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A B S T R A C T   

Pressure engineering is a conventional approach to modify the material’s interatomic bond length, density, forces 
as well as other intrinsic properties. The effects of hydrostatic pressure on the electronic and thermoelectric 
properties of n-type halide perovskite CsSnI3 have been investigated using first-principles approach with 
spin–orbit coupling included. Electronic structure analysis illustrates that the material is a direct gap semi-
conductor. The partial charge density calculation suggested that electrons from Cs atoms do not contribute to the 
valence bonding instead assist in balancing the overall charge distribution. The material’s bandgap decreases 
with applied pressure up to 1.7 Gpa, where band inversion was observed, after which further compression 
widened the energy gap. Accompanying with Boltzmann’s theory, it was shown that CsSnI3 is a potential 
candidate for thermoelectric energy harvesting. Hence, materials modification through pressure application is an 
effective approach to tune the electronic structure and thermoelectric properties of CsSnI3. We achieved the 
optimum ZT of 1.26 at 1 Gpa pressure and 600 K temperature, close the band inversion region.   

1. Introduction 

Thermoelectric (TE) materials can be used to directly convert heat to 
electricity and vice-versa. This helps in minimizing the adverse effect of 
industrially generated waste-heat by converting it into useful energy, 
thereby complementing the global renewable energy production [1-3]. 
Compared to other green power generation technologies, TE materials 
commonly possess key advantages of scalability, low operation cost, and 
long lifetime. Potential areas of applications include automobiles for 
cooling car seats and powering mini-electronics, thermal sensors, Peltier 
coolers, especially for terrestrial applications where efficiency is critical, 
and small-scale electricity generation [4-6]. The best thermoelectric 
materials possess a high figure of merit, ZT = S2T/ρ(κE +κl), where T is 
the absolute temperature, ρ is the electrical resistivity, S is the Seebeck- 
coefficient, κlandκE are the lattice and electronic thermal conductivities 
respectively [7]. To achieve high ZT, a simultaneous increase in the 
thermoelectric power factor and decline in the total thermal conduc-
tivity is required. However, this is extremely challenging due to the 
coupling existing between the various parameters involved. There have 

been several attempts both experimentally and computationally to 
devise techniques which can enhance the variables without necessarily 
deteriorating the remaining parameters [8]. These methods include 
nanostructuring [9], defects incorporation, multi-scale architecture, 
pressure inducement and band engineering to mention a few. Further-
more, discovery of new potential thermoelectric materials has received 
immense attention especially those with high stability at ambient con-
ditions. For TE materials to favorably compete with other energy gen-
eration technologies, ZT of 1 or above is required [10]. 

The cubic perovskite CsSnI3 is a fascinating material with a 
remarkable thermoelectric potential due to its relatively low bandgap 
[11]. Although its overall ZT is still relatively low, the possibility of 
point defects incorporation and lattice manipulations via different 
routes makes it a potential candidate for thermoelectric applications 
[12]. Fig. 1 depicts the typical unit cell of the CsSnI3 compound and the 
corresponding high symmetry directions within the first Brillion zone. 
Pressure-engineering is a strong tool to modify a material’s electronic 
structure, density, forces, interatomic bond distance, and the overall 
intrinsic features [13]. It can induce significant topological and 
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electronic changes to anisotropic crystalline materials with strong 
spin–orbit coupling (SOC). Thus, they received increased attention in 
recent times. Elsewhere, it was reported using the first principle 
approach that these materials can turn to a 3-dimensional topological 
insulator under optimum hydrostatic pressure [14]. Previous studies 
have confirmed that pressure engineering can significantly influence the 
thermoelectric performance and electronic properties of materials 
[15,16]. Originally, these materials are predominantly utilized for light- 
harvesting in perovskite solar cells where reasonable power conversion 
efficiency has been achieved. Their phonon properties and electronic 
structures have been fairly investigated in recent works [17]. The fact 
that the majority of the contemporary TE materials have bandgaps in the 
range of 6–10 KBT implies that their performance would be influenced 
by this quantity, particularly the power factor. Since hydrostatic pres-
sure significantly impacts the bandgap, the method of pressure engi-
neering could play a significant role in TE materials design. The 
advancements in contemporary high-pressure technologies provide 
exciting opportunities for materials modification and consequently 
better energy harvesting. In several reports, high-pressure materials 
synthesis has demonstrated a great promise in yielding an excellent 
figure of merit (low k and high σ). For example, Bi2Te3 and BiSbTe3 
fabricated at 2.5 Gpa have exhibited incredible ZT values compared to 
the samples grown at lower pressures [18]. Moreover, it was reported 
that SnSe exhibited a high ZT value when grown at 100 Mpa [19]. 

In this work, we report the thermoelectric properties of the n-type 
cubic CsSnI3 perovskite under applied hydrostatic pressure using the 
first-principle approach and the Boltzmann transport theory, including 
spin–orbit coupling. Our results revealed a pressure-induced band 
inversion at 1.7 Gpa. We examined the lattice thermal conductivity 
using the finite displacement methods. Finally, the dimensionless figure 
of merit was estimated. 

2. Computational details 

We employed first principle calculations within the density func-
tional theory (DFT) framework as implemented in the quantum espresso 
simulation package [20] to study the electronic, pressure-dependent 
thermoelectric behavior and vibrational properties of CsSnI3 material. 
The projector augmented wave (PAW) pseudopotentials under the 
generalized gradient approximation (GGA) within the modified Per-
dew–Burke–Ernzerhof (PBESol) exchange–correlation functional [21] 
was used. The lattice parameters were calculated after geometrical re-
laxations in which convergence is attained when the difference of the 
Hellmann − Feynman forces between successive iterations is less than 
10− 4 eV/Å for the atoms. A dense Γ-centered 22 × 22 × 22 k-mesh, 
spanning the first Brillouin zone of the primitive unit cell was utilized as 
the Monkhorst–Pack grid scheme to evaluate the electronic density of 
states using the linear tetrahedron method. The Kohn- Sham orbitals 
were expanded in a plane wave basis with energy cut-off set to 48 Ry for 
all the self-consistent field calculations in which relaxations were 
deemed reached when the ground state energy difference between 

successive iterations fall below 10-6 eV. We have included the spin orbit 
coupling to investigate its influence on the electronic and phonons 
characteristics of the material. 

The thermoelectric properties were calculated by solving the Boltz-
mann transport equations as implemented in the boltztrap2 code [22] 
from the band structure data used for DOS calculations. We calculated 
the thermoelectric figure of merit for different pressures after evaluating 
the carrier relaxation time using lattice deformation potential theory. 
The lattice thermal conductivity of the material was calculated using 
Phono3py [23] within the finite displacement approach through the 
linearized phonon Boltzmann equation in which 2 × 2 × 2 supercells 
were built for the evaluation of the third-order force constants and the 
reciprocal spaces were sampled using 11 × 11 × 11 meshes. 

3. Results and discussion 

3.1. Electronic structure 

The thermal and electronic properties of materials certainly influ-
ence their thermoelectric power conversion efficiency. CsSnI3 belongs to 
the cubic perovskite family consisting of a corner-sharing SnI6 octahedra 
network. The material undergoes a series of structural phase transitions 
as the temperature dwindles from high to low due to rearrangements 
and rotations of the SnI6 octahedra [14]. The transition starts from cubic 
to tetragonal phase and then to the orthorhombic phase as the temper-
ature decreases. The material possesses three polymorphs having a 
direct energy gap (α-, β-, and Y-CsSnI3) and one indirect (γ-CsSnI3). The 
direct gap category favors photovoltaic applications because of the 
effective electron-hole transport mechanism. In this work, we investi-
gated cubic CsSnI3 with space group pm3m, the phase that is stable near 
room temperature. 

The electronic structures were computed using PBESol functional 
with SOC as presented in Fig. 2 for the 0 Gpa pressure. It was revealed 
that CsSnI3 have a direct bandgap with the valence band maximum 
(VBM) and conduction band minimum (CBM) at the point R (1,1,1)π/a. 

The main reason for the occurrence of the CBM and the VBM at 
symmetry direction R is that at such point in k-space, the p-orbitals 
(anions) with their same-sign lobes direct toward the center of the oc-
tahedron that surrounds the Sn atom and hence yielding strong inter-
action. The non-monotonic change of the energy gap with pressure is 
especially noticed in contrast to many semiconducting materials. The 
bandgap initially reduces upon compression inducing more metallicity 
after which it then gradually increases with applied hydrostatic pres-
sure. Pressure-driven band inversion was observed at 1.7 Gpa (Fig. 3a). 
The VBM and CBM were found to overlap at the high symmetry point R 
in the Brillion zone at 1.7 Gpa and then reopens afterward with an 
inversion between the valence band and conduction band [24]. 

The calculated zero temperature energy bandgap for the materials 

Fig. 1. Schematic of the crystal structure of the CsSnI3 showing (a) unit cell (b) 
High symmetry directions within the first Brillion zone. 

Fig. 2. Electronic band structure and DOS of CsSnI3 with SOC at 0 
Gpa pressure. 
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with the SOC is 0.21 eV at 0 Gpa pressure. It is imperative to state that 
the energy gap is underestimated compared to the experimentally re-
ported bandgap of CsSnI3. This is a typical characteristic of DFT calcu-
lated bandgaps where density gradient approximation functionals are 
utilized such as the PBESol used in this work. The evolution of the en-
ergy band structure and the DOS for different applied pressures (0–8 
Gpa) around the Fermi level is calculated and presented in Fig. 3. 

The projected density of states for the materials is depicted in Fig. 3b. 
It indicated that the Sn-p and Cs-s states dominate the conduction band 
while the contribution of electrons in the valence band is majorly from 
Sn-p, Sn-s and I-p states with a very few from Cs-p orbital. If the crystal is 
assumed to be at zero temperature, i.e. all the electronic states below the 
Fermi level are filled while those above are empty, it can be inferred that 
electrons from Cs atoms rarely participate in the valence bonding 
compared to the electrons in Sn and I atoms. Thus, the electrons from Cs 
atoms are often considered to be used for balancing the overall distri-
bution of the charge within the crystal. Fig. 3c presents the change in the 
DOS near the Fermi level for different applied pressures, while Fig. 3d 
describes the variation of the material’s bandgap with applied pressure. 
The so-called band inversion point could be noticed near 1.7 Gpa 
applied pressure. 

While the valence band maximum is non-degenerate, the conduction 
band minimum is 3-fold degenerate and splits to a doublet and a 
quadruplet after including SOC. This is usually uncommon among 
tetrahedrally bonded semiconductors. Similar behavior was observed in 
the work of Ling et al. [17] where they tagged it as a so-called “inverted” 
band structure. It can be perceived from Fig. 3b that the conduction 
band minimum is dominated by Sn-p states, and the valence band 
maximum is composed of Sn-s and I-p states. As a result, an antibonding 
combination is formed between Sn-s and I-p orbitals, as presented by the 
charge distribution in Fig. 3e. Interestingly, there is a stronger Sn-s to 
anion p orbitals towards the edge of the VBM at this particular k-point R. 
This is because the p-orbitals on either side of the primitive cell vary by a 
phase eiK.T = − 1 at the k-point R, and hence they point inward toward 
the Sn-s-orbital as demonstrated in ref. [17]. This implies their strong 
interaction with each other and thus belong to the same a1g irreducible 
representation of the group. Hence, the gap may be considered as intra- 

atomic between Sn-p and Sn-s. 
Following the notations of Bose et al. [25], further group theory 

analysis reveals that the conduction band minimum possesses R15 
symmetry. However, none of the I-5p orbital combinations emanating 
from any face of the unit-cell is a member of this irreducible represen-
tation of the cubic group. The interaction with Cs-5p below is also 
minimal. Although there exists some interaction with the I-5s state 
which also forms the R15 linear combinations at R-point but appears 
very deep inside such that the topmost state would have only a few I-5s 
contributions. The small interaction with Cs-5d states higher-up, which 
also belongs to the same irreducible representation, tends to decrease 
the energy gap. Meanwhile, the Sn-s and I-5p interaction, which gives 
rise to the R1 two-states symmetry, is manifestly strong due to the 
closeness of the two levels and hence the existence of the strong 
hybridization. 

A few interesting features of the material can be explained by the 
nature of its VBM and CBM. First, they highlight that the gap is mainly 
governed by the Sn-s to I-p antibonding covalent interaction. Second, 
they explained the so-called “inverted” characteristic of the band 
structure. Third, they revealed the possibility of a strong optical tran-
sition between the CBM and VBM. 

3.2. Thermoelectric properties 

The study of the thermoelectric transport properties begins with the 
calculations of the electronic band structures and the related density of 
states followed by the Boltzmann transport theory [26]. Consequently, 
the thermoelectric coefficients were computed accordingly. The semi- 
classical transport variables such as electrical conductivity, absolute 
Seebeck coefficient, and the thermoelectric power factor in terms of the 
scattering time, as a function of the applied pressure, are depicted in 
Fig. 5. The large Seebeck coefficient can be seen to be induced by the 
high slope of the DOS around the energy gap as it is the tradition with 
narrow-gap semiconductors [27]. Another factor that enhances the 
slope of the DOS is band degeneracy. While the electrical conductivity 
improved with the increase in pressure, the Seebeck coefficient declined 
with applied pressure resulting in a non-monotonic change in the power 

Fig. 3. (a) Electronic band structures around the Fermi level of CsSnI3 as indicated by the numbers in the legend in GPa (b) Projected Density of states (c) Electronic 
DOS around the Fermi level (d) Variation of the bandgap with the applied pressure (e): The partial charge density at the VBM indicating the Sn-s and I-p antibonding. 

Y.S. Wudil et al.                                                                                                                                                                                                                                



Computational Materials Science 201 (2022) 110917

4

factor. 
The electrical conductivity of the materialincreased monotonically 

with both temperatures and pressures as presented in Fig. 5a thereby 
reflecting its semiconducting behavior [28]. The increase in tempera-
ture supplies adequate thermal energy to accelerate the majority carriers 
for enhanced electrical conduction while the applied pressure narrows 
the energy gap up to a certain threshold to ease the task. The electrical 
conductivity is related to the carrier concentration via σ = neμ Where µ 
and e are the mobility and electronic charge, respectively. The positive 
temperature-dependence of the electrical conductivity results from the 
coupling existing between n and T. 

The Seebeck coefficient decreases with applied hydrostatic pressure 
(Fig. 5b) in agreement with previous reports [29]. Below 4 Gpa, the 
Seebeck coefficients gradually reduced with increasing temperature due 
to a rise in holes and electrons conductivity which improves the carrier 
concentration (n). The relation between the Seebeck coefficient and the 
carrier concentration can be described as [7] 
S
T = −

π2k2
B

3|e|
∂lnσ(E)
(∂E)x |EF

= −
π2k2

Bm*
(
(3π2)

2
3 |e|ℏ2n

2
3

) Where m* is the effective mass of 

electrons, T is temperature, kB is the Boltzmann constant, n is carrier 
density, e is the electronic charge, EF is the Fermi energy, h is Planck 
constant, and σ(E) is conductivity. This equation explains the inverse 
relationship between carrier concentration and S. 

However, above 4 Gpa, the apparent increase in thermal energy 
caused the Seebeck coefficient to increase with the temperature since 
there will be a flow of thermally-excited minority carriers. Furthermore, 
such a transition at a given pressure could be due to the change in the 
material’s bandgap with pressure. The bandgap initially decreases with 
pressure unveiling metallic-characteristic causing an increase in effec-
tive mass which thus affects the TE properties. However, the energy gap 
subsequently continues to increase linearly with applied pressure typical 
of semiconducting materials. 

The lattice contribution to the total thermal conductivity is a 
fundamental factor in evaluating the figure of merit, and it substantially 
affects the overall TE performance. The electronic contribution to the 
total thermal conductivity is presented in Fig. 5c. Noteworthy, while the 
kl decreased with temperature (Fig. 4), ke improved with increasing 
temperature. Since the kl is the dominant part at lower temperstures, the 
total thermal conductivity can be said to decrease with increasing 
temperature. Since the structural transitions of CsSnI3 is a consequence 
of SnI6 octahedra and rotations only [14], it would be expected to 
possess higher lattice thermal conductivity with a high-symmetry crystal 
structure. 

The power factor is a key parameter representing the trade-off be-
tween the relevant parameters [30]. Fig. 5d shows the change in the PF 
with applied pressures for the different temperatures. As the pressure 

increases, the PF also increases up to near 5 Gpa after which it declines. 
This can be described as a consequence of the decrease in the effective 
mass of electron caused by the reduced bandgap as the pressure in-
creases since the Seebeck coefficient depends directly on m*. Although 
the electrical conductivity is enhanced by the reduction in m*, the 
overall power factor depends significantly on the Seebeck coefficient. 

The thermoelectric figure of merit was calculated for different 
pressures (Fig. 6) after evaluating the carrier relaxation time τ,using the 
lattice deformation potential theory as presented elsewhere [31]. 
Briefly, the relaxation time for a three-dimensional system is expressed 
as follows [31]: 

τ =
(

2
̅̅̅
2

√
Ch

)
/(3(2π)4(KBTm)

3
2E2 (1)  

where h is Planck’s constant, m represents the effective mass and C 
represents the elastic constant given as 

C =
1

Vo
∂2E

∂
(

Δl
lo

)
2

(2) 

In which Vo and lo are the equilibrium volume and lattice parameter, 
Δl = l − lo is the lattice distortion and E is the corresponding free energy 

Fig. 4. The calculated lattice thermal conductivity of CsSnI3.  

Fig. 5. Thermoelectric properties of CsSnI3 at different pressures (a) Electrical 
conductivity (b) Seebeck coefficient (c) Electronic thermal conductivity (d) 
Power factor. 

Fig. 6. Pressure-dependent (a) ZT of CsSnI3 (b) Relaxation times calculated at 
different temperatures. 
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of the system. The deformation potential constant E denotes the shift of 
the conduction (valence) band edge with respect to unit strain, which 
can be expressed as: 

E =
∂Eedge

∂
(

Δl
lo

) (3) 

Our results showed that ZT value peaked around 1 – 1.7 Gpa applied 
pressures for all the temperature range. The increase in ZT values with 
temperature becomes more significant. 

4. Conclusion 

In this paper, we investigated the effect of applied hydrostatic 
pressure on the electronic and thermoelectric transport properties of n- 
type cubic CsSnI3 perovskite using density functional theory with spin- 
orbital coupling. In the electronic band structure, the strong Sn-s anti-
bonding state of the VBM led to a triply degenerate p-like conduction 
band and a non-degenerate s-like valence band. A non-monotonic 
change in the energy bandgap of the material was witnessed, 
decreasing initially exhibiting metallic characteristics and then 
increasing above 1.7 Gpa applied pressure. Pressure-driven band 
inversion was observed at 1.7 Gpa in which the VBM and CBM were 
found to overlap at the high-symmetry point R in the Brillouin zone. The 
value of the direct bandgap was underestimated as it is the practice with 
the DFT-calculated energy gaps using the local density approximations. 
The obvious Sn-s and I-p antibonding in the valence band maximum was 
observed in our partial charge density calculations. Our phonon 
dispersion studies revealed that the cubic phase is more stable at higher 
temperatures due to the existence of some soft modes along the high- 
symmetry directions. We observed a monotonic decrease in the See-
beck coefficient at all pressures for different temperatures. In contrast, 
the electrical conductivity has improved with applied pressure at all 
temperatures in agreement with the previous reports. A peak ZT of 1.26 
was achieved at 1 Gpa applied pressure at 600 K. It is interesting to note 
that while pressure can be used to engineer the material’s transport 
properties, other defect incorporation can also be employed to manip-
ulate the lattice thermal conductivity in tandem thereby boosting the 
overall efficiency of n-type cubic CsSnI3 perovskite. 
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