of 18 × 18 × 18 was employed for electronic and optical 
calculations, which was sufficient to achieve convergence for total en
ergy and band gap and related optical parameters. These parameters are 
highly sensitive to subtle variations in the electronic structure near the 
Fermi level. For thermoelectric characteristics, such as Seebeck coeffi
cient, thermal conductivity, and electrical conductivity, a denser grid of 
22 × 22 × 22 was used to ensure higher accuracy in the calculation of 
energy derivatives and integrations across the Brillouin zone.

3. Results and discussions

3.1. Structure and stability

The cubic crystal structure of (Cs2, K2, Rb2)SnCl6 having a base of 
four-unit cells is schematized in Fig. 1. (Cs, K, Rb), tin and halogen atoms 
are designed by green, grey and black colors. The lattice constant and 
the position of the chlorine ion (u, 0, 0) describe the geometric 
appearance of the structure. The atomic positions are 8K, 8Cs, 8Rb 
(0.25, 0.25, 0.25), 4Sn (0, 0, 0) and 24 Cl (0.2407, 0, 0). Fig. 2 shows the 
effect of lattice volume on optimization energy for (Cs2, K2, Rb2)SnCl6 

and explains the structural stability of these materials. We report in 
Table 1 the lattice constant, bulk modulus and its pressure derivative 
and the minimum energy for these compounds. The minimum optimi
zation energy for (Cs2, K2, Rb2)SnCl6 indicates that structural stability is 
present in the materials under study and it is more pronounced following 
the sequence Cs→Rb→K. The computed lattice constant of Cs2SnCl6 and 
K2SnCl6 are in good agreement with their experimental values [30,31] 
quoted in the literature, where the uncertainty is 2.7 % and 1.7 % 
respectively. The lattice constant of Cs2SnCl6 agrees well with theoret
ical one [32]. Experimental bulk modulus for Cs2SnCl6 is cited [33], 
showing reasonable agreement. The obtained bulk modulus and its 
pressure derivative from the Birch-Murnaghan equation of state (EOS) 
are presented in Table 1.

The bulk modulus of Cs2SnCl6 agrees well with theoretical and 
experimental values [32,33]. There are no experimental and theoretical 
values of the lattice constant and bulk modulus for Rb2SnCl6. We list in 
Table 2 the bond lengths of nearest neighbors for (Cs2, K2, Rb2)SnCl6 at 
equilibrium calculated using optimized and experimental lattice con
stant. The distances are related to the (Cs, K, Rb) radius, then bond 
lengths of (Cs2, K2, Rb2)SnCl6 increases in the sequence K→Rb→Cs. The 
study of the dynamic stability requires the use of phonon band structures 
and PDOS of (Cs2, K2, Rb2)SnCl6 as shown in Fig. 3. No negative fre
quencies are observed in the spectra, therefore dynamic stability is 
ensured. The optical mode for frequencies located beyond 0.3 THZ for 
K2SnCl6 and 0.4 THZ for (Cs2, Rb2)SnCl6 is mainly due to the vibrations 
of (K, Cs, Rb) atoms, and two atoms in the unit cell vibrate in an opposite 
direction. While, the acoustic mode with frequencies below 0.25 THZ for 
(Cs2, Rb2)SnCl6 and below 0.3 THZ for K2SnCl6, are governed by the 
vibrations of the Cl and Sn atoms in the same direction. The phonon 
spectrum of (Cs₂, K₂, Rb₂)SnCl₆ demonstrates dynamic stability under 
ambient conditions. Under high pressures, the reorganization of the 
octahedral framework and changes in crystal symmetry may lead to 
transitions phases. Similarly, high temperatures could induce softening 
in certain phonon modes, leading to structural changes, such as transi
tions from the cubic phase to tetragonal or rhombohedral phases. The 
formation enthalpy of (Cs2, K2, Rb2)SnCl6 corresponding to the reaction 
of formation of these compounds at room temperature from simple el
ements in their most stable molecular form follows this reaction: 

(K,Cs,Rb)SnCl3 +2HCl+(K,Cs,Rb)Cl+
1
2
O2 → (K2,Cs2,Rb2)SnCl6

+ H2O 

The formation enthalpy of K2SnCl6, Cs2SnCl6 and Rb2SnCl6 is − 3.332 

Fig. 2. Optimization energy as a function of volume for (Cs2, K2, Rb2)SnCl6.

Table 1 
Lattice constant, bulk modulus and its pressure derivative and the minimum 
energy for (Cs2, K2, Rb2)SnCl6.

a (Ẳ) B (GPa) B’ Eform (Ry)

K2SnCl6 10.169 31.74 4.92 − 20305.61
Exp. 9.988 [31]

Cs2SnCl6 10.645 27.59 5.01 − 49058.29
Exp.10.3562 [30] 9.21 [33]
Cal. 10.6841 [32] 26.96 [32]

Rb2SnCl6 10.195 23.11 6.53 − 59321.31

Table 2 
Bond lengths of nearest neighbors for (Cs2, K2, Rb2)SnCl6.

Bond K2SnCl6 Cs2SnCl6 Rb2SnCl6
A − Sn 4.403 4.609 4.474
(Ẳ) 4.324 Exp. 4.484 Exp.
A − Cl 3.596 3.767 3.655
(Ẳ) 3.532 Exp. 3.663 Exp.
Sn − Cl 2.45 2.479 2.454
(Ẳ) 2.407 Exp. 2.457 Exp.
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eV, − 3.230 eV and − 3.322 eV. The formation enthalpy translates the 
binding force of a material, and it is the energy needed to dispatch this 
material into isolated atoms when all the bonds are broken. The nega
tivity of the formation enthalpy of a material reflects its thermal and 
chemical stability. Goldschmidt tolerance factor (t) and octahedral 
factor (u) of (Cs2, K2, Rb2)SnCl6 as reported in Table 3 are given by t =
(r(K,Cs,Rb)+rSn)̅̅

2
√

(rSn+rCl)
[33] and u = rSn

rCl 
[34], where rSn, r(K,Cs,Rb), rCl represent the ionic 

radii for ions Sn, (K,Cs,Rb) and Cl sites. The double perovskites under 

study have t and u values close to 1.0 and 0.4, which confirm their 
structural stability. The synthesis of these materials must be insured 
their chemical and thermal stability under operating conditions, where 
we must control the crystal structure, the phase purity and scalability for 
industrial applications. The stability in the operating conditions of the 
devices requires their standardized encapsulation. It necessary to focus 
more on inorganic materials. Optimal design for stable and efficient 
materials technology includes a thorough fundamental understanding of 
their structural and photophysical properties under operational 

Fig. 3. Phonon band structures and PDOS of (Cs2, K2, Rb2)SnCl6.

Table 3 
Goldschmidt’s tolerance factor (t), octahedral factor (μ) and ionic radii for (Cs2, K2, Rb2)SnCl6.

K2SnCl6 Cs2SnCl6 Rb2SnCl6

Ionic radii (Ẳ) rK rSn rCl rCs rSn rCl rRb rSn rCl
1.64 0.69 1.81 1.88 0.69 1.81 1.64 0.69 1.81

tolerance factor (t) 0.975 1.044
0.998

octahedral factor (u)
0.381 0.381

0.381
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conditions. The Goldschmidt tolerance factor for double perovskites 
under study is close to 1 (ranging from 0.975 to 1.044). This value 
suggests that the perovskite structure is highly stable for maintaining 
consistent performance in devices under operational conditions. For 
optoelectronic application, the structural stability ensures consistent 
band gap and efficient light absorption and emission. For optoelectronic 
application, stability is essential for maintaining the low thermal con
ductivity and high Seebeck coefficient, which are necessary for effective 
thermoelectric conversion. A structurally stable material ensures reli
able charge carrier transport and minimal performance degradation 
over time.

3.2. Mechanical characteristics

The cubic structure (Cs2, K2, Rb2)SnCl6 have three elastic constants 
and bulk modulus reported in Table 4. Elastic constants and bulk 
modulus satisfy the stability criteria; 

C11 +2C12〉0,C44〉0,C11 − C12〉0,C12〈B〈C11 

which reflect their mechanical stability. Elastic constants are calculated 
using the stress–strain method, while the bulk modulus of elasticity (B), 
Young’s modulus (E), shear modulus (G), Poisson’s ratio (ν) and hard
ness (H) are calculated with the Voigt–Reuss–Hill (VRH) approximation 
are reported in Table 4. The weaker elastic moduli lead to their easy 
deformation and less resistance to stretching or bending and hardness. 
Young’s modulus is the longitudinal modulus of elasticity, which char
acterizes the resistance of the material to deformation, and the larger the 
value of Young’s modulus, the greater the stiffness of the material. 
Young’s modulus confirms the larger resistance to uniaxial deformation. 
The values of Poisson’s ratio ν > 0.25 support forces as central type in all 
compounds and the materials exhibit relative toughness. Fig. 4 shows 3D 
surface of Young’s modulus for(Cs2, K2, Rb2)SnCl6 double perovskites. It 
is presented by a contour along each graph in different directions using 
mBJ-GGA functional. We note that Young’s modulus is anisotropic. We 
study the link between hardness and shear modulus and bulk modulus of 
double metal halide perovskites calculated according to the model [35]: 

H=2
(

G3

B2

)0.585

− 3 

hardness is linked to bulk modulus and shear modulus, which pro
vides information on the resistance of the material to deformation. A 
higher bulk modulus indicates stronger bonding between atoms, which 
correlates with greater hardness. A higher shear modulus is associated 

Table 4 
The band gap of (K2,Cs2,Rb2)SnCl6 using GGA and mBJ-GGA.

Eg (eV) GGA Eg (eV) mBJ-GGA

K2SnCl6 2.282 3.726

Cs2SnCl6
2.524 3.870

Rb2SnCl6
2.312 3.700

Fig. 4. 3D surface construction of Young’s modulus of (Cs2, K2, Rb2)SnCl6.
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Fig. 5. Electronic band structures and PDOS of (Cs2, K2, Rb2)SnCl6 using GGA approximation.
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with greater hardness and resistance to plastic deformation. The mod
erate hardness makes these compounds suitable candidates for reliable 
and durable device fabrication. There are two independent engineering 
elastic moduli: the shear modulus (G) and bulk modulus (B). These 
quantities can be connected to single crystal elastic constants using 
different averaging techniques. The shear modulus is an indicator of the 
mechanical hardness. Whereas, the bulk modulus represents a measure 
of the average bond strength of the atoms in the crystal, and it is pro
portional to the cohesive energy. The anisotropic nature of Young’s 
modulus suggests that the rigidity of the material varies along the 
crystallographic axes. The preferred orientation influences the quality of 
application. Variable stiffness induces a concentration of stresses which 
have an impact on long-term stability. In thermoelectric applications, 
preferential orientation improves electron and phonon transport 

performance. The lowest B, G and E values suggest that materials under 
study are less rigid [36,37]. The large Debye and melting temperatures, 
hardness and ultralow lattice thermal conductivities increase their 
importance [38].

3.3. Electronic characteristics

The band structure of (Cs2, K2, Rb2)SnCl6 using GGA and mBJ-GGA 
are presented in Figs. 5 and 6. The Generalized Gradient Approxima
tion underestimates band gap due to its inherent limitations in 
describing the exchange-correlation energy. The modified Becke- 
Johnson functional is a more accurate approach for predicting band 
gap, offering values closer to experimental. The mBJ-GGA functional 
demonstrates higher accuracy and reliability for band gap prediction, 
which is crucial for evaluating the suitability of these materials for op
toelectronic applications like solar cells and LEDs. Experimental studies 
confirm the performance of these perovskites in practical devices. The 
GGA does not accurately describe the discontinuity in exchange- 
correlation energy, which leads to undervaluing a material’s potential 
in optoelectronic applications. The mBJ-GGA is more accurate and 
overestimates the band gap slightly, which affect light absorption and 
charge carrier transport in real-world devices.

It can be seen that valence band maximum and conduction band 
minimum coincide at the same high symmetry point Γ, which traduce 
their direct band gap. This addresses one of the main requirements in the 
manufacturing of energy-efficient solar cells, as well as energy losses in 
photo-excited electrons due to minimized phonon scattering. We report 
in Table 4 the direct Γ-Γ band gap of (Cs2, K2, Rb2)SnCl6 calculated using 
GGA and mBJ-GGA functionals. The electronic configuration of Cs, K, 
Rb, Sn and Cl are Cs: [Xe] 6s1, K: [Ar] 4s1, Rb: [Kr] 5s1, Sn: [Kr] 4 
d1⁰5s25p2 and Cl: [Ne] 3s23p5. The electronic contribution to the first 
conduction band is mainly due to Cl states. The electronic contribution 
to the upper valence band is mainly due to Cl-3p states, while the lower 
conduction band is empty. The charge transfer is taking place via Cl-3p 
and (Cs-6p, K-4S, Rb-5s) states between upper valence band and lower 
conduction band. The density of states predicts that all studied double 
perovskites are n-type semiconductors. We also note that the Cl-p states 
hybridize with Sn-p-sites, and this confirms that the bonding is covalent 
in nature. The total density of states (TDOS) clearly shows that the 
materials under study have a semiconductor nature, because the TDOS 
of the valence band does not exceed the Fermi level. The presence of an 
intermediate band in the conduction band of the semiconductors under 

Fig. 6. Electronic band structures of (Cs2, K2, Rb2)SnCl6 using mBJ-GGA 
approximation.

Table 5 
Elastic constants, bulk modulus of elasticity, Young’s modulus, shear modulus, 
Poisson’s ratio for (Cs2, K2, Rb2)SnCl6.

K2SnCl6 Cs2SnCl6 Rb2SnCl6

C11 (GPa) 23.35 17.16 22.59
Other cal
C12 (GPa) 13.48 7.54 13.00
Other cal
C44 (GPa) 10.07 7.53 10.85
Other cal
B (GPa) 16.77 10.75 16.19
ɵD (K) 181.88 140.41 167.38
Average sound velocity 1857.13 1501.00 1732.90
Bulk modulus Voigt 16.77 10.75 16.19

Reuss 16.77 10.75 16.19
Hill 16.77 10.75 16.19

Shear modulus Voigt 8.01 6.44 8.42
Reuss 7.10 6.14 7.20
Hill 7.56 6.29 7.81

Young modulus Voigt 20.74 16.11 21.54
Reuss 18.68 15.47 18.83
Hill 19.72 15.79 20.20

Poisson 
Ratio

Voigt 0.293 0.251 0.278
Reuss 0.314 0.260 0.306
Hill 0.304 0.255 0.292
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study confirmed by the start of absorption at the photon energy corre
sponding to the band gap improves the efficiency of these solar cells 
(Table 5). The intermediate band facilitates the absorption of photons in 
the sub-band gap and uses low energy photons. This improves the effi
ciency of solar cells by broadening the absorption spectrum and 
increasing the photocurrent. Indeed, the band gap of (Cs₂, K₂, Rb₂)SnCl₆ 
is quite wide, which reduces their effectiveness for applications based on 
the absorption of visible light, such as conventional solar cells. Fairly 
wide band gap provides better stability, resistance to photo-induced 
degradation under harsh conditions. Therefore, these materials are 
suitable for UV light applications, such as UV LEDs. Therefore, these 
compounds are useful for specialized applications in other spectral 
ranges. The hybridization between Cl-p and Sn-p states enhances cova
lent bonding, stabilizing the crystal structure, contributes to effective 
charge transport and reduces electron-hole recombination. The perov
skites under study are photocatalyst materials because of their suitable 
structural and electronic characteristics [39]. The examined optoelec
tronic characteristics of materials under study indicate that they possess 
promising potential for renewable energy applications [40].

3.4. Optical parameters

The optical parameters studied to illustrate the usefulness of these 
double perovskites include the refractive index, the static dielectric 
constant, the loss function, as well as the absorption coefficient are 
depicted in Fig. 7. The refractive index is an essential parameter in the 
design of photonic devices. Indeed, the high refractive index is a factor 
which limits the output efficiency of solar cells. The static refractive 
index for (Cs2, K2, Rb2)SnCl6 is about 1.7. In the visible range, the 
refractive index is about 3.25. The maximum refractive index observed 

for these materials is about 5.25, which is observed at the ultraviolet 
photon energy of 5 eV. Coating with high refractive index materials 
improves anti-reflective properties and color brilliance, and reduces 
light loss. Note that the refractive index below 1 in the UV range, tra
duces that these materials become superluminal. In the propagation of 
superluminal light, there is a strong dispersion of the refractive index 
which follows from a strong absorption, this results in a strongly 
attenuated superluminal light. A superluminal light shows a group ve
locity greater than that of light in a vacuum, without violating causality. 
The optical parameters of the double perovskites under study reveal that 
their optical responses are efficient. The real part specifies the degree of 
polarization, indicates capacitive or inductive optical response of a 
material and it is more important in the ultraviolet region. The static 
dielectric constant εr(0) calculated using GGA for K2SnCl6, Rb2SnCl6 and 
Cs2SnCl6 is about 2.8. It reaches a maximum value of about 5.4. The 
large static dielectric constant arises from the lattice contribution and 
points to the ferroelectric behavior of the material. The materials exhibit 
large absorption coefficients in the UV range 5500 cm− 1, 5000 cm− 1 and 
4500 cm− 1 for K2SnCl6, Rb2SnCl6 and Cs2SnCl6. The ideal band gap, high 
dielectric constants and optimal absorption make the double perovskites 
under study perform well in solar cells. Table 6 lists static dielectric 

Fig. 7. Refractive index, static dielectric constant, loss function and absorption coefficient as a function of photon energy for (Cs2, K2, Rb2)SnCl6 using GGA 
approximation.

Table 6 
Static dielectric constant, static refractive index and static optical absorption for 
(Cs2, K2, Rb2)SnCl6 using mBJ-GGA.

ε (0) n (0) α (0)

K2SnCl6 2,83 1,68 0,0228
Cs2SnCl6 2,91 1,70 0,0248
Rb2SnCl6 2,86 1,69 0,0242
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constant, static refractive index and static optical absorption for (Cs2, K2, 
Rb2)SnCl6 using mBJ-GGA. The high absorption and refractive index in 
ultraviolet light shows their potential in solar energy and thermoelectric 
devices [41]. The high absorption coefficient at ultraviolet region, high 
reflectivity near infrared region, the narrow band gap semiconducting 
nature, high merit factor make the material suitable for optical and 
thermoelectric applications [42]. A high UV absorption coefficient al
lows interband transitions and improves photon capture.

3.5. Thermoelectric characteristics

Semiconductors (Cs2, K2, Rb2)SnCl6 with direct band gap and flat 
conduction and valence bands exhibit adequate thermoelectric param
eters [43]. Fig. 8 illustrates the effect of chemical potential shifted with 
respect to the Fermi energy from − 1.5 eV to 1.5 eV on Seebeck coeffi
cient at temperatures T = 300 K, 600 K and 900 K for (Cs2, K2, Rb2)SnCl6. 
Seebeck coefficient increases with increasing chemical potential. The 
general trend for (Cs2, K2, Rb2)SnCl6 with temperature is a decrease in 
Seebeck. The range of chemical potential increases with increasing 
temperature. For K2SnCl6 two peaks in the profile are observed, the first 
for n-type character at a chemical potential around -0.6 eV, − 0.2 eV and 
-0.1 eV and the second for p-type character at 0.7 eV, 0.2 eV and 0.2 eV. 

While Cs2SnCl6 (Rb2SnCl6) show only one peak at 0.55 eV, 0.95 eV and 
1.2 eV (0.45 eV, 1 eV and 1.15 eV) for p-type character. The maximum 
Seebeck coefficient obtained is about 1500 μVK− 1 at 300 K and E-EF =

0.45 eV, 0.5 eV and − 0.85 eV for (Cs2, K2, Rb2)SnCl6. We see that (Cs2, 
K2, Rb2)SnCl6 have positive values of Seebeck coefficient which reveals 
that p-type charge carriers are dominant and increases with increasing 
temperature for enhancing their performance. The p-type behavior is 
ensured by positive charge carriers, as confirmed by the positive See
beck coefficient. The n-type behavior results from asymmetric band 
structures. At high temperatures, phonon scattering reduces carrier 
mobility and leads to a reduction in the Seebeck coefficient. Increased 
thermal excitation equalizes the carrier concentration gradients by 
limiting the thermoelectric effect. Phonon scattering due to vibrations 
and lattice defects reduces thermal conductivity and improves thermo
electric performance. Defects act as diffusion centers disrupting heat 
flow, this maintains a high thermoelectric figure of merit. The thermal 
conductivity is a combination of electronic thermal conductivity and 
phononic thermal conductivity. Fig. 9 shows the electronic thermal 

Fig. 8. Seebeck coefficient as a function of chemical potential at temperatures 
T = 300 K, 600 K and 800 K for (Cs2, K2, Rb2)SnCl6 using GGA approximation.

Fig. 9. Electronic thermal conductivity as a function of chemical potential at 
temperatures T = 300 K, 600 K and 800 K for (Cs2, K2, Rb2)SnCl6 using mBJ- 
GGA approximation.
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conductivity divided by relaxation time as a function of chemical po
tential at temperatures T = 300 K, 600 K and 900 K for (Cs2, K2, Rb2) 
SnCl6. Thermal conductivity is a parameter for identifying materials 
intended for technological applications such as thermoelectric conver
sion. A high-performance thermoelectric material has low thermal 
conductivity. (Cs2, K2, Rb2)SnCl6 have positive values of thermal con
ductivity and this enhances their performance as n-type. Thermal con
ductivity increases with increasing temperature. Better performance 
requires the use of low temperature. Thermal conductivity decreases 
with increasing defects. The dependence of thermal conductivity on 
temperature in the low temperature region is small. The electronic 
thermal conductivity enhanced their performance as n-type. Materials 
under study exhibit competitive Seebeck coefficients and power factors 
compared to conventional materials. Their thermal conductivity needs 
to be further optimized to compare performance against state-of-the-art 

thermoelectrics. The variation of electrical conductivity divided by 
relaxation time (σ/τ) as a function of chemical potential from − 3.5 eV to 
1 eV at temperatures 300 K, 600 K and 900 K for (Cs2, K2, Rb2)SnCl6 
using mBJ-GGA is shown in Fig. 10. A high-performance thermoelectric 
material as n-type has high electrical conductivity, then the use of low 
temperature. The electrical conductivity for negative chemical potential 
is higher than that of positive chemical potential. This indicates that the 
n-type composition possesses higher electrical conductivity than p-type. 
The average power factor is plotted against the chemical potential at 
300 K, 600 K and 900 K as illustrated in Fig. 11. The positive (negative) 
chemical potential scale indicates the electron (hole) concentration, 
respectively. The power factor is maximum near μ = - 1.2 eV for K2SnCl6 
and at μ = 0 eV for (Cs2, Rb2)SnCl6, attributed to significant increment in 
the electrical conductivity at high electron concentration level. Power 
factor increases with increasing temperature. The large magnitude of 

Fig. 10. Electrical conductivity as a function of chemical potential at temper
atures T = 300 K, 600 K and 800 K for (Cs2, K2, Rb2)SnCl6 using mBJ-GGA 
approximation.

Fig. 11. The power factor as a function of chemical potential at temperatures T 
= 300 K, 600 K and 900 K for (Cs2, K2, Rb2)SnCl6 using mBJ-GGA 
approximation.
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power factor is obtained in the case of large electrical conductivity. 
Consequently, (Cs2, K2, Rb2)SnCl6 exhibit good thermoelectric response 
at the higher temperatures. The power factor peaks near the chemical 
potential reflect an optimized carrier concentration. Achieving these 
conditions requires an adjustment of the Fermi level. Fine-tuning the 
synthesis parameters and temperature improve the electronic proper
ties, aligning the carrier concentrations to the desired peaks.

4. Conclusion

We used first principles calculations using density functional theory 
combined with WIEN2k code to perform stability, mechanical, opto
electronic and thermoelectric characteristics. Phonon scattering due to 
vibrations and lattice defects reduces thermal conductivity and im
proves thermoelectric performance. The electronic band structure shows 
that (K2,Cs2,Rb2)SnCl6 have direct band gap semiconductors 3.726, 
3.870 and 3.700 eV, with flat valence bands. The flat valence band in
duces high electrical conductivity, high Seebeck coefficient, excellent 
values of power factor, which make these materials attractive for ther
moelectric applications at high temperature. High absorption coeffi
cient, refractive index and dielectric constants in the ultraviolet light, 
higher electrical conductivity and lower thermal electronic conductivity 
and high-power factor make them to be quite suitable for applications in 
solar cell structures. Bond length plays a key role in material stability, 
which guides the design of stable optoelectronic semiconductors. The 
power factor peaks near the chemical potential reflect an optimized 
carrier concentration.
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(2024) 117550.

[30] B. Thomas, C.R. Gearhart, W.A. Welsh, J. Magn. Reson. 13 (1974) 27–37.
[31] J. Ihringer, Acta Cryst. A36 (1980) 89–96.
[32] K. Bouferrache, M.A. Ghebouli, B. Ghebouli, M.A. Habila, T. Chihi, M. Fatmi, 

A. Djemli, Mika sillanpaa, Results Phys. 56 (2024) 107138.
[33] U. Ullah, M. Azmat Ali, K.M.S. Katubi, N.S. Alsaiari, K.M. Abualnaja, A.S. Verma, 

G. Murtaza, Inorg. Chem. Commun. 139 (2022) 109315.
[34] C. Li, K.C.K. Soh, P. Wu, J. Alloys Compd. 372 (2004) 40–48.
[35] Y. Liu, C. Fang, S. Lin, G. Liu, B. Zhang, H. Shi, N. Yang, F. Zhang, X. Guo, X. Liu, 

Molecules 28 (22) (2023) 7643.
[36] A.I. Aljameel, A. Mera, S. Saad, G. Nazir, H. Albalawi, J. Taibah Univ. Sci. 16 (1) 

(2022) 155–162.
[37] A.A. Sholagberu, W.A. Yahya, A.A. Adewalee, Phys. Scr. 97 (2022) 085824.
[38] G.M. Mustafa, S. Saba, Q. Mahmood, N.A. Kattan, N. Sfina, T. Alshahrani, A. 

A. Mera, G.A.M. Mersal, M.A. Amin, Opt. Quant. Electron. 55 (6) (2023) 527.
[39] M. Ud Din, J. Munir, T. Alshahrani, H.I. Elsaeedy, Q. Ain, Mater. Sci. Semicond. 

Process. 163 (15) (2023) 107569.
[40] H. Murtaza, Q. Ain, J. Munir, H. M Ghaithan, A.A.A. Ahmed, A.S. Aldwayyan, S.M. 

H. Qaid, Phys. Scr. 99 (2024) 055947.
[41] M. Rani, P.K. Kamlesh, S. Kumawat, A.U. Rani, G. Arora, A.S. Verma, Phys. B 

Condens. Matter 680 (2024) 415645.
[42] A. Besbes, R. Djelti, I. Kars Durukan, Opt. Quant. Electron. 54 (372) (2022) 1–17.
[43] E. Haque, M.A. Hossain, Results Phys. 10 (2018) 458–465.

M.A. Ghebouli et al.                                                                                                                                                                                                                            Solid State Communications 397 (2025) 115831 

11 

http://refhub.elsevier.com/S0038-1098(25)00006-7/sref1
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref1
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref2
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref2
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref3
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref3
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref5
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref6
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref6
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref7
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref8
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref9
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref9
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref10
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref11
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref11
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref12
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref12
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref13
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref13
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref14
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref14
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref14
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref15
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref15
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref16
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref16
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref16
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref17
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref18
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref18
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref19
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref19
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref20
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref20
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref21
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref21
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref22
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref22
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref23
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref24
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref25
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref25
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref26
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref26
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref27
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref27
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref28
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref28
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref29
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref29
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref29
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref30
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref31
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref32
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref32
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref33
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref33
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref34
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref35
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref35
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref36
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref36
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref37
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref38
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref38
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref39
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref39
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref40
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref40
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref41
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref41
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref42
http://refhub.elsevier.com/S0038-1098(25)00006-7/sref43

	Stability, mechanical, optoelectronic and thermoelectric behaviors of inorganic metal halide double perovskites (Cs2, K2, R ...
	1 Introduction
	2 Calculation method
	3 Results and discussions
	3.1 Structure and stability
	3.2 Mechanical characteristics
	3.3 Electronic characteristics
	3.4 Optical parameters
	3.5 Thermoelectric characteristics

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	Data availability
	References


