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ABSTRACT: The advantages of organic−inorganic hybrid halide perovskites and
related materials, such as high absorption coefficient, appropriate band gap, excellent
carrier mobility, and long carrier life, provide the possibility for the preparation of low-
cost and high-efficiency solar cell materials. Among the inorganic materials, CsPbI3 is
paid more attention to by researchers as CsPbI3 has incomparable advantages. In this
paper, based on density functional theory (DFT), we first analyze the crystal structure,
electronic properties, and work function of two common bulk structures of CsPbI3 and
their slices, and then, we study the carrier mobility, exciton binding energy, and light
absorption coefficient. Considering that CsPbI3 contains heavy elements, the spin−orbit
coupling (SOC) effect was also considered in the calculation. The highest mobility is
that electrons of the cubic structure reach 1399 cm2 V−1 S−1 after considering the SOC
effect, which is equal to that of traditional solar cells (such as Si-based, PbSe, and PbTe).
The lowest exciton binding energy is 101 meV in the cubic bulk structure, which is
beneficial to the separation of photogenerated carriers. In the visible region, the
absorption coefficient of the cubic structure is the best among all structures, reaching 105 cm−1. Through the study of mobility,
exciton binding energy, and light absorption coefficient, it is found that the cubic bulk structure in all structures of CsPbI3 has the
best photoelectric performance. This paper can provide some guidance for the experimental preparation of CsPbI3 as a potential
high-efficiency solar cell material.

1. INTRODUCTION

With the continuous growth of the world’s population and the
increasing demand for energy, the problem of energy shortage
is becoming more and more serious. Therefore, it is extremely
urgent to find a new kind of renewable and pollution-free
energy, and solar cells have become one of the first choices.1−9

The first generation of solar cells was developed in the 1970’s,
mainly composed of monocrystalline silicon, which was quickly
applied due to its excellent stability and extensive material
acquisition. However, the price is very expensive due to the
high purity requirement of silicon in the preparation process.
Moreover, because silicon is an indirect band gap semi-
conductor, the absorption efficiency of sunlight is not very
high, which limits the carrier transmission to some extent.
Theoretical calculations show that the maximum carrier
mobility of Si-based solar cell materials is 1400 cm2 V−1

S−1,10 and the conversion efficiency of solar cells is still not
very high after decades.11−13 The second generation of solar
cells was developed in the 1980’s, mainly using amorphous
silicon as the raw material of thin-film solar cells. Although
they are simple and flexible, their efficiency is still not high, so
the market is still dominated by the first generation.14,15 In
order to find a kind of efficient and stable solar cell materials,
the third generation solar cells came into being in the 1990’s,
among which the perovskite belongs to the third generation. In

2009, Kojima et al.16 first prepared perovskite-type organic−
inorganic hybrid materials instead of organic molecules as
light-absorbing materials for solar cells (the efficiency was
3.8%). The U.S. National Renewable Energy Laboratory
released a single section regarding a perovskite solar cell with
a certified maximum efficiency of 25.5% in 2020.17 In the past
ten years, organic−inorganic hybrid halide perovskites and
related materials have provided the possibility to prepare low-
cost and high-efficiency solar cell materials due to their
advantages such as high absorption coefficient, appropriate
band gap, excellent carrier mobility, and long carrier life.18−22

Perovskites with an ABX3 structure has attracted many
researchers because of their efficient light absorption perform-
ance,23−26 where A is an organic−inorganic cation such as FA
(FA = formamidinium, NH2CHNH2), MA (MA = methyl-
ammouium, CH3NH3), or Cs, B is a metal ion such as Pb, Sn,
or Ge, and X is a halide anion. In the ABX3 structure of the
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organic−inorganic hybrid perovskite cells generally the metal
atoms are located at the core of the octahedron, the halogen
atoms are located at the top corner of the octahedron, and the
organic−inorganic molecules are located at the top corner of
the face-centered cubic lattice. The octahedron of [BX6] is
composed of three-dimensional shapes with a co-vertex
connection. According to Pauling’s connection rule of ligand
polyhedron,27 a co-planar or co-edge connection will reduce
the distance between atoms, which increases the repulsive
force between ions with the same electric polarity and reduces
the stability of the structure, so the co-vertex is more stable. In
addition, the co-vertex connection structure makes the gap of
the octahedral meshes larger than the gap between the co-edge
and co-planar structures, allowing larger size ions to fill in. In
general, the most commonly used ABX3 perovskite materials
will choose organic MAPbI3 and FAPbI3 for their excellent
photoelectric conversion efficiency. However, the organic
cations MA+ and FA+ are easy to decompose because of the
lengthy exposure to the humid environment. At present, all
inorganic perovskites have attracted people’s attention, among
which the perovskite of the CsPbI3 series has been studied
most. CsPbI3 has a variety of phases. It forms into a black
phase for which the space groups are Pm3̅m, P4/mbm, and
Pnma at high temperatures, and it forms into a yellow phase for
which the space group is Pnma at low temperatures.28 The
challenge now is how to form a stable black phase CsPbI3 at
room temperature29,30 because the black phase (cubic
structure) has a band gap of 1.73 eV, which is ideal to make
perovskite-Si heterojunction solar cell material.31 Many
researchers report that a stable black phase can only form
above 300 °C.32,33 However, Eperon et al. reported that by
careful processing control and development of a low-
temperature phase transition route, they had obtained a stable
CsPbI3 of the black perovskite phase at room temperature.31

Later, Hoffman et al. also synthesized cubic CsPbI3 at low
temperatures through a halide exchange reaction using films of
sintered CsPbBr3 nanocrystals.

34 In 2019, Steele et al. reported
the use of substrate clamping and biaxial strain to render the
black-phase CsPbI3 thin films stable at room temperature.35

The preparation of stable CsPbI3 at room temperature made it
possible to study its numerous properties.
The carrier mobility in two-dimensional photoelectric

materials has attracted many researchers, such as Qiao et al.
studied the carrier mobility in black phosphorus of single-layer
and multilayer; Xie et al. studied the carrier mobility in BC2N,
and they have confirmed that these materials have good
photoelectric properties through the density functional theory
(DFT).36−38 The carrier mobility of three-dimensional crystal
materials has also attracted many researchers, such as Jong et
al. found that the mobilities of CsGeX3 were 1677, 1401, and
863 cm2 V−1 S−1 for the X = I, Br, and Cl at 300 K.39 Wang et
al. found that the electron and hole mobilities of MAPbI3
could reach surprisingly high values of 7−30 × 103 and 1.5−
5.5 × 103 cm2 V−1 S−1, but both are estimated to be much
higher than the current experimental measurements.40 Ying et
al. found that the electron and hole mobilities of the cubic
structure of CsPbI3 were 430 and 2820 cm2 V−1 S−1.41 Lee
studied the relationship between mechanical stability and
charge mobility in the MA-based hybrid Perovskites and
optimized the charge mobility by adjusting its structure.42

Ponce ́ et al. demonstrate that low-energy longitudinal optical
phonons associated with the fluctuations of the Pb−I bonds of

halide perovskites ultimately limit the mobility to 80 cm2 V−1

S−1 at room temperature.43

Due to the complexity to study the property of perovskite’s
mobility, it has been paid much attention to by researchers. In
this paper, based on DFT, we first analyzed the crystal
structure, electronic properties, and work function of the two
common bulk structures of CsPbI3 and their slices, and then,
we studied the carrier mobility, exciton binding energy, and
light absorption coefficient. The research work in this paper
provides a theoretical basis for CsPbI3 to become a potential
high-efficiency solar cell material and a certain guiding role for
the preparation of later experiments.

2. COMPUTATIONAL METHODS

The DFT is calculated by using the augmented wave method
realized in Vienna ab initio simulation package.44 The methods
of projector augmented wave using the norm-conserving
pseudo-potentials45 for Cs, Pb, and I atoms were treated to
understand the electrostatic interactions between valence and
core electrons. The generalized gradient approximation (GGA)
of the Perdew−Burke−Ernzerhof (PBE) functional was
depicted during geometry optimization and electronic
structure calculation.46 In order to correct the underestimation
of band gap by PBE, we also used a Heyd−Scuseria−Ernzerhof
in 2006 (HSE06) hybridization functional to correct it.
Because CsPbI3 contains the heavy elements Pb and I, the
spin−orbit coupling (SOC) effect cannot be ignored in the
calculation of the band structure.47,48 The calculated valence
electrons of each atom are as follows: 9 for Cs-5s25p66s1, 4 for
Pb-6s26p2, and 7 for I-5s25p5. The k-point grid of the bulk is set
as 5 × 5×5, and the k-point of (1 0 0), (0 1 0), (0 0 1), and (1
1 1) surfaces is set as 5 × 5×1. The lattice parameters and
atomic positions are fully relaxed until the Hellmann−
Feynman force on each atom is less than 0.005 eV/Å. The
plane-wave cutoff energy is set to 450 eV, and the self-
consistent field calculation was considered to be converged
when the total energy difference was less than 1 × 10−5 eV.
In inorganic semiconductors, the coherent wavelength of

thermally activated electrons or holes is much longer than the
lattice constant at room temperature and close to the
wavelength of phonons. The electron acoustic phonon
coupling, leading to scattering in the low-energy region,49,50

can be attained based on the deformation potential (DP)
theory, which was first proposed by Bardeen and Shockley.51

According to the DP theory, we can get carrier mobility μ in
2D10 materials from the following expression

=
ℏ
*u

e C
k Tm m E( )i2D

3
2D

B e d 1
2

(1)

where e is the electronic charge, ℏ is the reduced Planck
constant, kB is the Boltzmann constant, and T is the room
temperature (T = 300 K). me* is the effective mass, we can
calculate it by the finite difference method using the equation
me* = ℏ2/(∂2E(k)/∂k2), where Ek are the band-edge
eigenvalues and k is the wave vector. md is the average

effective mass determined by = * *m m mx yd . E1 is the DP

constant of the valence band maximum (VBM) for the hole or
conduction band minimum (CBM) for the electron along the
transport direction, which was defined as E1

i = ΔEi/(Δl/l0).
Here, ΔEi is the energy change of the ith band under an
appropriate unit compression or expansion (calculated at 0.5%
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step size), l0 is the lattice constant in the direction of the
transport, and Δl is the deformation of l0. The elastic modulus
C2D in the propagation direction can be obtained from 2(E −
E0)/S0 = C2D(Δl/l0)2, where E is the total energy and S0 is the
lattice area at equilibrium for a 2D system.34 It is noticed that
formula 1 represents a phonon-limited scattering model.38

We can also get the charge carrier mobility of the crystal
from the following formula51

π
=

ℏ
*

u
eC

m k T E

(8 )

3( ) ( )
ij

ij
3D

1/2 4

e
5/2

B
3/2 2

(2)

The physical quantity above is the same as formula 1, but it
should be noted that the elastic modulus and the DP constant
are calculated in a slightly different way. Cij can be obtained
directly by calculating the elastic properties. Eij is defined by Eij
= ΔEij/(ΔV/V0); here, ΔV is the deformation of a crystal
under an appropriate unit compression or expansion and V0 is
the lattice volume at equilibrium for a 3D system.

3. RESULTS AND DISCUSSION
3.1. Structure Properties. CsPbI3 mainly exists in two

phases, which will undergo the corresponding phase transitions
with the change of temperature. It is the yellow phase
(orthogonal structure and space group is Pnma) at room

temperature and will translate into the black phase (cubic
structure and space group is Pm3̅m) above 310 °C.28 Figure 1
shows crystal structures and sliced models of CsPbI3, in which
Figure 1a,d are the bulk diagrams of the cubic and orthogonal
structures, and the rest are sliced models of the cubic and
orthogonal structures. The reason for selecting these slices is
that we used the morphology calculation function of Materials
Studio and found that these slices had the greatest probability
of existence (Morphology defines the probability based on the
lowest energy and the maximum exposed surface area after
being sliced). Table 1 shows the parameters after geometry
optimization compared with the experimental data. The unit
cell parameters used for theoretical calculations are obtained
from Materials Project. Compared with the optimized unit cell
parameters with the experimental data, there is little difference
in the cubic structure, while the orthogonal structure is much
different. The c-axis of the slice is the direction of the vacuum
layer, and the thickness of the vacuum layer is all 20 Å.

3.2. Electronic Properties (Band and DOS). The band
diagrams of the cubic and orthogonal structures of CsPbI3
were calculated by using different exchange correlation
functions of GGA−PBE and HSE06, respectively, as shown
in Figure 2. It can be seen from the figure that the band gaps of
the two structures calculated by PBE are 1.44 and 2.56 eV,
while those calculated by HSE06 are 1.76 and 2.83 eV,

Figure 1. Crystal structures and sliced models of CsPbI3. Green-, gray-, and purple-colored balls represent the Cs, Pb, and I atoms.

Table 1. Crystal and Slice Constants after Geometry Optimization and Experimental Data

original crystal a (Å) b (Å) c (Å) α (deg) β (deg) γ (deg) V (Å3) space group crystal system

bulk of cubic 6.38 6.38 6.38 90 90 90 260 Pm3̅m cubic
experiment52 6.29 6.29 6.29 249
bulk of orthogonal 10.95 5.05 18.51 90 90 90 1019 Pnma orthogonal
experiment53 9.02 8.69 12.55 984
(1 0 0) of cubic 6.27 6.27 29.60 90 90 90 1164
(1 1 1) of cubic 8.67 8.67 26.72 90 90 120 2009
(1 0 0) of orthogonal 10.70 18.20 27.75 90 90 90 5404
(0 1 0) of orthogonal 19.27 4.98 28.33 90 90 90 2719
(0 0 1) of orthogonal 5.11 9.66 35.32 90 90 90 1743
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respectively. We know that the experimental band gap for the
cubic structure is 1.73 eV and that for the orthogonal structure
is 2.82 eV.28 The band gap calculated by PBE is under-

estimated, while the band gap calculated by HSE06 is close to
the experimental value, which is consistent with the conclusion
calculated by other research studies. Comparing the band

Figure 2. Band structures of the cubic and orthogonal phases of CsPbI3 were calculated by PBE, HSE06, and PBE + SOC. The high symmetry
points in the Brillouin zone of the cubic structure are along the directions of X(0.5,0,0) → R(0.5,0.5,0.5) → M(0.5,0.5,0) → G(0,0,0) →
R(0.5,0.5,0.5), and the orthogonal structure’s high symmetry points are along directions of G(0,0,0) → Z(0,0,0.5) → X(0.5,0,0) → G(0,0,0) →
Y(0,0.5,0) → T(−0.5,0.5,0) → U(0,0.5,0.5) → R(0.5,0.5,0.5).

Figure 3. Partial DOS (PDOS) of the (a) cubic and (b) orthogonal structures of CsPbI3.
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structure diagram obtained by the two methods, we find that
they are very close. As described in the literature,47,54 the
properties calculated by PBE are accurate and less time-
consuming. Therefore, the subsequent studies in this paper are
all based on the PBE calculation. Meanwhile, the band
structure calculated by PBE + SOC is also plotted in Figure 2.
After considering the SOC effect, the energy levels begin to
split due to the relativistic effect. It can be seen from the band
diagrams shown in Figure 2c,f that the splitting of CBM is
more obvious.
Figure 3 shows the density of state (DOS) diagram of the

cubic and orthogonal structures. According to the DOS
diagram, the valence band of the two structures is mainly
contributed by the I-5p states, while the conduction band is
mainly contributed by the Pb 6p states. Cs atoms have little
contribution to electrons near the Fermi surface, but they play
an important role in the stability of the crystal structure.
A c c o r d i n g t o t h e Go l d s c hm i d t c r i t e r i o n , 5 5

= + +T R R R R( )/ 2 ( )A X B X , the tolerance factor of
CsPbI3 is 0.81 which meets the stability conditions (the
structure is stable when T is between 0.81 and 1.1156). The
DOS of the orthogonal structure near the Fermi surface is
significantly denser than that of the cubic structure. The

maximum value of the orthogonal structure is 56 electrons/eV,
while the maximum value of the cubic structure is only 13
electrons/eV. Combining with the band structure diagram
shown in Figure 2, we find that the band localization of the
orthogonal structure is obviously stronger, so the electrons are
distributed more near the Fermi surface, but the overall
distribution of DOS of the two structures is similar. The DOS
of the orthogonal structure is higher than that of the cubic
structure mainly because the size of the unit cell of the
orthogonal structure used for the calculation is larger and the
number of atoms is more than that of the cubic structure.
We cut the cubic structure to be (1 0 0), (0 1 0), (0 0 1),

and (1 1 1) surfaces. As the symmetry of the crystal, the three
surfaces (1 0 0), (0 1 0), and (0 0 1) are the same, so we only
analyze the characteristics of (1 0 0) and (1 1 1) surfaces. At
the same time, the orthogonal structures (1 0 0), (0 1 0), and
(0 0 1) surfaces are cut and analyzed. Figures 4 and 5 show the
band diagrams of the cubic and orthogonal structures after
being sliced, respectively. It is found that the band gap of the
cubic structure increases obviously, while the band gap of the
orthogonal structure decreases significantly. We know that the
crystal becomes thinner after being sliced, and the interaction
between the atoms in the crystal becomes weaker, resulting in

Figure 4. Band structures of (1 0 0) and (1 1 1) slices of the cubic phase of CsPbI3. The high symmetry points in the Brillouin zone of slices of (1 0
0) and (1 1 1) are along directions of M(0.5,0.5,0) → Y(0,0.5,0) → G(0,0,0) → X(0.5,0,0), X(0.5,0,0) → G(0,0,0) → Y(0,0.5,0) → M(0.5,0.5,0)
respectively.

Figure 5. Band structures of (1 0 0), (0 1 0), and (1 1 1) slices of orthogonal phase of CsPbI3. The high symmetry points in the Brillouin zone of
slices of the orthogonal structure are all along directions of G(0,0,0) → X(0.5,0,0) → S(0.5,0.5,0) → Y(0,0.5,0) → G(0,0,0).
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a flat band distribution and an increase in the band gap value.
This theory is suitable for the cubic structure but cannot be
explained for the orthogonal structure. We guess that maybe as
the orthogonal structure is large, the system does not decrease
much after being sliced. On the contrary, the interaction
between the system becomes stronger. As can be seen from the
band diagram shown in Figure 5, the band becomes steeper,
indicating that the interaction between the atoms is enhanced
after being sliced.
Figure 6 shows the DOS of the cubic and orthogonal

structures after being sliced. It can be seen from Figure 6a that
the DOS of the (1 0 0) and (1 1 1) surfaces of the cubic
structure are very similar, while Figure 6b shows that the DOS
of the orthogonal structure vary significantly after being sliced.
According to the band diagram in Figure 5, the band of the (1
0 0) surface of the orthogonal structure near the Fermi surface
is the densest, which is consistent with the DOS shown in
Figure 6b. By analyzing the contribution of each element to the
band diagram, it can be found that the conduction band is
mostly contributed by Pb atoms, while the I atoms contribute a
little, the valence band is almost contributed by I atoms, and
the Cs atoms have no contribution to the electrons near the
Fermi surface. This is similar to the DOS diagram of the uncut
crystal.
We plot the partial charge density of the CBM and the

VBM, as shown in Figures 7 and 8. It can be seen from Figures
7 and 8 that the charge density of the CBM is almost
distributed around Pb atoms, while the charge density of the
VBM is almost distributed around I atoms, which is consistent
with the calculation results of PDOS.
3.3. Work Function. In order to better understand the

photoelectric properties of CsPbI3, we calculated the work
function after being sliced. We know that the work function is
the minimum energy that must be provided for an electron to
escape from a solid surface. The work function is a physical
quantity representing the binding energy of electrons, which is
mainly affected by the type of elements and crystal structures.
We use the optimized slices to calculate the work function and
obtained it, as shown in Figure 9, the horizontal axis is the
direction of the vacuum layer. It can be seen from Figure 9 that
the work function of the (1 0 0) slice of the orthogonal
structure is the largest, which is 5.558 eV, while the work
function of the (1 1 1) slice of the cubic structure is the

smallest, which is 5.22 eV. It can be seen from the calculation
results that the work function of each slice is between 5 and 6
eV, and there is not much difference. We compare the work
functions of several metals, such as Ag: 4.26 eV, Al: 4.28 eV,
Fe: 4.5 eV, Pb: 4.25 eV, and Pt: 5.65 eV. It is found that the
work function of each slice of CsPbI3 is between that of the
other metals and Pt.

3.4. Carrier Mobility. The calculated data related to the
carrier mobility of cubic and orthogonal structures are
recorded in Table 2, and the mobility is calculated by formula
2. Table 2 shows that in the cubic structure, the effective mass
of the electron is 0.33 m0 in three directions, and their DP and
elastic modulus in three directions are also the same, showing
isotropy. We obtained that the electron mobility is 440 cm2

V−1 S−1, which is consistent with the 430 cm2 V−1 S−1

calculated by Ying et al.41 Similarly, the effective mass, DP,
and elastic modulus of the holes in the cubic structure are also
the same in all the three directions, showing a high degree of
isotropy. The calculated carrier mobility is 97 cm2 V−1 S−1,
which is consistent with the 80 cm2 V−1 S−1 calculated by
Ponce ́ et al.43 Compared with the cubic structure, the overall
mobility of the orthogonal structure is lower. In particular, the
mobility of both electrons and holes along the x-axis is almost

Figure 6. DOS of (a) (1 0 0) and (1 1 1) slices of the cubic structure and (b) (1 0 0), (0 1 0), and (1 1 1) slices of the orthogonal structure.

Figure 7. Partial charge densities of CBM and VBM of the cubic
structure and sliced models.
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0 mainly because the effective mass of carriers in this direction
is too large (it can be seen from the band diagram in Figure 2d
that the band is almost flat from the direction of G → X). In
the orthogonal structure, the electron with the highest mobility
along the y-axis is 179 cm2 V−1 S−1, while the hole only has a

small mobility along the z-axis. The effective mass, DP, elastic
modulus, and mobility all exhibit a high degree of anisotropy
due to the poor symmetry of the orthogonal structure. It is
found that the overall mobility of holes in both structures is
lower than that of electrons mainly because the effective mass

Figure 8. Partial charge densities of CBM and VBM of the orthogonal structure and sliced models.

Figure 9. Work functions of slices of cubic and orthogonal structures.

Table 2. Carrier Mobility of Cubic and Orthogonal Structures Calculated by PBE with and without SOC

carrier type mx*/m0 my*/m0

mz*/
m0

E1x
(eV)

E1y
(eV)

E1z
(eV)

Cx/3D
(GPa)

Cy/3D
(GPa)

Cz/3D
(GPa)

μx/3D
(cm2 V−1 S−1)

μy/3D
(cm2 V−1 S−1)

μz/3D
(cm2 V−1 S−1)

Without SOC Calculated by PBE
e (cubic) 0.33 0.33 0.33 9 9 9 37.23 37.23 37.23 440 440 440
h (cubic) 0.36 0.36 0.36 17.28 17.28 17.28 37.23 37.23 37.23 97 97 97
e (orthogonal) 8.52 0.54 1.73 8.25 7.23 6.37 26.70 33.25 40.81 0.11 179 15
h (orthogonal) 3.96 2.25 0.85 15.24 16.79 9.24 26.70 33.25 40.81 0.22 1 43

With SOC Calculated by PBE
e (cubic) 0.21 0.21 0.21 8.21 8.21 8.21 31.54 31.54 31.54 1399 1399 1399
h (cubic) 0.32 0.32 0.32 15.35 15.35 15.35 31.54 31.54 31.54 140 140 140
e (orthogonal) 8.50 0.62 1.82 8.53 7.67 7.02 24.26 30.18 35.22 0.10 102 10
h (orthogonal) 7.25 2.01 1.02 13.24 15.78 8.86 24.26 30.18 35.22 0.06 1 26
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and the DP of holes is greater than that of electrons. It is
consistent with the usual findings in simple semiconductors.51

At the same time, we also analyze the carrier mobility after
considering the SOC effect. After considering the SOC effect,
the carrier mobility of the cubic structure increases obviously,
but the orthogonal structure does have a tendency to decrease.
In the cubic structure, the mobility of electrons increased from
440 to 1399 cm2 V−1 S−1, and the mobility of holes also
increased from 97 to 140 cm2 V−1 S−1. In the orthogonal
structure, the electron mobility along the y-axis decreases from
179 to 102 cm2 V−1 S−1. According to the band diagrams, as
shown in Figure 2c,f, it can be found that the energy level splits
after considering the SOC effect, and the CBM and VBM of
the cubic structure become steeper after splitting, while those
of the orthogonal structure tend to flatten slightly. The
effective mass we calculated from Table 2 can more specifically
reflect the change in trend of the band. After considering the
SOC effect, the effective mass of the electron in the cubic
structure is only 0.21 m0 in all the three directions, less than
the original 0.33 m0, and the effective mass of the hole is also
reduced from the original 0.36 to 0.32 m0. In the orthogonal
structure, the effective mass of the hole along the x-axis
increases from 3.96 to 7.25 m0, and the effective mass of the
electron along the y-axis increases from 0.54 to 0.62 m0.
Table 3 shows the carrier mobility of the cubic and

orthogonal structures after being sliced, and the mobility is
calculated by formula 1. We find that the overall carrier
mobility is slightly improved after being sliced. In the cubic
structure, the mobility of the electron on the (1 0 0) surface
along the x-axis is 249 cm2 V−1 S−1, while the mobility of the
hole on the (1 1 1) surface is only 2 cm2 V−1 S−1. The mobility
of electrons and holes on the (1 0 0) surface of the cubic
structure is relatively average, while the mobility on the (1 1 1)
surface of the cubic structure is mainly concentrated on
electrons. In the orthogonal structure, the mobility of the

electrons on the (1 0 0) surface along the x-axis is the largest,
which is 820 cm2 V−1 S−1, while the mobility of the holes on
the (0 0 1) surface along the y-axis is only 1 cm2 V−1 S−1. The
carrier mobility on the (1 0 0) surface is relatively high in the
orthogonal structure, while on the other surfaces is very low,
within 100 cm2 V−1 S−1. By comparing the data in Table 3, it
can be found that the main factor affecting the carrier mobility
is the effective mass of the carrier. For example, the effective
mass of the holes on the (1 1 1) surface of the cubic structure
along the x- and y-axes are 4.70 and 6.02 m0 respectively, while
the effective mass of the holes on the (0 0 1) surface of the
orthogonal structure along the y-axis is even 8.42 m0.
By analyzing the CBM and VBM of band diagrams of

crystals, we find that all carriers with a flat band have low
mobility, while carriers with a steep band have high mobility.
We know that the effective mass of the carrier is inversely
proportional to the second derivative of the band, so the
steeper the band, the smaller the effective mass of the carrier,
and the more conducive to the transport of the carrier.
According to the knowledge of solid-state physics, we know
that the steeper the band, the stronger the interaction between
the atoms, making the charge distribution between the atoms
more continuous. Combined with the partial charge density
shown in Figures 7 and 8, we find that the charge distributions
of the CBM and VBM of the cubic structure are more
continuous, and the charge distribution of the CBM is more
continuous than that of the VBM, which is conducive to carrier
migration.
In order to better study the carrier mobility, we also

calculate the exciton binding energy, and the calculated data
are shown in Table 4. The exciton binding energy is obtained
by the Wannier−Mott57 formula

ε
=

+
E

m m R

m m m( )b
e h y

0 e h s
2

(3)

Table 3. Carrier Mobility of (1 0 0) and (1 1 1) Surfaces of Cubic Structure and (1 0 0), (0 1 0), and (0 0 1) Surfaces of the
Orthogonal Structure

carrier type mx*/m0 my*/m0 E1x (eV) E1y (eV) Cx/2D (J m−2) Cy/2D (J m−2) μx/2D (cm2 V−1 S−1) μy/2D (cm2 V−1 S−1)

Cubic Structure
e (1 0 0) 0.52 0.52 7.87 7.87 198.74 170.35 249 214
h (1 0 0) 0.57 0.57 9.33 9.33 198.74 170.35 148 126
e (1 1 1) 1.44 1.41 5.95 5.95 375.12 375.12 108 111
h (1 1 1) 4.70 6.02 11.54 11.54 375.12 375.12 2 1.8

Orthogonal Structure
e (1 0 0) 0.25 0.25 6.35 6.75 98.36 105.21 820 776
h (1 0 0) 3.52 2.37 7.36 7.45 98.36 105.21 4 6
e (0 1 0) 1.38 1.38 8.21 8.45 89.35 94.28 15 15
h (0 1 0) 0.87 0.82 8.01 8.16 89.35 94.28 40 43
e (0 0 1) 0.53 2.35 7.85 7.69 116.25 121.35 67 16
h (0 0 1) 0.89 8.42 9.21 9.38 116.25 121.35 12 1

Table 4. Dielectric Constants (εs) and Exciton Binding Energy (Eb) Calculated by PBEa

crystal system cubic orthogonal (1 0 0) of cubic (1 1 1) of cubic (1 0 0) of orthogonal (0 1 0) of orthogonal (0 0 1) of orthogonal

εs 4.81 4.25 4.46 4.37 3.16 3.37 3.14

*m m/e 0 0.33 3.60 0.52 1.41 0.25 1.38 1.44

*m m/h 0 0.36 2.35 0.57 5.36 2.81 0.85 4.67

Eb (meV) 101 1071 186 795 313 630 1519

aThe effective mass of electrons and holes in the bulk and sliced models is the average effective mass in all directions. *me and *mh are the average
effective masses of electrons and holes in all directions.
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where, εs is the static dielectric constant, me and mh are the
average effective masses in all directions, and Ry = 13.6057 eV
is the Rydberg energy constant. According to the data in Table
4, it can be found that the exciton binding energy in the cubic
structure is only 101 meV, which is the easiest to separate and
generate carriers, while the exciton binding energy in the (0 0
1) surface of the orthogonal structure is the highest, which is
difficult to separate and affects the carrier mobility. All of them
are consistent with the calculated results of carrier mobility.
3.5. Optical Absorption Coefficient. If the alignment of

band energy levels between the light-absorber and charge
extracting material is harmonious, a high absorption coefficient
will lead to a high mobility.58,59 Figure 10 shows the

absorption coefficient of various structures as a function of
photon energy. Figure 10 shows that the absorption coefficient
at the absorption edge reaches 104−105 cm−1, with a high
absorption coefficient, which is close to the absorption
coefficient of MAPbI3 calculated by Wang et al.40 The high
absorption coefficient is due to the high density of Pb 6p states
in the CBM and I 5p states in the VBM, as well as the
transition of Pb 6s states at the VBM to Pb 6p states at the
CBM. We divided the absorption light into visible light,
infrared light, and ultraviolet light for analysis. In the range of
visible light, the cubic structure had the highest absorption
coefficient; in the range of infrared light, the (1 0 0) slice of the
cubic structure had the highest absorption coefficient; in the
range of ultraviolet light, the orthogonal structure had the
highest absorption coefficient. This is consistent with the
previous calculation of carrier mobility and exciton binding
energy. Through further comparison of the absorption
coefficient, mobility, and exciton binding energy, we found
that CsPbI3 has the highest utilization rate of visible light,
followed by infrared, and very low utilization rate of ultraviolet
light in the photoelectric conversion. The reasons are as
follows: (i) the cubic bulk structure absorbs the most visible
light, so the carrier mobility is the highest, and the exciton
binding energy is the lowest. (ii) Although the orthogonal bulk
structure absorbs the most ultraviolet light, the carrier mobility
is not as high as that of the (1 0 0) surface of the cubic
structure, and the exciton binding energy is relatively high. In
order to better verify our conclusion, we compared the
previously calculated data as follows: the maximum mobility of
the orthogonal structure is 140 cm2 V−1 S−1 and the exciton
binding energy is 1071 meV; while the maximum mobility of
the (1 0 0) surface of the cubic structure is 249 cm2 V−1 S−1

and the exciton binding energy is 186 meV.

4. CONCLUSIONS
In this paper, the crystal structure and electronic properties of
the cubic and orthogonal crystal systems of CsPbI3 are
analyzed, and their slices are similarly analyzed. According to
the diagrams of DOS and partial charge density, it can be
clearly found that the conduction band near the Fermi surface
is mainly contributed by Pb atoms, while the valence band near
the Fermi surface is mainly contributed by I atoms. By
calculating the work function, it is found that the work
function of each slice of CsPbI3 is between other metals and Pt
(between 5 and 6 eV), and the work function of each slice has
little difference.
Then, we focus on the carrier mobility in several structures.

First, the carrier mobility of the two bulks is studied. It is found
that the mobility of the cubic bulk is higher than that of the
orthogonal bulk. After considering the SOC effect, the carrier
mobility of the cubic bulk structure increases obviously, but
the orthogonal bulk structure does have a tendency to
decrease. The electron mobility in the cubic structure is the
highest after considering the SOC effect, reaching 1399 cm2

V−1 S−1, which is equal to the Si-based, PbSe, and PbTe
traditional solar cells10,39 (μSi = 1400 cm2 V−1 S−1,, μPbSe =
1140cm2 V−1 S−1, and μPbTe = 1508 cm2 V−1 S−1). Then, we
studied the mobility of the bulks after being sliced and found
that the mobility increased a little. The mobility is mainly
affected by the effective mass of the carrier and the DP. By
calculating the exction binding energy, it is found that the
exciton binding energy in the cubic structure is the lowest,
while the exction binding energy in the (0 0 1) surface of the
orthogonal structure is the highest, which is in good agreement
with the calculated results of the carrier mobility.
Finally, we calculate their light absorption coefficient, the

result shows that the light absorption coefficient is relatively
high. In the visible region, the absorption coefficient of the
cubic structure is the best and the carrier mobility is also the
highest in all structures of CsPbI3. In the infrared region, the
best absorption is the (1 0 0) surface of the cubic structure,
and the mobility is also high. In the ultraviolet region, the best
absorption is the orthogonal bulk structure, while the mobility
is not too high, which indicates that the solar cell material has a
very low utilization rate of ultraviolet light.
This paper mainly analyzed the mobility and optical

properties of CsPbI3 and compared them with some other
traditional solar cell materials and found that CsPbI3 has the
potential to be a high-efficiency solar cell material, which
provides a certain theoretical basis for the later experimental
preparation.
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