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A B S T R A C T   

First-principle calculations using the Wien2k code and the GGA-mBJ exchange potential were used in the study 
of the thermodynamic, dynamic, chemical and elastic stability, as well as the electronic, optical and thermo
electric properties of Cs2(Sn, Pt, Te)I6. The presence of an intermediate band in Cs2(Sn, Pt, Te)I6 semiconductors 
confirmed by absorption peaks appeared at photon energy corresponding to the band gap enhances the efficiency 
of solar cells. The ideal band gap, high dielectric constants and optimal absorption make the double perovskites 
under study perform well in solar cells. The calculated minimum formation energy, Helmholtz free energy and 
phonon modes through the first Brillouin zone for the investigated Cs2(Sn, Pt, Te)I6 family confirm their thermal, 
thermodynamic and dynamic stability. The acoustic phonon contribution modes come from the Cs-6s and I-5p 
electrons, while the Pt-6s, Sn-5p, Te-5p and I-5p electrons participate in the optical phonon modes. The 
narrowness of the upper valence band and the band gap in the visible region for Cs2PtI6 advantage this double 
perovskite in energy harvesting. The geometric Goldschmidt tolerance factor value between 0.8 and 1.0 and 
octahedral factor 0.41 indicate that Cs2SnI6 double perovskite is more stable.   

1. Introduction 

The thermodynamic, dynamic, chemical and elastic stability of 
double perovskites Cs2(Sn, Pt, Te)I6 attract considerable attention from 
researchers. Materials having intermediate band are identified by frac
tionation from the band gap to sub-band gaps. The electrons transit from 
the valence band to the intermediate band then reach the conduction 
band by absorption of photons. The intermediate band present at the 
band gap of a material improves the efficiency of solar cells. The 
improvement in power conversion efficiency (PCE) of materials having 
intermediate band is attributed to the photovoltaic characteristics of 
absorber perovskites such as tunable band gap, excellent optical 

absorption and high stability. Then the design of new intermediate band 
materials requires high optical absorption, photovoltaic solar energy [1] 
and achieve high solar conversion efficiencies [2]. The study of the band 
structure and density of state indicates that Cs2SnI6 contains an inter
mediate band and the additional absorption peaks present confirm it [3]. 
An electronic structure calculation carried out by Vienna Ab initio 
simulation package (VASP) using the HSE0677 hybrid functional and 
includes explicit spin-orbit coupling treatment indicates a direct band 
gap of Cs2SnI6 and Cs2TeI6 smaller than the optical band gap [4]. 
Rb2PtBr6 and Rb2PtI6 have an optimal band gap in the range 0.9–1.6 eV, 
the high static dielectric constant indicates a good absorption in 
visible-light for single junction photovoltaic applications [5]. The 
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highest value of the static refractive index of Cs2PtI6 indicates a good 
absorption of the material to the incident spectrum [6]. Perovskite 
materials are used in solar energy harvesting because of their suitable 
absorption and band gap [7,8]. Achieving a maximum figure of merit 
(ZT) requires a high Seebeck coefficient and lower thermal conductivity 
[9–11]. A high Seebeck coefficient, adequate ZT values make Cs2(Se, Sn,
Te,Ti)I6 attractive for thermoelectric applications [12]. Halide double 
perovskites have been examined as potential for optoelectronic appli
cations [13]. In this work, we employ the Wien2k computational code 
within a GGA and mBJ-GGA as exchange potential to investigate the 
thermodynamic, dynamic, chemical and elastic stability, the electronic, 
optical and thermoelectric properties of Cs2(Sn, Pt, Te)I6. Our studied 
double perovskites Cs2SnI6, Cs2PtI6 and Cs2TeI6 are suitable thermo
electric materials because of their high figure of merit (ZT= 1) , Seebeck 
(S= 3000μV /K) and lower thermal conductivity for P-type carriers. The 
forbidden band of Cs2SnI6, Cs2TeI6 and Cs2PtI6 localized between 1 and 
1.8 eV is suitable for single junction perovskite solar cells. The large 
static dielectric constant points to the ferroelectric behaviour of these 
materials. The first imaginary peak of Cs2SnI6, Cs2TeI6 and Cs2PtI6 
located at 2 eV, 2.5 eV and 2 eV correspond to the direct (Γ-Γ) and in
direct (W-L) and (Γ-X) optical transition from valence band to inter
mediate band 0.95 eV, 1.829 eV and 1.176 eV. An energy harvesting 
device was created in order to evaluate its potential as a piezoelectric 
autonomous power supply [14]. 

2. Computational details 

All physical properties were studied using the computer code Wien2k 
[15]. The generalized gradient approximation (PBE-GGA) [16] of 

Perdew, Burke and Ernzerhof was used in the lattice constants opti
mizing process. The electronic, optical and thermoelectric character
izations were expected by the modified Becke-Johnson exchange 
potential [17]. We report the product of the smallest muffin-tin sphere 
radius (RMT) and the largest plane wave vector (Kmax) of 9. RMT of Cs, Sn, 
Pt, Te and I takes 2.5 and k-points of Cs2 (Sn, Pt, Te)I6 using GGA ap
proaches is 1000 to achieve perfect convergence of energy. Calculation 
of optical and thermoelectric properties requires k-meshes = 10,000, 
while 5000 for elastic constants. The maximum radial expansion Imax =

10 is the value used for performing this self-consist calculations. The Ecut 

off between the valence states and the nucleus was - 8 Ry, while 10− 3 e is 
chosen as the convergence charge. Valence electrons form chemical 
bonds, while those in the nucleus ensures the chemical reactivity of an 
atom. The electronic configuration of these elements is Cs: [Xe] 6s1, Sn: 
[Kr] 4d105s25p2, Pt: [Xe] 4f145d96s1, Te: [Kr] 4d105s25p4 and I: [Kr] 
4d10 5s25p5. We note that RMT effect on electronic characteristics is not 
decisive with respect to the GGA-mBJ exchange potential. GGA-mBJ 
corrects the formation energy, transition energy level, lattice constant, 
electrostatic potential, valence band maximum and total energy. The 
formation energy of compound is that which disperses it into isolated 
atoms when all the bonds are broken. 

3. Results and discussions 

3.1. Thermal, thermodynamic, dynamic and mechanical stability 

Cs2(Sn,Pt,Te)I6 double perovskites crystallize in a face centered 
cubic structure with space group Fm3m(#225), where Cs atoms are in 
the spaces between the octahedrons 8c (0.25, 0.25, 0.25), (Sn, Pt,Te)
atoms occupy 4a (0, 0, 0), and the I atoms are at positions 24e (x, 0, 0), 
where the value of x is 0.2296. Calculation of Goldschmidt tolerance 
factor (t) and octahedral factor (μ) is necessary for knowledge of struc
tural stability and predicting the application domain with high perfor
mance. Experimental research and simulation limit the number of 
compounds of interest for optoelectronics by evaluating the geometric 

Goldschmidt tolerance factor t = (rCs+r(Sn,Pt,Te)̅̅
2

√
(r(Sn,Pt,Te+rI)

[18] and octahedral factor 

u =
r(Sn,Pt,Te)

rI 
[19], where rCs, r(Sc,Pt,Te), rI are the ionic radii for ions Cs,

(Sn,Pt,Te) and I sites. An ideal double perovskite shows a tolerance 
factor t = 1. When the ratio of ionic radii deviates from unity, geometric 
deformation and crystal distortions appear [20]. The values for Cs2SnI6, 
Cs2PtI6 and Cs2TeI6 of Goldschmidt tolerance factor (octahedral factor) 
are 0.85, 0.91 and 0.62 (0.53, 0.36 and 1) with their theoretical ones 
0.99, 1.02 and 0.91 (0.31, 0.28 and 0.44) [18] indicate that Cs2SnI6 
double perovskite is more stable because it has t value between 0.8 and 
1.0 and a u value greater than 0.41. The optimization of the compounds 
under study to obtain a minimum fundamental energy, the lattice con
stant, the bulk modulus and its derivative with respect to the pressure, as 
well as the formation energy are listed in Table 1. The lattice constant of 
our perovskites agrees with their available experimental data [21,22] 
and theoretical ones calculated using the GGA-PBE functional [23]. The 
negativity of Cs2(Sn,Pt,Te)I6 minimum energy and formation energy 
translates their chemical and thermal stability calculated from the 
following expression: 

ECs2(Sn,Pt,Te)I6
form = ECs2(Sn,Pt,Te)I6

tot −
ECs

tot
2

− E(Sn,Pt,Te)
tot −

EI
tot
6

(1) 

The total and formation energies of these perovskites traduce their 
chemical and thermal stability. Chemical stability is more pronounced in 
Cs2PtI6, while Cs2SnI6 is more thermally stable. Fig. 1 illustrates the 
evolution of the Helmholtz free energy as a function of temperature for 
Cs2(Sn, Pt, Te)I6 in the harmonic approximation. These perovskites are 
reported to be thermodynamically stable because of their negative 
Helmholtz free energy, which decreases with increasing temperature. 
This stability is more pronounced in Cs2(Te,Sn)I6. 

Table 1 
Lattice constant (a0), bulk modulus (B), pressure derivative of bulk modulus B’, 
minimum energy (E0) and formation energy (Efomation).   

a0 (Å) B (GPa) B’ E0 (Ry) Efomation (eV) 

Cs2SnI6 12.064 
12.00 [18] 
11.65 exp. [20] 

16.37 4.99 − 128948.73 − 1.88 

Cs2PtI6 11.744 
11.74 [18] 
11.37 exp. [19] 

24.69 4.30 − 153483.71 − 1.32 

Cs2TeI6 12.074 
12.06 [18] 
11.70 exp. [20] 

16.89 4.39 − 130184.22 − 1.72  

Fig. 1. Helmholtz free energy in the harmonic approximation as function of 
temperature for Cs2SnI6, Cs2PtI6 and Cs2TeI6. 
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We present in Fig. 2 the phonon dispersions curves and projected 
density of states for Cs2SnI6, Cs2PtI6 and Cs2TeI6 computed by Phonopy 
with GGA approaches. It is reported that no negative frequency phonon 
modes through the first Brillouin zone are observed, confirming their 
dynamic stability. We note also that the acoustic phonon contribution 
modes come from the Cs-6s and I-5p electrons, while the Pt-6s, Sn-5p, 
Te-5p and I-5p electrons participate in the optical phonon modes for all 
perovskites. The high anharmonic lattice dynamic of Cs2(Sn,Pt,Te)I6 
reduces their thermal conductivity, giving them an advantage of use in 
the thermoelectric field. The mechanical stability and related charac
teristics of the double perovskites with cubic symmetry Cs2(Sn, Pt, Te)I6 
are determined using the elastic constants C11,C12,C44 and the bulk 
modulus B using finite strain theory as shown in Table 2. We note that all 
elastic moduli verify the stability criteria, hence their mechanical 
stability. 

The fairly large inter reticular distances of these double perovskites is 
qualitatively explained by their lower binding ionic forces, their weaker 
elastic constants and lower hardness, which make them as soft and 
tolerant to damage [24]. The bulk and shear modulus, universal 
anisotropy factor, Young’s modulus, Poisson’s ratio and Pugh coefficient 
of isotropic polycrystalline materials are reported in Table 2 using the 
Voigt-Reuss-Hill approximation. The low values of bulk modulus, shear 
modulus and Young’s modulus of these double perovskites confirm their 
lower hardness and rigidity. The Poisson’s ratio is in the range 0.16–0.30 
reflects the ionic-covalent bonds. The three-dimensional representation 
of Young’s modulus and Poisson’s ratio is illustrated in Fig. 3. These two 
parameters in the double perovskites under study are reported to be 
anisotropic in all three directions. The Pugh’s criterion (BH /GH) and 

Fig. 2. Phonon dispersions curves and projected density of states for Cs2SnI6 (a), Cs2PtI6 (b) and Cs2TeI6 (c) computed by Phonopy with GGA approaches.  

Table 2 
Elastic constants, shear modulus, bulk modulus, anisotropy factor, Young’s 
modulus, Poisson’s ratio and BH/GH ratio for Cs2(Sn,Pt,Te)I6. 
0≺C11,0 ≺ C44,0 ≺ C11 − C12,0 ≺ C11 + 2C12 ,C12 ≺ B ≺ C11 (2)    

Cs2SnI6 Cs2PtI6 Cs2TeI6 

C11 (GPa) 30.52 
17.7 [21] 

36.05 
9.58 [20] 

38.51 
20.3 

C12 (GPa) 9.19 
11.8 [21] 

7.20 
4.51 [20] 

6.059 
10.55 

C44 (GPa) 8.3158 
8.99 [21] 

8.31 
3.93 [20] 

6.5869 
8.70 

Gv (GPa) 9.25 10.75 10.44 
GR (GPa) 9.11 10.00 8.63 
GH (GPa) 9.18 10.38 9.54 
BH (GPa) 16.30 16.81 16.87 
A 0.77 0.57 0.40 
EV (GPa) 23.34 26.59 25.96 
ER (GPa) 23.05 25.05 22.13 
EH (GPa) 23.20 25.82 24.08 
σV 0.26 0.23 0.24 
σH 0.26 0.24 0.26 
σR 0.26 0.25 0.28 
BH/GH 1.77 1.61 1.76 
Transverse elastic wave velocity (m/s) 1455.93 2032.57 1479.71 
Longitudinal elastic wave velocity (m/s) 2566.95 3368.38 2606.26 
Average wave velocity (m/s) 1618.82 2247.26 1645.12 
Debye Temperature (K) 131.89 187.83 133.93 
Melting Temperature (K) 733.40 1186.96 780.60  
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universal anisotropy factor (A) indicate that Cs2SnI6 and Cs2TeI6 are 
ductile, while Cs2PtI6 is brittle and all compounds are anisotropic. 
Table 2 lists the transverse, longitudinal and average elastic wave ve
locities, the Debye temperature, which is a characteristic of the behavior 
of heat capacity and hardness and the melting point at which the sub
stance changes state from solid to liquid. 

3.2. Optoelectronic characteristics 

The band gap underestimation by the semi-local functional GGA of 
Cs2(Sn,Pt,Te)I6 is related to the binding energy of half-core Sn-5p, Pt-6s, 
Te-5p levels, therefore we use the mBJ-GGA functional, where the pre
cision is better. The band gap of Cs2(Sn,Pt,Te)I6 calculated using GGA 
and mBJ-GGA functionals are reported in Table 3. The energy gap of our 
perovskites is in good agreement with those calculated experimentally 
[25–27] and other theoretical one using other functionals such as 
PBE+SOC, HSE06, HSE06+SOC and G0W0 [23]. Electronic band struc
ture and density of states using mBJ-GGA for Cs2SnI6, Cs2TeI6 and 
Cs2PtI6 are reported in Fig. 4. We conclude from the band structure that 
the band gap is indirect nature W-L and Г-L for Cs2TeI6 and Cs2PtI6, 
while it is direct Г-Г in Cs2SnI6. It is reported that band gap of Cs2SnI6 
and Cs2TeI6 are direct Γ-Γ and indirect X-L [28]. The band gap of Cs2PtI6 

and Cs2SnI6 are in good concordance with other reported calculation 
1.35 eV and 1.23 eV [23]. We note that the upper valence band is nar
rower in the Cs2PtI6 perovskite. The forbidden band in visible region is 
an advantage for the energy harvesting property. The PDOS shows that 
the valence band near the Fermi level consists of the occupied I-5p 
orbital, while the empty orbital in the first conduction band is Cs-6s, and 
therefore the electronic transition will take place between these two 
orbitals in all perovskites. 

I atoms draw so much charge because of their high electronegativity 
compared to Sn, Pt, Te atoms. The significant charge between (Sn, Pt, 
Te)-I bonds due to the low difference in electronegativity and the hy
bridization between I-5p and (Sn-5p, Pt-6s, Te-5p) levels translate their 
covalent bonding. The upper valence band of these perovskites are 
dominated by I-p orbitals, while conduction band minimum is contrib
uted by I-p orbitals along with Pt-d, Te-p and Sn-s orbitals in Cs2PtI6, 
Cs2TeI6 and Cs2SnI6. Maintaining high power conversion efficiency re
quires a band gap in the range 1 eV–1.8 eV and a polarization orienta
tion along the a-axis for cubic structure [29–31], then Cs2PtI6, Cs2TeI6 
and Cs2SnI6 are suitable for single junction perovskite solar cells. Halide 
perovskites are responsible for the high efficiency of solar cells [32]. 

Fig. 5 shows the imaginary (a) and real (b) parts of the dielectric 
function, the refractive index (c), the extinction coefficient (d), the en
ergy loss (e), the absorption coefficient (f), The real (g) and imaginary 
(h) parts optical conductivity and the reflectivity (i) as a function of 
photon energy for Cs2SnI6, Cs2TeI6 and Cs2PtI6 double perovskites using 
mBJ-GGA. Knowledge of the optical values of a material makes it 
possible to specify its practical field of application. The dielectric func
tion of a material is expressed in terms of their real and imaginary parts 
by: 

ε= εr + εi (3) 

Fig. 3. 3D surface of Young’s modulus and Poisson’s ratio for Cs2SnI6, Cs2PtI6, Cs2TeI6.  

Table 3 
The band gap of Cs2(Sn,Pt,Te)I6 calculated using GGA and mBJ-GGA.   

Eg (eV) GGA Eg (eV) mBJ-GGA Eg exp. (eV) Eg theo. (eV) 

Cs2SnI6 0.274 0.95 1.25 [27] 0.84 [23] 
Cs2PtI6 0.621 1.176 1.37 [25] 1.07 [23] 
Cs2TeI6 1.391 1.829 1.50 [26] 1.70 [23]  
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The real part specifies the degree of polarization, indicates capacitive 
or inductive optical response of a material and it is more important in 
the visible region. While, the imaginary part which is due to dielectric 
losses, tells us about the resistivity of a material. It is always positive and 
represents the energy absorbed by such a material. The static dielectric 
constant εr(0) calculated using TB-mBJ for Cs2SnI6, Cs2TeI6 and Cs2PtI6 is 
14.49, 12.57 and 26.42. It reaches a maximum value of 20, 22 and 50. 
The large static dielectric constant arises from the lattice contribution 
and points to the ferroelectric behavior of the material. The real 
dielectric constant of these double perovskites is smaller at high fre
quency, this leads to their weaker response to external fields. The 
imaginary part of the dielectric constant for Cs2SnI6, Cs2PtI6 and Cs2TeI6 

starts at 0.9 eV, 1.1 eV and 1.8 eV, which corresponds to the band gap. 
The first imaginary peak of Cs2SnI6, Cs2TeI6 and Cs2PtI6 located at 2 eV, 
2.5 eV and 2 eV correspond to the direct (Γ-Γ) and indirect (W-L) and 
(Γ-X) optical transition from valence band to intermediate band 0.95 eV, 
1.829 eV and 1.176 eV. The refractive index of a semiconductor material 
is linked to the speed of propagation of light in a medium, and it is 
correlated to the optical band gap. The static refractive index of Cs2SnI6, 
Cs2PtI6 and Cs2TeI6 is 3.80, 5.14 and 3.54. The static refractive index 
reaches a maximum value and then rapidly decreases in a linear manner. 
We note that optical properties such as static refractive index and 
dielectric constant are proportional to the band gap. The extinction 
coefficient quantifies the proportion of light lost due to scattering and 
absorption per unit distance from a medium. It follows the same 

variation as that of the imaginary part, and it is greater at low energy, 
and it decreases in the sequence Cs2TeI6 →Cs2PtI6 →Cs2SnI6. The ab
sorption coefficient depends on the energy of the incident photon, ac
cording to the condition of the transition, where the transition occurs 
only when the energy of the photon is equal or greater than the value of 
the band gap. The thresholds are closer to the calculated band gap and 
are attributed to the inter-band electronic transitions. Absorption 
significantly influences the property of materials for solar cells. The 
absorption coefficient shows that absorption begins from the energies 
which correspond to the band gap of a material. Absorption in the visible 
range is less significant than that in the ultraviolet light. The significant 
absorption in the ultraviolet region and the adequate band gap allow us 
the use of these double perovskites in the photovoltaic field. The ab
sorption peak was observed at photon energy 2 eV, 2 eV, 2.5 eV for 
Cs2SnI6, Cs2PtI6 and Cs2TeI6. Cs2SnI6 and Cs2PtI6 have fewer losses of 
10–30 % in the visible and ultraviolet. The real part of the optical 
conductivity shows a similar shape as that of the imaginary part of the 
dielectric constant and increases with increasing photon energy. Con
ductivity begins with the start of absorption. The imaginary part of 
optical conductivity can take negative values. Negative optical con
ductivity is linked to a possible inter-bond transitions and transport 
relaxation time. The static optical reflectivity is 33 %, 31 % and 46 % for 
Cs2SnI6, Cs2TeI6 and Cs2PtI6. The reflectivity increases in the visible re
gion, then it stagnates in the ultraviolet around 30 %. High optical ab
sorption in the ultraviolet light provides information on solar energy 

Fig. 4. Electronic band structure and density of states for Cs2SnI6 (a), Cs2PtI6 (b) and Cs2TeI6 (c) using mBJ-GGA.  
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conversion and efficiency for materials application in the photovoltaic 
field and makes them favorable for optical devices working in this range. 

3.3. Thermoelectric properties 

The study of the thermoelectric properties of these double perov
skites was made using the BoltzTrap Code 58 [33]. Figs. 6 and 7 show 

the effect of charge carrier concentration (N) and temperature (T) on the 
Seebeck coefficient, electronic thermal conductivity, the thermal con
ductivity, the figure of merit ZT and power factor for Cs2(Sn, Pt, Te)I6. 
The Seebeck coefficient is a measure of the ratio between induced 
voltage and temperature variation accros the material. The top of the 
valence band is reported to coincide with N = 0. We can see that for N 
negative, the Seebeck is positive for Cs2(Sn, Pt, Te)I6 at T = 300 K, 

Fig. 5. The real (a) and imaginary (b) parts of the dielectric function, the refractive index (c), the extinction coefficient (d), the energy loss (e), the absorption 
coefficient (f), The real and imaginary (g) parts optical conductivity (h) the reflectivity (i), as a function of photon energy for Cs2(Sn, Pt, Te)I6 perovskites using 
mBJ-GGA. 
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indicating that these double perovskites are p-type semiconductors. The 
maximum values of Seebeck for Cs2SnI6, Cs2PtI6 and Cs2TeI6 are ob
tained at N = 2 e/uc, 4 e/uc and 7 e/uc. We can see that the value of 
Seebeck decreases with an increase in temperature for all the considered 
Cs2(Sn, Pt, Te)I6 double perovskites. The S increases following sequences 
Cs2TeI6 →Cs2PtI6 →Cs2SnI6 in the temperature interval 100 K–600 K. 
The Seebeck value at 300 K for Cs2TeI6, Cs2PtI6 and Cs2SnI6 is 200 μV/K, 
220 μV/K and 230 μV/K. Efficient thermoelectric material exhibits low 
electronic thermal conductivity, which depends on network dynamics. 
Network dynamics influence electronic thermal conductivity and optical 
emission. This results in significant phonon-phonon scattering, which 
leads to low electronic thermal conductivities and better thermoelectric 
performance. Low electronic thermal conductivity is achieved in p-type 
semiconductors Cs2(Sn, Pt, Te)I6. The efficiency of the materials under 
study in the conversion of heat into electrical energy is present, since 
p-type charge carriers give almost a factor of merite 100 %, and at 100 K. 
it is estimated at 83 %, 80.5 % and 78 % for Cs2SnI6, Cs2TeI6 and Cs2PtI6. 
These data make these double perovskites promising for thermoelectric 
applications. The substitution of Sn by Pt and Te affects little the elec
tronic thermal conductivity at low temperature, while replacing Sn by Pt 
(Sn by Te) increases (decreases) at high temperature. The electronic 
thermal conductivity for Cs2SnI6, Cs2TeI6 and Cs2PtI6 at 300 K is 1.5 
W/mK, 0.8 W/mK and 1 W/mK. It is observed in all studied double 
perovskites that the conductivity is higher in the case where the charge 
carriers are n-type. Thermal conductivity refers to the intrinsic ability of 
a given material to conduct or transfer heat. The thermal conductivity 
increases quadratically with temperature in the sequences Cs2TeI6 

→Cs2SnI6 →Cs2PtI6. Analysis of figure of merit reveals highest ZT values 
(1) for P-type semiconductors. The figure of merit as a function of 
temperature shows the same trend as that of Seebeck. An almost con
stant character is observed beyond 500 K. Increasing temperature re
duces the band gap of the material and the figure of merit ZT and affects 
the thermoelectric performance. 

4. Conclusion 

The ideal band gap obtained for Cs2(Sn, Pt, Te)I6 in the optimal range 
0.9–1.8 eV using mBJ-GGA indicates that all compounds are potential 
candidates for single junction solar cells. We explore Cs2(Sn, Pt, Te)I6 as 
potential thermoelectric materials because of their intrinsic p-type 
conductivity. Efficient and high-performance thermoelectric materials 
such as Cs2(Sn, Pt, Te)I6 exhibit low electronic thermal conductivity due 
to phonon-phonon scattering and optical emission. The weaker elastic 
constants explain the large inter reticular distances and lower hardness 
and binding ionic forces. The analysis of electronic structures proves 
that the band gap and optical gap in these materials are dictated by the 
energies of the empty (Sn-5s, Te-5p and Pt-6s) states at the lowest un
occupied band. The efficiency of Cs2SnI6, Cs2TeI6 and Cs2PtI6 in the 
conversion of heat into electrical energy is due to the p-type charge 
carriers, which give almost a factor of merite estimated at 83 %, 80.5 % 
and 78 %. The considerable charge in the (Sn, Pt, Te)-I bonds due to a 
small difference in electronegativity and the hybridization between 
these levels reflects their covalent bands. 

Fig. 5. (continued). 
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Fig. 6. Charge carriers concentration dependence of, (a) the Seebeck coefficient, (b) electronic thermal conductivity, (c) the thermal conductivity, (d) the figure of 
merit ZT, (e) power factor at T = 300 K for Cs2(Sn, Pt, Te)I6. 
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