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Metal halide perovskites have received a tremendous interest recently in new applications. Photovol-
taic, diverse photonic and optoelectronic applications of these materials are in full expansion, but ther-
moelectricity also instigates a great interest. In this work, we will focus on the thermoelectric properties 
of a particular material family of metal halide cubic perovskites CsBX3 (B = Ge, Sn, Pb and X = Cl, Br, I). 
The structural and electronic properties of CsBX3 are computed using first-principles calculations based 
on the density functional theory which allows calculating equilibrium lattice parameters, band structures, 
the nature (direct/indirect) and value of the band gap. These studied compounds are semiconductors with 
direct band gap energy. We have also detected the effect of replacement of halogen and metal cation atoms 
with other halogen and metal cation atoms on electronic and thermoelectric properties. Boltzmann trans-
port calculations are carried out to explore their thermoelectric properties like the Seebeck coefficient, elec-
trical conductivity and power factor. Large values of the Seebeck coefficient and the power factor obtained 
for these compounds indicate that these compounds can be used for thermoelectric devices. Our theoreti-
cal analysis of the electronic and thermoelectric properties of these compounds suggests that CsSnBr3 and 
CsGeBr3 are the best Pb-free inorganic metal halide semiconductor for a high thermoelectric performance.
Keywords: metal halide cubic perovskites, thermoelectric properties, electronic properties, density func-
tional theory, Boltzmann transport theory

1. Introduction

Thermoelectric materials and devices, using small 
temperature differences to generate electricity, 
exhibit a  great potential to provide the  continu-
ous power supply for wearable and implantable 
electronics  [1]. Searching and identifying of ther-
moelectric materials with a higher efficiency than 
available remain a challenge. The strategies and ap-
proaches for enhancing the  thermoelectric prop-
erties are based on improving the performance of 
existing materials, researching new materials using 
doping, exploiting new nanoscale materials, such 
as graphene [2], and creating new structures based 
on heterojunctions [3].

Material halide perovskites have attracted 
a  great interest due to their fascinating physical 

and chemical properties, such as a  controllable 
particle size, reduced dimensionality and adjust-
able chemical composition. They possess a typical 
perovskite crystal structure of ABX3, where A is 
an inorganic or organic cation, B is a metal cation, 
and X is a halide anion [4]. This structure provides 
the ability to perform a  large number of atom re-
placements, which offers an extensive amount of 
possible combinations of halide perovskites  [5]. 
This flexibility has produced astonishing results in 
this field  [4]. Material halide perovskites are also 
known for their high chemical stability and envi-
ronmental friendliness  [6]. There has been a  sig-
nificant progress in the  synthesis, processing and 
characterization of this family of materials. Nano-
structures of metal halide perovskites have received 
an escalating interest, including nanocrystals, 
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nanowires and quantum wells [7]. Intense research 
activities have been focused on halide perovskites 
semiconductors, which are being developed for so-
lar cells [8], lasers [9], water splitting [10] and laser 
cooling  [11]. Compared to the  most conventional 
semiconductors, metal halide perovskites take up 
a  considerable place as photocatalysts for CO2 re-
duction  [12]. They exhibit unique photophysical 
and optoelectronic properties and they have the ad-
ditional advantages of a low cost and an easy scale-
up synthesis [13, 14]. These properties confirm not 
only the  great potential of material halide perovs-
kites but also a  broad field of study that remains 
untapped. Searching and identifying these materials 
with a  higher thermoelectric efficiency than avail-
able at present is a challenge. However, a resurgence 
of interest in thermoelectrics began when theoretical 
predictions suggested that thermoelectric efficiency 
could be greatly enhanced through nanostructural 
engineering, which led to experimental efforts to 
demonstrate the  proof-of-principle and high-effi-
ciency materials [15, 16]. 

Thermoelectric devices can be used to generate 
electricity, measure temperature or change the tem-
perature of objects. However, most of these devices 
have relied on expensive and toxic materials, as well 
as intensive-energy manufacturing. Finding efficient 
thermoelectric materials remains critical to the de-
velopment of clean and renewable energy conver-
sion technologies. To optimize and build a  com-
petitive perovskites-based thermoelectric device, 
fundamental studies of the electronic structure and 
thermoelectric properties are necessary and of great 
significance. The recent progress regarding a better 
exploitation of the  new properties of metal halide 
perovskites is in understanding how chemical com-
positions contribute to the electronic structure and 
chemical stability [17–20]. 

In this work, we present our recent results, which 
aim at clarifying the relationship between the struc-
tural, electronic and thermoelectric properties of 
metal halide perovskites CsBX3 (B = Ge, Sn, Pb and 
X = Cl, Br, I). First, we will calculate the structural 
and electronic properties within the  density func-
tion theory (DFT) framework. Second, using Boltz-
mann’s equations coupled with DFT, the  investiga-
tion of thermoelectric properties has been illustrated 
through a  calculation of the  Seebeck coefficient, 
electrical conductivity and power factor. Third, we 
have made emphasis on examining the relation be-

tween the electronic and thermoelectric properties 
of CsBX3 chemical composition.

2. Computational details

Ab initio is an adapted technique for the  realistic 
simulation of structural, electronic, magnetic and 
optical properties from the  first principles. First-
principles methods, based on DFT [21] and imple-
mented in the Abinit simulation package [22], were 
used to investigate the  structural and electronic 
properties of metal lead halide cubic perovskite. An 
essential element in every DFT calculation is the us-
age of effective core potentials for atoms, called 
pseudopotentials. In this work, Garrity–Bennett–
Rabe–Vanderbilt (GBRV) pseudopotentials [23] and 
projector augmented wave (PAW) potentials have 
been used [24]. The GBRV pseudopotentials repre-
sent the norm-conserving class of pseudopotentials, 
while the PAWs are obtained with the PAW trans-
formation and provide much gain in the efficiency 
of the calculations. The exchange-correlation energy 
was obtained by using the generalized gradient ap-
proximation (GGA) of Perdew–Berke–Ernzerhof 
(PBE) [24]. The kinetic energy cutoff for the plane 
wave is chosen as 500 eV. The  Monkhorst–Pack 
scheme [25] is used to sample the Brillouin zone by 
10 × 10 × 10 special k-points. Concerning the ther-
moelectric properties, calculations require a  dense 
k-mesh of 40 × 40 × 40 k-points. Energy and force 
convergence criteria of 10–5 eV and 3 × 10–2 eV/Å, 
respectively, were used in all calculations.

First, we examine the  structural stability by 
the  optimization of lattice parameters and atomic 
positions. Optimal lattice parameters for all com-
pounds were obtained with the  equation of state 
calculations on the  primitive cell  [26]. Second, we 
calculate the electronic properties of all compounds 
in their equilibrium structures. Third, the  thermo-
electric properties have been investigated employ-
ing first-principles calculations of the  electronic 
properties followed by the calculations of transport 
coefficients based on the Boltzmann transport equa-
tion (BTE). This theory has been successfully used 
to study and/or to predict the performance of many 
thermoelectric materials. All thermoelectric proper-
ties reported herein were calculated using the Boltz-
TraP code  [27]. The  transport properties such as 
the  Seebeck coefficient, electrical conductivity and 
electronic thermal conductivity were calculated 
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using this code. Before presenting the calculated re-
sults, we present briefly the expressions of different 
thermoelectric coefficients [28]. The electrical con-
ductivity σ is computed as

2 ( ) – d .ofeσ ε ε
ε

∂ = Σ  ∂ ∫  (1)

The Seebeck coefficient S used here is

( ) ( – ) – d .ofeS
T

ε ε µ ε
σ ε

∂ = Σ  ∂ ∫  (2)

The electronic thermal conductivity κo can be 
calculated from the equation

21 ( ) ( – ) – d ,o
o

f
T

κ ε ε µ ε
ε

∂ = Σ  ∂ ∫   (3)

where e is the electron charge, μ is the chemical 
potential, fo is the  Fermi distribution function, 
and Σ(ε) is the  transport distribution function. 
Σ(ε) is given by

2( ) ( ) ( ) ( – ( )),
k

k k kε τ υ δ ε εΣ =∑


  

 (4)

where υ(k⃗) is the  group velocity of the  carriers 
with the wave vector k⃗, τ(k⃗) is the carrier lifetime, 
and ε(k⃗) is the dispersion relation for the carriers. 
The  electronic thermal conductivity is propor-
tional to the  electrical conductivity as established 
by the Wiedemann–Franz law: κo = LσT, where L 
denotes the Lorenz number. 

3. Results and discussion

3.1. Structural properties

Temperature-dependent structural phase transi-
tions are very common in perovskites. Different 
CsBX3 type materials have been found in multiple 
crystallographic phases at different temperatures. 
We detect common phases being cubic, tetrago-
nal and orthorhombic. However, the  cubic phase 
is the most common phase among the CsBX3 type 
materials. Also, the cubic perovskite phase is wide-
ly accepted as a room-temperature phase which is 
generally found at a higher temperature compared 
to other existing phases, therefore the cubic phase 
is also called the  high-temperature phase  [29]. 
CsBX3 (B = Ge, Sn, Pb and X = Cl, Br, I) adopted 
a cubic perovskite crystal structure, with the space 

group Pm –3m (No. 221). The perovskite structure 
consists of two cations of different size and one 
anion. The B-cation has a 6-fold coordination with 
the X anions forming an octahedron which is sur-
rounded by a  scaffold of Cs-cations. CsBX3 has 
five atoms per unit cell. The five atoms taken into 
account are located as follows: Cs atom resides at 
the 1a Wyckoff position (0, 0, 0), B atom is located 
at the 1b Wyckoff position (0.5, 0.5, 0.5), and X 3 at-
oms are at the 3c Wyckoff position (0, 0.5, 0.5) [30]. 
Figure  1 shows the  perovskite structure arrange-
ment of a unit cell in the cubic symmetry. In this 
study, we have first performed geometry optimiza-
tion calculations of CsBX3 using the  Birch–Mur-
naghan equation of state. This equation is used to 
plot the calculated total energy of each unit cell in 
a compound against the corresponding calculated 
volumes. The equilibrium lattice constants for each 
compound are given in Table 1. 

Fig. 1. Unit cells of the considered metal halide cu-
bic perovskites CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I), 
where Cs+, B2+ and X− occupy the corner, body cen-
tered and face centered positions, respectively.

Table 1. Calculated lattice constants of CsBX3 (B = Ge, 
Sn, Pb and X = Cl, Br, I) with experimental and other 
DFT calculated values.

Compounds Present 
work

Other 
calculations Experiment

CsGeCl3 5.34 5.16 [31] 5.47 [32]
CsGeBr3 5.60 5.55 [31] 5.35 [33]
CsGeI3 5.99 5.78 [31] 6.05 [32]

CsSnCl3 5.63 5.61 [34] 5.56 [33]
CsSnBr3 5.89 5.87 [34] 5.79 [35]
CsSnI3 6.28 6.25 [v4] 6.21 [36]

CsPbCl3 5.73 5.73 [37] 5.62 [38]
CsPbBr3 6.00 5.87 [39] 5.85 [40]
CsPbI3 6.39 6.39 [37] 6.24 [38]

Cs+

B2+

X–
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3.2. Electronic properties

After calculating the optimized structure of different 
compounds, density functional calculations using 
the  GGA-PBE approximation were further carried 
out to calculate the electronic properties. The elec-
tronic band structures are calculated to obtain 
the band gap of all compounds of CsBX3 (B = Ge, Sn, 
Pb and X = Cl, Br, I). Figure 2 displays the calculated 
band structures along the high symmetry path of 
k-points Γ → X → M → R → Γ in the Brillouin zone. 
From our calculated results, it is clear that all these 
compounds are direct band gap materials (Fig. 2). 
This property is also confirmed experimentally [41]. 
The maxima of their valence bands and the minima 
of conduction band are separated by R–R symmet-
ric points in the Brillouin zone. The energy band 
gap values for CsBX3 are listed in Table 2. A higher 

band gap is observed for the compounds contain-
ing lighter halogen atoms (X  =  Cl). The  higher 
electro-negativity of a halogen (Cl  >  Br  >  I) cor-
responds to a  larger gap energy. So, this reflects 
the halogen-p character in the valence band maxi-
mum (Fig.  3). When we change the  B atoms, we 
also observe that the energy gap decreases. This is 
explained by the fact that the decreasing trend re-
sults from the  trend in the  size of the  atoms and 
hence bond lengths. Hence, the  shorter the  bond 
length is, the stronger the hybridization width and 
the smaller the band gap are. However, an excep-
tion is observed in the  case of replacement of Pb 
by Sn and Ge. The Ge containing compounds have 
higher electronic band gaps than Sn containing 
compounds, the electronic states of the conduction 
band slightly shift towards the high energy and this 
is very common for this group of compounds [42]. 

Fig. 2. The electronic band structures and the density of states (DOS) of CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I) 
calculated by the GGA-PBE exchange–correlation functional. The valence band maximum was set to 0 eV.
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The study of the electronic band structure suggests 
that the pattern of the band structure is slightly af-
fected by replacement of a halogen atom with other 
halogen atoms. Due to this characteristic, metal 
halide perovskites are suitable to be used in light 
emitting diodes (LED) as the band gap of these ma-
terials can easily be tuned by changing the halogen 
contents while the other properties remain almost 
the same.

Further explanation of the  nature of the  elec-
tronic band gap energy of CsBX3 compounds is 
carried out through the  partial density of states 
(PDOS). The PDOS, explaining the contribution of 
each orbital to the atomic bond, is plotted in Fig. 3. 
This confirms that in all compounds the  conduc-
tion band minimum is mainly contributed by the p 
orbital of B atoms, such as 6p from Pb, 5p from Sn 
and 4p from Ge [43]. The upper valence band con-
sists mainly of B  s states but near the  top we can 

Fig. 3. Partial density of the states (POS) of CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I) calculated by the GGA-PBE 
exchange–correlation functional.

Table 2. Calculated band gap energy of cubic perovs-
kites CsBX3 (B = Ge, Sn, Pb and X = Cl, Br, I) with 
experimental and other DFT calculated values using 
the  generalized gradient approximation (GGA) of 
Perdew–Berke–Ernzerhof (PBE). All these calcula-
tion results are at 0 K.

Compound Present 
work

Other 
calculations Experiment

CsGeCl3 1.20 0.98 [43] 3.40 [44]
CsGeBr3 0.90 0.70 [43] 2.39 [44]
CsGeI3 0.75 0.58 [43] 1.63 [45]

CsSnCl3 1.15 0.90 [43] 2.9 [46]
CsSnBr3 0.8 0.60 [43] 1.75 [31]
CsSnI3 0.6 0.40 [43] 1.3 [47]

CsPbCl3 2.30 2.20 [43] 3.13 [48]
CsPbBr3 1.80 1.80 [43] 2.47 [48]
CsPbI3 1.60 1.48 [43] 1.85 [48]

(a) CsGeCl3 (b) CsGeBr3 (c) CsGeI3
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recognize a sizable X p component. These are anti-
bonding combinations of X p and B s. The contri-
bution of Cs orbitals in the upper valence band and 
conduction band minimum is small.

3.3. Thermoelectric properties

Many experimental and theoretical studies predict 
metal halide perovskites as promising materials for 
thermoelectric applications  [18, 48]. These com-
pounds present unique opportunities for thermoelec-
tricity through manipulating the  cation and halide 
compositions. This theoretical work focuses on un-
derstanding the  thermoelectric properties of CsBX3 
(B = Ge, Sn, Pb and X = Cl, Br, I) including the Seebeck 
coefficient, electrical conductivity and power factor. 
We will present the relationship between the chemi-
cal composition and thermoelectric properties.

The Seebeck coefficient S is a measure of the mag-
nitude of an induced thermoelectric voltage in re-
sponse to a  temperature gradient. The  magnitude, 
sign and dependence on the temperature of S are im-
portant factors to select the high-performance ther-
moelectric materials. Figure 4 shows S of the CsBX3 
plots versus temperature. For all the compounds, S 
takes positive values in the entire considered temper-
ature range, which justifies the p-type of these com-
pounds. By analyzing the curves in Fig. 4, we can see 
that, among all the compounds CsBX3, the value of 
the Seebeck coefficient is higher for those contain-
ing a chlorine anion, and lower for bromine, while 
iodine yields the  lowest values. This finding is also 
confirmed by the  S values listed in Table  3, which 

displays different compounds at the  temperatures 
of 300 and 600 K. It can be clearly seen from Fig. 4, 
for all compounds CsBX3 containing chlorine, that 
S increases with temperature over the  entire range 
between 200 and 800 K. For the other compounds 
CsBX3 (B = Ge, Sn and X =   Br, I), beyond 200 K, 
S increases slightly, however beyond 600  K, it de-
creases nearly linearly as the  temperature is raised, 
while that of the CsPbX3 continues increasing with 
temperature. Our results suggest that the  CsGeX3 
compounds may enhance the thermoelectric poten-
tial, measured by the Seebeck coefficient, specifically, 
for CsGeCl3 which is desirable. The  CsGeCl3 com-
pound possesses the largest Seebeck coefficient that 
is 402 μVK–1 at 300 K and increases to 520 μVK–1 at 
600 K.

The understanding of electrical properties of 
many functional materials including metal halide 
perovskites is a  challenge. However, expectations 
from the effect of atom replacement of halogen and 
metal cation atoms by other halogen and metal cat-
ion atoms on the  electrical transport properties of 
CsBX3 have not yet been clearly confirmed experi-
mentally. Our theoretical study based on DFT cou-
pled with Boltzmann’s theory can help to understand 
the relationship between the electrical conductivity 
and atomic composition. The curves in Fig. 5 illus-
trate the  temperature dependence of CsBX3 elec-
trical conductivity in a  range from 200 to 800  K. 
These curves show that CsBX3 compounds exhibit 
the semiconductor behaviour with a decreasing elec-
trical conductivity over the majority of the tempera-
ture range. They also show that whatever the anion, 

Fig. 4. Temperature-dependent Seebeck coefficient of CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I).
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the conductivity of the CsBI3 compounds is always 
the  highest. Note that in the  considered tempera-
ture range, the  electrical conductivity decreases in 
the order: CsBI3 → CsBBr3 → CsBCl3. In Fig. 5(a, b), 
two ranges can be identified in which the change of 
electrical conductivity with temperature exhibits dif-
ferent slopes. From 200 to 600 K, the electrical con-
ductivity decreases by showing a semiconductor na-
ture of the compounds. Beyond the temperature of 
600 K, a significant increase is observed which is ex-
plained by a modification in the mobility of the elec-
trons that corresponds to a change in the halide ani-
ons (iodine and bromine). As regards chlorine and 
lead-based compounds, the  electrical conductivity 
is uniformly decreasing over the entire temperature 

Fig. 5. Temperature-dependent electrical conductivity of CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I).

Table 3. Summary of thermoelectric properties like the Seebeck coefficient, electrical conductivity and power 
factor of CsBX3 (B = Ge, Sn, Pb and X = Cl, Br, I) at temperatures 300 and 600 K. 

T = 300 K T = 600 K
Compound S, μV/K Σ, Ω–1 cm–1 PF, μW cm–1 K–2 S, μV/K Σ, Ω–1 cm–1 PF, μW cm–1 K–2

CsGeCl3 420 2.18 0.38 520 1.93 0.52
CsGeBr3 375 3.00 0.42 472 2.50 0.55
CsGeI3 355 3.20 0.40 450 2.68 0.54

CsSnCl3 357 4.36 0.55 455 4.00 0.82
CsSnBr3 303 6.54 0.60 400 5.63 0.90
CsSnI3 264 8.54 0.59 321 7.45 0.76

CsPbCl3 307 11.50 1.08 397 10.60 1.67
CsPbBr3 280 13.93 1.09 375 12.42 1.74
CsPbI3 260 15.30 1.03 367 13.03 1.75

range. Table 3 confirms that lead-based compounds 
have the highest electrical conductivity. CsPbI3 has 
a value that decreases from 15.3 to 13.3 Ω–1 cm–1 be-
tween 300 to 600 K. When we replace the atoms of 
Pb by Ge or Sn, we observe also that CsSnX3 exhibits 
a slightly higher electrical conductivity than CsGeX3. 
This result proves that the electrical conductivity can 
be increased by several orders of magnitude with 
the metal, and also with the type of halogen.

The efficiency of most thermoelectric de-
vices is proportional to the  figure of merit 
zT = σS2T / (κo + κl), where S is the Seebeck coef-
ficient, σ is the electrical conductivity, κo is the elec-
tronic thermal conductivity, and κl is the  lattice 
thermal conductivity. Attempts are being made 
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to improve the  competitiveness of thermoelectric 
material in directions other than zT. For example, 
efforts have focused on increasing the  electrical 
power factor (PF). PF is an important thermoelec-
tric parameter which relates the Seebeck coefficient 

and electrical conductivity by PF  =  Sσ2. Figure 6 
depicts the  CsBX3 power factor as a  function of 
temperature. In most of the  considered tempera-
ture range, the  power factor of lead-based com-
pounds is considerably larger than that of the other 

Fig. 7. The effect of replacement of halogen and metal cation atoms with other halogen and metal cation at-
oms on the electronic band gap (a), Seebeck coefficient (b), electrical conductivity (c) and power factor (d). 

Fig. 6. Temperature-dependent power factor of CsBX3 (B = Ge, Sn, Pb; X = Cl, Br, I).
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compounds (see Table 3). For CsGeX3 CsSnX3, ac-
cording to the temperature increases, the power fac-
tor increases to reach its maxima at 600 K. Beyond 
the temperature of 600 K, a significant decrease is 
observed which is explained by a modification in 
the  mobility of the  electrons that corresponds to 
a change in the halide anions (iodine and bromine). 
This change is explained by the fact that PF follows 
the  variations of the  electrical conductivity. Our 
numerical data on band gap energy (Table 3) and 
other parameters of the investigated compounds 
(Table 3, at 300 K) are summarized graphically in 
Fig. 7. Figure  7(d) shows that the  replacement of 
Pb by Sn or Ge causes a considerable reduction of 
PF. This is a  general feature for most compounds 
and it is because of the change in atomic size and 
charge. The replacement of halogen atoms (Cl, Br, 
I) causes a  slight variation in PF. Excluding lead-
based compounds, our results suggest that CsSnBr3 
and CsGeBr3 are prospective candidates for ther-
moelectric applications.

4. Conclusions

In summary, the structural, electronic and thermo-
electric properties of metal halide cubic perovskites 
CsBX3 (B  =  Ge, Sn, Pb and X  =  Cl, Br, I) are in-
vestigated using DFT and the Boltzmann transport 
equation. The effect of replacement of halogen and 
metal cation atoms by other halogen and metal cat-
ion atoms on electronic and thermoelectric proper-
ties is discussed. The lattice parameters and atomic 
positions are optimized. The electronic properties 
are determined through the calculation of the band 
structure as well as PDOS. We have determined 
the band gap and the contribution of each orbital 
in the  atomic bonding of all CsBX3 compounds. 
This study suggests that the  electronic band gap 
value is affected due to the replacement of halogen 
and metal cation atoms. We also calculated the See-
beck coefficient, electrical conductivity and power 
factor of all CsBX3 compounds. We have focused 
on the  variations of thermoelectric properties as 
a function of atomic composition. Excluding lead-
based compounds, our study shows that CsSnBr3 
and CsGeBr3 compounds have the  highest power 
factor. We suggest that the  thermoelectric perfor-
mance can be developed and tuned effectively with 
a good choice of chemical constituents of the com-
pounds. This obtained result can be improved with 

new theoretical and experimental investigations, 
mainly to deepen our understanding of the effect of 
halogen and cation atoms on thermoelectric prop-
erties.
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