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Abstract

Inorganic perovskites exhibit impressive optoelectronic properties through

experimental doping or composition modification. However, the underlying

mechanism of the atomic substitution effect needs to be elucidated to guide

future device optimizations. In this work, we have carried out systematic

research on a series of inorganic perovskites regarding their electronic, optical,

and vibrational properties. The band structures are strongly affected by the

B-sites. Meanwhile, phonon dispersions have revealed that the peculiar energy

band offset is determined by the varied orbital and bonding characteristics. In

addition, optical properties are directly influenced by the bond lengths

between B-sites and halogens, which are regulated by atomic substitutions. In

addition, the infrared active spectrum and corresponding vibration modes indi-

cate that the metal-halogen octahedrons were confirmed to be the main source

of these vibration modes. This work reveals the atomic substation effects of

inorganic perovskites, which offer significant guidance for the design of next-

generation optoelectronic devices.
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1 | INTRODUCTION

The halide perovskites have obtained great attention as
the candidate materials of electronic devices in recent
years because of their impressive electronic and optical
properties such as long carrier lifetime, large diffusion
coefficient, and strong light absorption.1–7 As reported in
2019, the power conversion efficiency (PCE) of perovskite
solar cells has exceeded 23%, which is almost equal to that
of silicon-based solar cells.8 Meanwhile, the emerging
halide perovskites also have wide potential applications

such as field-effect transistors, optoelectronic sensors, and
light-emitting diodes.9–11 Although conventional experi-
mental methods are still the cornerstone of perovskite
research, emerging computational materials science is
attracting increasing attention because of its convenience
and low cost. To date, growing studies started to use the
density functional theory to explore and predict the
relationship between the macroscopic performance of
perovskites and their physical nature.12–14 By applying
first-principles calculations, the enhanced photo-
luminescence quantum efficiency of zero-dimensional
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halides perovskites was confirmed to be closely related to
the decreasing of exciton migration.15 Besides, the
ab initio calculations can provide reasonable evidence of
the electron–phonon coupling in the hybrid lead halide
perovskites.16 These theoretical works correlate well with
the conventional experimental conclusions and exhibit the
strong suitability of density functional theory for describ-
ing the intrinsic properties of perovskites.

Cs-based inorganic perovskites exhibit excellent opto-
electronic properties with simple synthesis processes and
controllable computational volume. Therefore, they
gained much attention in both experimental and theoreti-
cal studies.12,17–19 Yong and colleagues successfully fabri-
cated the thermodynamically stabilized CsPbI3-based
solar cells with high efficiency (>18%) in 2019.17 By
applying surface treatment with choline iodide, they
reduced the cracks and pinholes in the perovskite layer
and thus improved the carrier lifetime. Yang et al. have
pointed out that the octahedral tilting will induce vibra-
tional instabilities by proposing the lattice calculations
for CsSnX3 and CsPbX3 (X = F, Cl, Br, I) based on quan-
tum chemical force constants.20 The high-temperature
phase transition of CsSnCl3 was also reported before as
well as the semimetal-semiconductor phase transition of
CsSnBr3.

21 Some essential physical issues of CsSnX3 and
CsPbX3 (X = F, Cl, Br, I), such as the structural, elec-
tronic, and optical properties, were tested to find out the
exact nature of their intrinsic characteristics.22–24 By
applying the effective-mass model and group theory,
Michael et al. demonstrated a highly emissive triplet state
of lowest exciton involved in CsPbX3 (X = Cl, Br, I).23

They further confirmed the bright triplet exciton with the
detailed analysis of the corresponding low-temperature
fluorescence spectra. In addition, the elastic anisotropy
properties of CsXBr3 (X = Ca, Ge, Sn) have also been
visualized and studied by Brik.22 These studies, which
have conducted the computational methodology,
highlighted the validity of Cs-based inorganic perovskites
as the research objects for exploring basic physical char-
acteristics of perovskite materials. By using first-
principles calculations, Yuan et al. proved that the
valence band maximum of halide perovskites ABX3 is
made up by an antibonding hybridization of B-s orbitals
and X-p orbitals, whereas the conduction band minimum
is dominated by the π antibonding of B and X
p orbitals.25 Crespo especially addressed the atomic and
orbital contributions of halide anion on the optical prop-
erties of organic lead halide perovskites, which concludes
that the Pb–Pb intra-species transitions contribute most
to the light absorption.26 Although these works have
stated the influence of atomic composition and influences
of bonding orbitals on the optoelectronic properties of
halide perovskites, detailed connections between atomic

composition and dielectric function, have not been
pointed out. More effective evidence is still needed to
support their physical mechanism decoding. Another
essential factor of these promising materials is the pho-
non band structure, which has been paid increasing
attention in recent years.16,27–29 In fact, the phonon–
electron interaction patterns, which are used to describe
the vibrational features, are confirmed to affect the
dielectric and photoelectric properties of semiconductors
significantly.30 Yang et al. argued that the phonon
bandgap of organic perovskites will hinder the up-
conversion of low-frequency phonons, which induces the
hot-phonon bottleneck effect to prolong the lifetime of
carriers.31 This result revealed the potential phonon con-
version dynamics and constructed the energy transferring
model between phonons and electrons. Notably, the
electron–phonon coupling nature was also reported in
recent years to play an important role in the formation
process of self-trapped excitons as well as the exciton
emission, especially in some low-dimensional double
perovskite materials.32–34 These promising materials own
similar lattice structure and extended array of corner-
sharing metal halide octahedra compared with conven-
tional perovskites but with different B-site metal atoms
alternately. Strong electron–phonon coupling effect can
induce considerable “transient” lattice defects to trap the
primary excitons, which process can be enhanced by
designing the phonon structure.33 These studies provide
a good perspective for the understanding of phonon–
electron coupling mechanisms in semiconductors. How-
ever, the phonon distribution, as well as the vibration
modes of inorganic perovskites CsSnX3 and CsPbX3

(X = F, Cl, Br, I), have not been thoroughly discussed
yet. Although ample studies have investigated the role of
A-site cations in the photoelectric properties of
perovskites,14,35 doping or substitution of the B-site metal
and halogen atoms are still more commonly used as a
means of modification engineering of perovskite
materials.36–39 The exact atomic contribution to the opto-
electronic and vibrational properties of perovskites
remains obscure. There is an actual need to systemati-
cally clarify the electronic, optical, and vibrational char-
acteristics of perovskites to guide the further exploration
of their potential physical abilities.

To bridge the research gap, we have studied the struc-
tural, electronic, optical, and vibrational properties of
cubic phase perovskites CsPbBr3, CsPbI3, CsSnBr3, and
CsSnI3 in this work. The detailed electronic, optical, and
vibrational performance of these perovskites will be dis-
cussed in the main content. The theoretical investigation
results contribute to revealing the physical nature of
these intriguing materials and offer meaningful theoreti-
cal guidance.
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2 | RESULTS AND DISCUSSION

Energy band structure determines many crucial elec-
tronic properties of materials, such as the bandgap value
and energy transfer process.40 In this section, the energy
band diagrams of these perovskites were proposed firstly
to investigate their basic electronic properties. The den-
sity of states (DOS) diagrams were also plotted to further
explore the atomic contribution of their orbital struc-
ture. Moreover, we carried out the computed difference
charge density and atomic population to provide more
information for the subsequent analysis. The complex
dielectric function contains key response information of
materials to the incident light in different energy ranges,
which can be used to derive some essential optical
parameters such as the infraction index. To examine the
optical characteristics of these perovskites, we compared
their complex dielectric function as well as other optical
parameters in this work and discussed the
corresponding influence induced by atomic substitution.
Phonon characteristics of these perovskites describe
their lattice vibrational features and imply the potential
carrier-phonon interaction.30 Therefore, we further con-
ducted the phonon dispersion calculations of these
perovskites. Sn-based perovskites exhibit fewer imagi-
nary frequency phonons, which indicates the potential
lattice suitability of Sn atoms in perovskites. In addition,
phonon DOS and vibration modes were also theoreti-
cally computed and visualized to offer a more effective
perspective of the analysis. Atomic contribution of pho-
non DOS shows that Cs atoms mainly dominate the
acoustic phonon branches, while B-site metal and halo-
gen atoms occupy the main optical phonon branches.
Pb-Sn substitution was confirmed to reduce the phonon
bandgap and improve the potential up or down conver-
sion of phonons. Phonon DOS with different optimiza-
tion accuracy of Sn-based perovskites were compared
and the lattice volume variation correlates well with
their differences. The lattice structural information with
different accuracy was separately given in Table S1.
Computed vibration modes further demonstrated that
the metal-halogen octahedrons possess the main vibra-
tion sources of perovskites, especially the low-frequency
optical phonon branches.

2.1 | Electronic properties

The energy band structure is responsible for a wide range
of physical characteristics observed in semiconductors,
such as conductivity and light absorption. In this perspec-
tive, the electronic nature of perovskites is effectively
described by their energy band structure and DOS.

Recently, increasing research attempts are made to real-
ize the bandgap engineering of perovskites by altering
lattice compositions.41,42 Without destroying the primary
perovskite lattice structure, scholars selectively replace
the metal and halogen atoms to further improve the envi-
ronmental suitability of the bandgap. Notably, B-site
metal and halogen elements in the same main group
were frequently selected for substitution or doping to
achieve energy band structure modulation because of
their similar outermost electron distribution.22,43 Here,
we first simulate the energy band structures to elucidate
primary physical principles in different substitution con-
ditions. In Figure 1A–D, the energy band structure dia-
grams of CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3 were listed
in order. It is worth emphasizing that all the above perov-
skites are selected as cubic phases in order to seek a more
concise and unified analysis. For every diagram, the
orange dots (Alpha) and pure curves (Beta) represent the
energy situations for different electron spin states, respec-
tively. The good overlapping performance of Alpha and
Beta curves indicates the extremely weak spin effect as
well as the magnetic effect inside of these perovskites.
Non-spin-polarized state shows that the spin density is
zero inside of these perovskites, which describes their
chemical stability. The regions separated by the vertical
gray lines correspond to the areas between different sym-
metry points in the reciprocal space. The double-headed
arrows were specially set to emphasize the calculated band
gaps of these inorganic perovskites. Notably, CsPbBr3,
CsPbI3, CsSnBr3 and CsSnI3 were all observed to have a
direct bandgap at the R symmetry point and their
corresponding bandgaps were calculated as 1.78, 1.463,
0.616 and 0.419 eV, respectively. Due to the instability of
cubic phase inorganic halide perovskites at room tempera-
ture, little experimental band gap information can be
found to make a convincing systematic comparison. In
this work, these fundamental bandgap values along with
the theoretical results from some other studies are pres-
ented in Table 1 for comparison, which provides effective
evidence for the validity of our computation method and
results because of the high numerical uniformity. As
shown in Figure 1, these four inorganic perovskites main-
tain similar energy band structures at some high symmetry
points such as G and R. However, the bandgap values of
these perovskites were observed to have a distinguishable
shrink after the Br-I substitution. A similar decrease of
bandgap values also appears in lead halide chemicals after
the introduction of heavier halogen atoms (Figure S1).
This variation demonstrates the similar influence of halo-
gen atoms on the electronic structures of these materials,
despite their different lattice structures. In addition, Pb-Sn
substitution can further induce a significant decline of the
bandgap values. These intriguing phenomena indicate that
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the bandgap value was inherently related to the nature of
the atomic energy level. To investigate the inner atomic
mechanism of these bandgap value variations, we pro-
posed the DOS diagrams of these perovskites.

In Figure 2A–D, the atomic contribution of the DOS
and the energy positions with respect to Fermi level (EF)
were presented. By comparing the DOS curves, we noticed
that the topmost valence bands of these perovskites are
mainly occupied by the p orbitals of halogen atoms. Mean-
while, the DOS at the bottom of the conduction band is
mainly dominated by the p orbitals of Pb or Sn, respec-
tively. It is worth emphasizing that the simulated DOS
curves of Br and I in Figure 2 only describe the contribu-
tion of one single atom, while each of the cubic perovskite
lattices contains three halogen atoms. The results show
that the Cs orbitals contribute little to the DOS no matter
at the valence band top or conduction band bottom. Actu-
ally, the central large organic cations were also reported to
have limited contribution to the bandgap values even in
organic perovskites and only interact with the inorganic
metal-halogen octahedra in the form of hydrogen bonds.14

Another issue to discuss in this section is the intriguing

energy band offset. Notably, the energy positions of the
valence band top and conduction band bottom start to
move towards EF after the Br-I substitution. These energy
band movements decrease the energy differences between
the valence band top and conduction band bottom, which
are responsible for the shrink of bandgap values. Besides,
the Pb-Sn substitution induces the shifts of valence band
top and conduction band bottom. Although the bottom of
the conduction band still shifts towards EF after Pb-Sn sub-
stitution, the top of the valence band starts to move away
from EF. In fact, the energy level of corresponding atomic
orbitals correlates with these energy band offsets. Both Br
and I are elements of the VIIA group, therefore sharing
similar electronic properties. However, the outmost
valence electrons of I are more prone to be excited to con-
duction band than Br due to its larger atomic radius. The
energy position of I-5p is thus closer to EF than Br-4p,
which matches well with the shifting of valence band top
induced by Br-I substitution. A similar concept is also
adapted to explain the conduction band bottom offset
induced by Pb-Sn substitution. Nevertheless, it is observed
that the Br-I substitution induces the energy decline of the
conduction band bottom, which is even predominated by
the Pb or Sn orbitals. The valence band top, which is pre-
dominated by Br or I orbitals, also shifts after Pb-Sn substi-
tution. Besides the energy, the band offset performance
can be concluded that when the radius of the substituted
atom increases, the bandgap-related orbitals (conduction
band bottom or valence band top) of its bonded atom tend
to approach EF and vice versa. These intriguing features of
the energy band offset reflect that the band structure of
these inorganic perovskites is not only determined by the
atomic orbital composition but also affected by the bond-
ing properties.

FIGURE 1 The computed band structure of cubic phase (A) CsPbBr3, (B) CsPbI3, (C) CsSnBr3 and (D) CsSnI3. The double-headed

arrows illustrate the bandgap values. Orange dots represent the alpha curves. The inset cubic structure in (A) shows the first Brillouin zone

and the corresponding calculated path of these materials

TABLE 1 The bandgap value comparison of cubic phase

CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3 between this work and other

works

Crystal

Bandgap value

This work Other works

CsPbBr3 1.780 eV 1.760 eV44, 1.663 eV43

CsPbI3 1.463 eV 1.480 eV45, 1.720 eV19

CsSnBr3 0.616 eV 0.580 eV46, 0.420 eV47

CsSnI3 0.419 eV 0.434 eV48, 0.462 eV25
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Calculated electron density difference for cubic
CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3 are visualized in
Figure 3. The electron density difference value comes
from the difference between the molecular electronic
density and the superimposed densities of the constituent
non-interacting atoms, which was used to describe the
electron redistribution upon molecule formation.49 As we
can distinguish, the variation of electron density indicates
a strong covalent bond effect between the B-site metal
and halogen atoms. These bonds were polarized, while
the covalent electron pairs tend to approach the more

electronegative atoms. Compared with Br, I atoms are
less electronegative and thus show a weak ability to
attract the covalent electron pairs. For a stationary B-site
metal atom, the Br-I substitution will cause the move-
ment of bonding electrons towards this B-site metal atom
and thus induce a slight energy decrease of its valence
orbitals. This matches well with the energy offsets of the
conduction band bottom as observed in Figure 2. Simi-
larly, the Pb-Sn substitution will reduce the bond length
and make the valence orbitals of halogen atoms move
away from EF. Even though the energy level of atomic

FIGURE 2 The calculated total and

partial density of states (DOS) of cubic

phase (A) CsPbBr3, (B) CsPbI3,

(C) CsSnBr3 and (D) CsSnI3. The vertical

dashed line represents the Fermi level.

The gray area represents the total DOS

and the colorful lines represent different

atomic orbital contributions
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orbitals is mainly determined by the atom itself, the inter-
actions between atoms still need to be considered. The
shrink of lattice volume facilitates the interaction
between B-site metal and halogen atoms (see Table S2),
which contributes to the observed features of energy
band offsets. In addition, the calculated atomic
populations of these four inorganic perovskites were fur-
ther collected as listed in Table 2. To tackle the
delocalized nature of the basis functions and perform the

atomic population analysis,22 the plane wave states were
projected onto a localized basis using the technique pro-
posed by Sanchez-Portal et al. and Mulliken.50,51 As
shown in Table 2, these four perovskites can be regarded
as covalent compounds because of their modest charge
differences. The charge of the most ionic Cs atom is only
+0.57, which is obviously lower than its formal charge
+1, indicating the possible covalent bonding mechanism
of the Cs atom. Besides, there is a peculiar phenomenon
that the charge of the Sn in cubic CsSnI3 was discovered
to be negative in the chemical environment produced by
I ions, which may be attributed to the strong ability of Sn
to attract the bonding electrons. However, the detailed
bonding characteristics of these perovskites seem to be
too complicated to completely explain only considering
the fundamental electronegativity properties of these
atoms. More profound theories need to be proposed to
better confirm or predict the variation trend of the band
structure of perovskites, which is out of the scope of
this work.

2.2 | Optical properties

The optical properties of perovskites describe their
response to the incident light of different frequencies. In
nature, the interactions between the incident light and
materials such as the light absorption and refraction can
be attributed to the coupling of photons and internal
electronic structure. By applying different atomic substi-
tution conditions, the details of optical properties varia-
tion are revealed to guide the functional perovskites
design. The optical properties of cubic CsPbBr3, CsPbI3,
CsSnBr3, and CsSnI3 are of great importance and thus
discussed in this work to further explore their

FIGURE 3 The (0 0 1) cross-sections of the computed electron

density difference for cubic CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3,

respectively. The midpoints of all side lengths, as labeled, were

occupied by halogen atoms, while the corners represent the B-site

metal atoms. Cs atoms were not included for a brief comparison.

The acquisition and loss of electrons are represented by the blue

and red colors, respectively

TABLE 2 The calculated atomic

populations of cubic phase CsPbBr3,

CsPbI3, CsSnBr3 and CsSnI3

Crystal Atom s p d f Total Charge [e]

CsPbBr3 Cs 2.18 6.35 0.00 0.00 8.54 0.46

Pb 4.33 7.54 10.00 0.00 21.86 0.14

Br 1.73 5.47 0.00 0.00 7.20 �0.20

CsPbI3 Cs 2.20 6.31 0.00 0.00 8.51 0.49

Pb 3.91 7.77 10.00 0.00 21.69 0.31

I 1.86 5.40 0.00 0.00 7.27 �0.27

CsSnBr3 Cs 2.19 6.37 0.00 0.00 8.56 0.44

Sn 1.97 1.57 10.00 0.00 13.54 0.46

Br 1.82 5.47 0.00 0.00 7.30 �0.30

CsSnI3 Cs 2.20 6.23 0.00 0.00 8.43 0.57

Sn 2.39 1.92 10.00 0.00 14.31 �0.31

I 1.72 5.37 0.00 0.00 7.09 �0.09
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relationships with the electronic structures. The complex
dielectric function ε ωð Þopens, which is thought to be
able to reflect key information of the interaction between
the photons and electrons, plays an important role in
describing the linear response of the materials to electro-
magnetic radiation.24,52 As expressed in Equation 1, the
dielectric function ε ωð Þ consists of the real part ε1 ωð Þ and
the imaginary part ε2 ωð Þ. These two parts are not inde-
pendent but follow the Kramer-Kronig relationship (see
Supporting Information).53 In fact, the response of a
medium to an applied electric field is not instantaneous
but delayed with some phase difference, which is in
accordance with the law of causality. Therefore, the real
part mainly demonstrates the phase modulation capabil-
ity of the medium while the imaginary part describes
the loss.

ε ωð Þ¼ ε1 ωð Þþ iε2 ωð Þ ð1Þ

As shown in Figure 4, we calculated the complex dielectric
function of these four cubic perovskites in this work to
explore their intriguing optical properties. The calculation
process was based on the effective energy distribution of
identical samples to support the accuracy. In Figure 4A,
the solid curves represent the result of the real part ε1 ωð Þ,
which correspond to the left and bottom axes. The
dashed curves represent the imaginary part ε2 ωð Þ and
correspond to the right and top axes. The color of cyan,
orange, red and blue represent cubic CsPbBr3, CsPbI3,
CsSnBr3 and CsSnI3, respectively. Two black panes are
used to label the first-peak regions of the real part ε1 ωð Þ
and the imaginary part ε2 ωð Þ, which are magnified dis-
played in Figure 4B,D, respectively. The olive arrows
inside represent the corresponding atom substitution pro-
cess. For the real part ε1 ωð Þ of the dielectric function of
these four perovskites, the calculated curves keep a simi-
lar trend in general. They rise rapidly at first and then

FIGURE 4 The calculated (A) complex dielectric function and the atom substitution influence on the (B) real part, (C) bond length and

(D) imaginary part of cubic CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3. The first peak of cubic CsSnBr3 in (d) is not obvious enough and thus not

marked
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decline with fluctuations after reaching the maximum,
and finally stabilize smoothly above zero. Some negative
values of ε1 ωð Þ are found around 9 and 15 eV, which
were also observed in some metallic materials with
plasmon resonance.54 The values of the real part ε1 ωð Þ at
infinite wavelength of cubic CsPbBr3, CsPbI3, CsSnBr3
and CsSnI3 are calculated as 4.05, 4.71, 4.65 and 5.12,
respectively. Essentially, these quantities are equal to the
square of their corresponding refractive index. Besides,
the first peaks of these curves are mainly located within
the energy range of visible light. They were labeled
by the black pane and displayed in Figure 4B. The exact
peak positions of cubic CsPbBr3, CsPbI3, CsSnBr3 and
CsSnI3 are calculated as 3.46, 2.95, 2.01 and 1.95 eV,
respectively. Intriguingly, the ε1 0ð Þ values, as well as the
peak position, will be regularly affected by the atomic
substitution. When the Br atoms were replaced by the I
atoms, the ε1 0ð Þ values tend to increase, and the peak
positions slightly move to the low energy side. The Pb-Sn
substitution will also induce the considerable redshift of
peak positions as well as the decreased ε1 0ð Þ values. Char-
acteristics of the peak positions match well with the men-
tioned band gap variation features of these perovskites,
which shows the further connection between their elec-
tronic structures and optical properties. Meanwhile, as
shown in Figure 4B,C, the offset of peak values induced by
atomic substitution follows the variation of the bond
length. When the bond length was elongated due to the
Br-I substitution, these peak positions tend to move
towards the lower energy side, no matter the real or imagi-
nary part. This feature is consistent with the trend of
bandgap reduction induced by the Br-I substitution, which
indicates the lower threshold of optical response in I-based
perovskites. The peak values, however, show a slight
enhancement after the Br-I substitution and thus represent
a stronger optical response. In the case of Pb-Sn substitu-
tion, the peak positions shift to the lower energy side,
while the peak values decrease. It can be concluded that
the energy positions of the above peaks are determined by
the atomic compositions, while the values are affected
by the bond length. This parallelogram-like relationship
implies that the bonding properties can not only influence
the bandgap shifting but also the dielectric response,
which may be further applied to optimize the optoelec-
tronic characteristics of functional devices.

The imaginary part ε2 ωð Þ of the dielectric function of
these perovskites, as shown in Figure 4A, display a sharp
increase at first. The corresponding critical points of
CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3 are calculated as
1.98, 1.56, 0.46 and 0.42 eV, respectively. The ordering of
these values was consistent well with the bandgap size.
Besides, the first peaks also share a similar relationship
between the peak characteristics and atomic substitution

conditions as discussed in ε1 ωð Þ part, which is especially
demonstrated in Figure 4D. In detail, both Br-I substitu-
tion and Pb-Sn substitution will induce the redshift of
peak positions. However, Br-I substitution will result in
the enhancement of peak values, while Pb-Sn substitution
will decline the peak values. Except for the discussed first
peak regions, other energy ranges of the complex dielectric
function are also regularly affected by different atomic
compositions. For example, Br-based perovskites show a
higher intensity of real and imaginary parts of complex
dielectric function around 10 eV than I-based perovskites.
Derived from the different electronic structures induced
by various atomic compositions, these diverse dielectric
function responses in specific energy ranges can be uti-
lized to fabricate functional devices such as optical filters.

According to the obtained complex dielectric func-
tion, we further calculated the results of the refractive
index of these four perovskites (Figure S3), which are
listed in Figure 5A. In detail, the n 0ð Þ values of CsPbBr3,
CsPbI3, CsSnBr3 and CsSnI3 are calculated as 2.01, 2.17,
2.16 and 2.26, respectively. Clearly, the refractive indices
of these materials process a sharp rise from the infinite
wavelength limits and then reach the corresponding
maximum values, which are calculated as 2.59, 2.82, 2.38,
and 2.54, respectively. Derived from the dielectric func-
tion, these results match well with the bonding features
as shown in Figure 4C. At higher frequencies, the refrac-
tive indices of these materials tend to decline in general.
Their values are even less than one in certain energy
ranges, which represents the extreme phase velocity of
the corresponding incident radiation.24 These intriguing
near-zero refractive indices demonstrate that perovskites
have the potential to be further applied in tailoring the
radiation phase pattern or waveguiding.55,56 For the
extinction coefficient in Figure 5A, it seems that Pb and
Sn-based perovskites show different peak energy regions
(ca. 5 eV for Pb-based perovskites and ca. 8 eV for Sn-
based perovskites). This indicates that the enhancement
of the light absorption ability of perovskites at certain fre-
quencies can be realized by selective doping of Pb or Sn
atoms. Besides, the start and endpoints of the imaginary
part k ωð Þ of CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3 are
same as the results of ε2 ωð Þ, which is theoretically veri-
fied by Equation S5. Moreover, the complex optical con-
ductivity σ ωð Þ, plotted in Figure 5B, can be derived from
the acquired dielectric function ε ωð Þ as shown in Equa-
tion 2, where ε0 represents the vacuum permittivity.

ε ωð Þ¼ ε0þ iσ ωð Þ
ω

ð2Þ

In fact, the optical conductivity σ ωð Þ describes the ability
of semiconductors to change the conductivity in response
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to light radiation, which is useful in optoelectronic areas
such as radiation detection.57,58 The real part of σ ωð Þ is
closely related to the extinction coefficient, which can be
verified by the similar peak features between the real part
of σ ωð Þ and k ωð Þ as shown in Figure 5A,B. The maxi-
mum values of conductivity of cubic CsPbBr3, CsPbI3,
CsSnBr3 and CsSnI3 are calculated as 4.714 fs�1

(at 14.1 eV), 3.445 fs�1 (at 8.42 eV), 4.544 fs�1

(at 14.19 eV) and 4.169 fs�1 (at 6.58 eV),
respectively. Besides, the imaginary part of σ ωð Þ has a
similar fluctuation trend as ε1 ωð Þ. Their relationship
allows scholars to selectively work out the conductivity
or dielectric function according to the specific type of
materials.59 The absorption coefficient α ωð Þ of medium is
derived from the corresponding extinction coefficient
k ωð Þ as shown in Equation 3, where c represents the
speed of light.

α ωð Þ¼ 2ωk ωð Þ
c

ð3Þ

The calculated absorption coefficient α ωð Þ of the four
perovskites are plotted in Figure 5C. We observed that
the Pb-based perovskites exhibit stronger absorption abil-
ity around 5 eV. This phenomenon is determined by the
higher DOS of CsPbBr3 and CsPbI3 around 5 eV as shown
in Figure 2. In addition, Pb-based perovskites also show
considerable absorption even at a high energy range, 30–
40 eV, which is almost transparent to CsSnBr3 and
CsSnI3. This finding reveals the absorption deficiency of
Sn-based perovskites in the high energy range and can be
further applied to the detection of Sn atoms in perov-
skites. The maximum absorption coefficient of cubic
CsPbBr3, CsPbI3, CsSnBr3 and CsSnI3 are computed as
2.83 � 105 cm�1 (at 14.70 eV), 2.23 � 105 cm�1

FIGURE 5 Calculated (A) complex refractive index, (B) complex optical conductivity, (C) absorption coefficient of cubic CsPbBr3,

CsPbI3, CsSnBr3 and CsSnI3
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(at 14.45 eV), 2.89 � 105 cm�1 (at 14.82 eV) and
2.22 � 105 cm�1 (at 14.70 eV), respectively. Notably, the
energy positions of these peaks are similar, although the
values of the maximum absorption coefficient are
influenced by the halogen atoms. Br-based perovskites
are confirmed to demonstrate higher absorption than I-
based cases when the incident light is around 15 eV. All
above results illustrate that the atomic substitution will
regularly affect the optical properties of perovskites and
the methodology in our work provides an effective pre-
diction for perovskite modification engineering.

2.3 | Vibrational properties

In this work, we further calculated and analyzed the
vibrational properties of cubic CsPbBr3, CsPbI3, CsSnBr3
and CsSnI3. The obtained phonon dispersion spectra of
these four inorganic perovskites as well as their
corresponding phonon DOS were demonstrated in
Figure 6 in order. Different from the complex phonon
structure of organic perovskites,60 the calculated phonon
states in this work are mainly concentrated in the low
energy range (�30 to 180 cm�1) including acoustic

phonon branches and low-frequency optical phonon bra-
nches. The performance of the computed phonon proper-
ties of these four perovskites in this work keeps in line
well with some previous studies,29,61–63 which confirms
the validity of the calculation approaches and
corresponding results. In detail, it was distinguished that
some imaginary frequency curves exist in our computed
phonon dispersion diagrams. These unexpected imagi-
nary frequency curves are active in not only our results
but also other studies,29,61–63 which usually implies the
potential structural instability in the materials. However,
our results show that the imaginary frequency phonon
states can be greatly reduced and even vanish after the
Pb-Sn substitution. This indicates that the Pb-Sn substitu-
tion has a relevant “repairing effect” on the intrinsic per-
manent displacement of atoms, which is induced by the
distortion of the metastable lattice of perovskite mate-
rials.31 In Figure 6A, it can be observed that the three
labeled peaks of the phonon DOS, 21.75, 59.61 and
156.52 cm�1, are mainly dominated by Cs, Br and Pb
atom, respectively. There are totally three Br atoms in
one cubic lattice, which means the 59.61 cm�1 peak was
almost entirely occupied by the Br composition. Similar
peak characteristics were found in cubic CsPbI3, despite

FIGURE 6 The calculated phonon dispersion spectrum and the corresponding phonon density of states (DOS) of cubic (A) CsPbBr3,

(B) CsPbI3, (C) CsSnBr3 and (D) CsSnI3, respectively. The curves of the acoustical phonon branch were specially set as purple color. In

addition, the plots of the phonon DOS were deliberately placed vertically to match the energy position of the phonon dispersion curves on

the left side. The gray area represents the total phonon DOS of the corresponding crystal lattice, while the other colorful lines describe

different atomic contributions. The energy positions of some conspicuous peaks of the total phonon DOS were specially labeled for a brief

comparison
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the frequency positions of the three peaks having a slight
decrease, labeled as 14.68, 44.22 and 151.89 cm�1. Br-I
substitution induced offset of energy positions for these
main phonon state peaks also exists in the Sn-based
perovskites as shown in Figure 6C,D. These intrinsic pho-
non properties associated with the halogen atoms provide
effective information to further regulate the phonon band
structure of perovskites.

Different from the Pb-based perovskites, CsSnBr3
and CsSnI3 demonstrate a more “concentrate” phonon
DOS as presented in Figure 6C,D. The Cs dominated
phonon states peak performs a slight blueshift, while
the energy of the Sn dominated peak is obviously
decreased. Notably, the observed single phonon peak
occupied by the halogen atoms in Pb-based perovskites
starts to split into two peaks after the Pb-Sn substitution.
Meanwhile, the shrinking of the phonon range also
appears in lead halide chemicals, as shown in Figure S2,
after the substitution of halogen atoms. This common
kind of concentrated phonon band structure introduces
more overlapping phonon branches and thus concen-
trate more phonon states as shown in Figure 6 and
Figure S2. Increased phonon DOS improves the phonon
delocalization and helps to avoid the potential phonon
bandgap. Therefore, the up or down conversion of differ-
ent phonon modes in these perovskites can be enhanced
to eliminate the hot-phonon bottleneck effect and
improve lattice energy transfer.31 In addition, the intro-
duction of Sn atoms shows the ability to reduce the
imaginary frequency part of phonon states, even though
it is mainly dominated by halogen atoms. This intrigu-
ing phenomenon was determined by the interaction
between B-site metal and halogen atoms, which is
attributed to the high suitability of the metal-halide
octahedron in Sn-based perovskites.

Kohn anomalies of these perovskites were also
observed in their phonon dispersion curves near the
Gamma point (Figure S4). The abrupt change of lattice
vibration shielding by conduction electrons, as reported
in previous studies, is mainly responsible for these
unusual discontinuities and kinks.64,65 In Pb-based perov-
skites, the energy levels of the associated phonons near
the Gamma point are considerably lowered and com-
panied with the softening trend of phonon branches.
However, these originally sunken phonon branches start
to become flat and even convex after the Pb-Sn substitu-
tion. The highest frequency optical branch in Sn-based
perovskites even shows a peak-like convex discontinuity
near Gamma point, which is the opposite of the Pb-based
perovskites. This implies that the Pb-Sn substitution can
hinder the phonon softening and change the vibration
screening in perovskites. In addition, the variation of
these Kohn anomalies provides effective evidence for the

metallization tendency of these perovskites after the Pb-
Sn substitution,66 which has been discussed above.

Following the phonon analysis of these four perov-
skites, the influence of geometric optimization accuracy
on the phonon DOS of Sn-based perovskites was demon-
strated in Figure 7A,B. High geometric optimization
accuracy improves the relaxation sensitivity of atoms sub-
jected to strain in the lattice and thus increases the struc-
tural stability. As labeled by the left black arrow in
Figure 7, the more relaxed structure maintained higher
lattice stability and thus showed lower imaginary fre-
quency parts. Notably, this feature matches well with the
mentioned imaginary frequency decline, which was
induced by Pb-Sn substitution, as shown in Figure 6. This
result further verifies that the Pb-Sn substitution helps to
improve the stability of cubic perovskite lattice by
increasing the atomic relaxation. Meanwhile, the phonon
DOS near 30 cm�1 was significantly increased with the
improvement of lattice relaxation. The decrease of lattice
volume, which was induced by enhancing geometric
optimization accuracy, strengthens the influence of
Cs atom on the surrounding metal-halogen octahedrons
and finally increases the intensity of Cs-dominated pho-
non branches. The detailed lattice information with dif-
ferent geometric optimization accuracy was proposed in
Tables S1 and S2.

Although phonon DOS and dispersion curves contrib-
ute to the investigation of the vibration distribution, they
are not evident enough to clarify the vibration source of
these inorganic perovskites. Vibration modes, which are
used to describe the atomic relative motions in the lattice,
can help us better understand the symmetry features and
IR (or Raman) activity of the corresponding materials.
The detailed results of the calculated vibrational modes
and the assignation are presented in Table 3. In fact, each
lattice of these four perovskites contains five atoms and
15 vibration modes in total as shown in Figure 6, includ-
ing three acoustic branches and 12 optical branches. The
structure of these cubic phase perovskites, belonging to
the space group Pm-3m in the Hermann-Mauguin nota-
tion, can be understood as consisting of halogen ion
angles shared by two metal-halogen octahedrons, with
the Cs atom occupying the center of the cavity formed by
the nearby eight octahedrons.67 In detail, both of the Cs
and Pb (or Sn) atoms occupy the Oh sites, each of which
contributes T1u symmetry mode, while the other three
halogen atoms contribute with 2T1uþT2u modes.68

Therefore, the sum symmetry modes at the center of the
Brillouin zone are described as Γ¼ 4T1uþT2u. Factor
group analysis69 of cubic CsPbBr3 can be found in
Supporting Information. It is necessary to stress that
there are no expected active vibrational Raman modes in
the calculation results, which is attributed to the lack of
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FIGURE 7 The phonon density of

states (DOS) of cubic phase (A) CsSnBr3
and (B) CsSnI3 with low and high

geometry optimization accuracy. Dashed

and solid lines represent the calculated

phonon DOS with low and high

geometric optimization accuracy,

respectively. The colorful bubbles

represent the projection of the individual

atomic contribution onto the total

phonon DOS. The size and density of

these bubbles roughly describe the

corresponding contribution ratio. The

black arrows as well as the nearby

numbers label the two significant

variations of the phonon DOS after

improving the optimization accuracy

FIGURE 8 The simulated infrared spectrum and corresponding active vibration modes of cubic phase (A) CsPbBr3, (B) CsPbI3,

(C) CsSnBr3 and (D) CsSnI3, respectively. The black lines mark the exact energy position of the corresponding vibration modes, which were

specially visualized on the right side. The amaranth, orange, and navy spheres represent the Cs atom, B-site atoms, and halogen atoms,

respectively. The olive arrows point out the vibrational directions of the connected atom and their size roughly describes the vibrational

intensity. The gray plane on the right side was the labeled benchmark (1 0 0) plane. Cs-involved vibration modes were specially labeled with

red panes
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quadratic functions of all T1u and T2u modes (see
Table S3). These quadratic functions represent the
induced polarizability of the symmetry species, which is
the prerequisite for a chemical to be Raman active. How-
ever, all T1u modes are supposed to be infrared active
because their eigenmodes belong to one of the irreducible
representations of the electric dipole operator.60 The lin-
ear functions of these irreducible representations relate
to the translational movements of the atoms and thus
represent the potential dipole moment. One acoustic
branch T1u mode was calculated to be located at the
imaginary frequency part as shown in Table 3 and thus
not displayed in our visualized infrared spectrums.

Based on the computed data of vibration modes, we
then simulated the infrared spectrum of the four perov-
skites and visualized the related active atomic motions as
shown in Figure 8. For cubic CsPbBr3, three main vibra-
tion modes were observed as 18.18, 69.80 and
118.69 cm�1 (Figure 8A). As we can see, the weak
18.18 cm�1 vibration mode mainly describes the relative
motion between the Cs atom and the whole lattice, which
is located at the low-frequency phonon range. Besides,
the 69.80 and 118.69 cm�1 vibration modes mainly
describe the interlayer and adjacent vibration of the Pb-
Br octahedrons, respectively. As shown in Figure 8B, the
wavenumber of the three vibration modes of CsPbI3 was
observed as 11.15, 55.73 and 100.80 cm�1, respectively.
The energy positions of these vibration modes match well
with those of cubic CsPbBr3. Despite there are some
slight redshifts, they also maintain similar intensity. The
visualized vibration modes also demonstrate the similar
vibration characteristics of cubic CsPbBr3, which means
that the interlayer and adjacent relative motion of Pb-
halogen octahedrons provide the main vibration source.
For cubic CsSnBr3, the three main energy positions of the
vibration modes in Figure 8C were detected as 15.65,
32.53 and 71.73 cm�1, respectively. The 15.65 cm�1 vibra-
tion mode, which describes the stretching motion
between the adjacent Sn-Br octahedrons, exhibits
extremely strong intensity. However, the 32.53 cm�1

vibration mode, which is contributed by Cs atoms, shows
negligible intensity. Strong vibration intensity represents
a larger vibrational dipole moment in this mode, which is
attributed to the unique orbital distribution as well as the
bonding properties of the Sn-Br octahedrons. On the con-
trary, as shown in Figure 8D, the calculated vibration
modes of cubic CsSnI3 maintain a high consistency with
cubic CsPbI3 rather than CsSnBr3. The 23.65 cm�1 mode
performs a negligible vibration intensity while the 71.31
and 99.29 cm�1 modes remain active with considerable
intensity.

In general, the assignation of these infrared spectrum
peaks, which was illustrated in Figure 8, corresponds to

three vibration cases: relative motion between Cs atom
and octahedrons, tilting between different octahedron
arrays, and stretching between adjacent octahedrons. Dif-
ferent atomic substitution conditions also have an influ-
ence on the offsets of these peaks as well as their
intensity. The frequencies of the Cs-involved vibration
modes were calculated as 18.18, 11.15, 32.53 and
23.65 cm�1 for cubic CsPbBr3, CsPbI3, CsSnBr3 and
CsSnI3, respectively. Notably, the intensities of these
vibration modes are negligible, even though Cs atoms are
located at the center of the lattice cavity. This illustrates
that the octahedrons composed of B-site metal atoms and
halogen atoms are the main source for perovskites to pro-
vide vibration modes to couple with their electronic
structures. In addition, even the symmetry conditions of
Cs atoms will change in different structure phases of Cs-
based perovskites, they still do not evidently contribute to
the high-intensity vibration modes.60 Tilting between
octahedron arrays demonstrated higher frequencies. We
calculated the frequencies of these vibration modes as
69.80, 55.73, 71.73 and 71.31 cm�1, for cubic CsPbBr3,
CsPbI3, CsSnBr3 and CsSnI3, respectively. The Br-I substi-
tution is confirmed to induce a slight redshift of these
peaks while Pb-Sn substitution does the opposite.
Although atomic substitutions have limited influence on
the shear motions of different octahedron arrays, they
still show the potential to trigger phase transition of
perovskites materials by modulating the vibration of their
octahedron frame.70 Another intriguing vibration feature
to discuss is the stretching between the adjacent octahe-
drons. The frequencies of these modes were calculated as
118.69, 100.80, 15.65 and 99.29 cm�1, for cubic CsPbBr3,
CsPbI3, CsSnBr3 and CsSnI3, respectively. The stretching
motion of cubic CsSnBr3 demonstrates a low frequency
but high-intensity peak in the simulated infrared spec-
trum, which may be attributed to the peculiar force con-
stant of the Sn-Br bond. In addition, the Br-I substitution
also shows the ability to induce a redshift of the
stretching peak by comparing CsPbBr3 and CsPbI3. These
atomic substitutions show direct influence on the dipole
moments of corresponding bonds and eventually cause
the peak offsets in the computed infrared spectra. These
findings reveal the atomic contribution to the vibration
modes of cubic inorganic perovskites and provide a new
perspective to understand the relationship between
perovskite lattice and phonon characteristics.

3 | CONCLUSION

In this work, we applied the density functional theory to
calculate the electronic, optical, and vibrational proper-
ties of cubic inorganic perovskites CsPbBr3, CsPbI3,
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CsSnBr3 and CsSnI3. We carried out the computed energy
bandgap value of these perovskites as 1.78, 1.463, 0.616
and 0.419 eV, respectively. Diagrams of the total and par-
tial DOS were proposed and analyzed. It was revealed
that the conduction band bottom and valence band top
are mainly contributed by the orbitals of B-site metal and
halogen atoms, respectively. Therefore, bandgap engi-
neering of perovskites may be more efficient when mak-
ing the substitution of B-site metal or halogen atoms,
rather than A-site cations. In addition, Pb-Sn substitution
shows a stronger ability to adjust the bandgap based on
the orbital energy offset than Br-I substitution. The
change of bonding energy levels induced by the differ-
ences in bond length and atomic electronegativity are
mainly responsible for the orbital energy offset. The opti-
cal properties of these four perovskites were further com-
pared by analyzing the frequency-dependent complex
dielectric function. Pb-Sn substitution induces the first
peak decrease of dielectric function in the visible light
range, while Br-I substitution causes the increase. These
variations correlate well with bond length differences
between B-site metal and halogen atoms. These com-
puted results provide effective predictions for perovskite
modification engineering. Phonon dispersion curves and
the partial phonon DOS of these perovskites were also
calculated together. The B-site metal atoms were verified
to mainly contribute to some “middle” frequency phonon
branches (around 40–90 cm�1) and the Pb-Sn substitu-
tion will decline the potential phonon bandgap to
improve the up or down conversion of phonons. This can
be further applied to guide the elimination of the hot-
phonon bottleneck effect in perovskites. Besides, the
phonon DOS of Sn-based perovskites with different geo-
metric optimization accuracy was compared. High opti-
mization accuracy can reduce the imaginary frequencies
and enhance the Cs-dominated phonon states. These
results are attributed to the decreased but adaptive lattice
volume. The detailed vibration modes assignation and
relevant infrared spectrums were calculated and visual-
ized. Cs-dominated vibration modes were verified to own
little contribution and thus the adjacent and interlayer
relative motions of the metal-halogen octahedrons were
deemed to be the main vibration sources of perovskites.
The theoretical analysis for these perovskites of great
potential in our work can provide effective computed
data to guide the exploration of their internal physical
properties and offer a new perspective to further design
more advanced materials.
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