
Chin. Phys. B Vol. 26, No. 9 (2017) 096301

First-principles investigations on the mechanical, thermal,
electronic, and optical properties of the defect perovskites

Cs2Sn𝑋6 (𝑋 = Cl, Br, I)∗

Hai-Ming Huang(黄海铭)1,2, Zhen-Yi Jiang(姜振益)1,†, and Shi-Jun Luo(罗时军)2

1Shaanxi Key Laboratory for Theoretical Physics Frontiers, Institute of Model Physics,
Northwest University, Xi’an 710069, China

2School of Science, Hubei University of Automotive Technology, Shiyan 442002, China

(Received 29 March 2017; revised manuscript received 22 May 2017; published online 31 July 2017)

The mechanical properties, thermal properties, electronic structures, and optical properties of the defect perovskites
Cs2SnX6 (X = Cl, Br, I) were investigated by first-principles calculation using PBE and HSE06 hybrid functional. The
optic band gaps based on HSE06 are 3.83 eV for Cs2SnCl6, 2.36 eV for Cs2SnBr6, and 0.92 eV for Cs2SnI6, which agree
with the experimental results. The Cs2SnCl6, Cs2SnBr6, and Cs2SnI6 are mechanically stable and they are all anisotropic
and ductile in nature. Electronic structures calculations show that the conduction band consists mainly of hybridization
between the halogen p orbitals and Sn 5s orbitals, whereas the valence band is composed of the halogen p orbitals. Optic
properties indicate that these three compounds exhibit good optical absorption in the ultraviolet region, and the absorption
spectra red shift with the increase in the number of halogen atoms. The defect perovskites are good candidates for probing
the lead-free and high power conversion efficiency of solar cells.
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1. Introduction

Perovskites compounds, especially pure inorganic and in-
organic/organic halides, such as CsSnI3, methyl ammonium
lead iodide CH3NH3PbI3, and formamidinium lead iodide
HC(NH2)2PbI3, have been proved to be some of the most
promising materials in solar cells.[1–3] The ABX3 type halide-
based hybrid perovskites, where A is a metal atom or molec-
ular cation, B is Sn or Pb, and X is a halide atom (Cl, Br,
or I), are attracting an increasing amount of attention for ap-
plications due to advantageous optical properties and high
power conversion efficiency.[4–10] Since Miyasaka et al.[11] pi-
oneered the incorporation of the hybrid organic–inorganic per-
ovskite halides CH3NH3PbI3 into solar cells, the power con-
version efficiency of this kind of solar cell increased from the
begging of 3.8% to the current 20.1% in a few years.[12] How-
ever, the presence of toxic elements and instabilities of these
perovskites halides greatly limit their widespread applications
in efficient field-effect transistors light-emitting diodes, and
photovoltaic devices.[13–17] Therefore, looking for non-toxic,
environmentally friendly, and high conversion efficiency of
new perovskite-type solar cell materials has become a current
research hotspot.

Recently, Falaras et al.[18] reported three defect per-
ovskites compounds Cs2SnX6 (X = Cl, Br, I). They found
Cs2SnCl6, Cs2SnBr6, and Cs2SnI6 are all direct band gap

semiconductors and can be used in dye-sensitized solar cells.
They also found these three compounds are air-stable, and the
dye-sensitized solar cells based on Cs2SnI6 hole-transporting
materials present a power conversion efficiency of 4.23% at 1
sun illumination. Neilson et al.[19] pointed out that the greatest
advantage of this kind of defect perovskites is that the Cs2SnX6

compounds contain Sn4+ rather than Sn2+ in the B-site, which
makes it more stable under exposure to air and moisture. How-
ever, Xiao[20] and colleagues indicated the real valence state of
Sn in Cs2SnI6 is +2 rather than +4. Although there are differ-
ent opinions about the valence state of Sn cations in the defect
perovskites compounds, it does not prevent the researchers
from doing theoretical and experimental investigations on the
new lead-free perovskite solar cell materials.[21–23]

The mechanical and thermal properties of perovskite are
important for practical applications in solar cells. On the one
hand, the absorption performances of perovskite solar cell
strongly rely on the crystallinity and stress state of the per-
ovskite layer.[24] On the other hand, as very important ther-
mal parameters, the Debye temperature and melting temper-
ature are related to the bond strength, which is important for
the preparation of solar cell devices. Therefore, it is essential
to study the mechanical and thermal properties of perovskite
type solar cell materials. In this paper, we study the structural,
mechanical, thermal, electronic and optical properties of the
defect perovskites Cs2SnX6 (X = Cl, Br, I) by first-principles

∗Project supported by the National Natural Science Foundation of China (Grant Nos. 51572219 and 11447030), the Natural Science Foundation of Shaanxi
Province of China (Grant No. 2015JM1018), and Graduate’s Innovation Fund of Northwest University of China (Grant No. YJG15007).

†Corresponding author. E-mail: jiangzy@nwu.edu.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

096301-1

http://dx.doi.org/10.1088/1674-1056/26/9/096301
mailto:jiangzy@nwu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 26, No. 9 (2017) 096301

calculations. Our findings shed light on the key properties that
are hard to measure experimentally and probing the lead-free
solar cells materials.

2. Computational details

First-principles calculations were carried out to study var-
ious physical properties of the defect perovskites by using
the Vienna ab initio simulation package (VASP).[25] Gen-
eralized gradient approximation (GGA) of Perdew–Burke–
Ernzerh (PBE) was used to describe the exchange-correlation
functional.[26] It is well known that PBE usually underesti-
mates the band-gap, which will result in unreasonable optic
properties. In order to overcome this predicament, band gap
correction was considered by using range separated hybrid
functional (HSE06),[27] which can give improved approximate
results to match with experimental data. The electronic config-
urations: 6s1 for Cs, 5s25p2 for Sn, 3s23p5 for Cl, 4s24p5 for
Br, and 5s25p5 for I were used in calculations. The plane wave
cut-off energy was set to 450 eV. A mesh of 9×9×9 k-points
was used for calculating the electronic, mechanical, thermal,
and optic properties. The convergence tolerances of the en-
ergy and the force are 1.0× 10−6 eV and 1.0× 10−2 eV/Å,
respectively.

3. Results and discussion
3.1. Structural properties

Cs2SnX6 chemical composition presents the cubic anti-
fluorite phase with the space group Fm-3m in cubic structure
as shown in Fig. 1. In this structure, the defect perovskites
Cs2SnX6 own the same structure with K2PtCl6, in which the
isolated [SnX6]2− anions octahedra bridged by Cs+ cations,
the Sn4+ cations formed a face centered cubic lattice and are
surrounded by an X6 octahedral.[17,18,28] Firstly, a volume op-
timization process was carried out to predict the optimal struc-
ture. Calculated equilibrium lattice constants are summarized
and compared with available theoretical and experimental data
in Table 1.

One can observe that the optimized lattice constants of
Cs2SnCl6 are almost the same as those of the experimental re-
sults. However, there is a slight deviation for Cs2SnBr6 and
for Cs2SnI6, respectively. This slight deviation does not af-
fect further research. On the whole, there is a good agree-
ment between the optimized lattice constants and the exper-
imental findings and available theoretical data. Furthermore,
one can see that the lattice constants increase in the order from
Cs2SnCl6 to Cs2SnBr6 to Cs2SnI6. The phenomenon is due
mainly to the size differences between the univalent anion Cl−,
Br−, and I−.

Cs atom Sn atom X atom

Fig. 1. (color online) Crystal structure of the defect perovskites
Cs2SnX6 (X = Cl, Br, I). Thick blue lines represent the unit cell edges.

Table 1. Optimized lattice constants (Å) of Cs2SnX6 (X = Cl, Br, I).
Experimental and other theoretical values are included.

Compounds Cs2SnCl6 Cs2SnBr6 Cs2SnI6

Present 10.384 11.021 11.935
Experimental 10.382a 10.837a 11.638a

10.3552b 10.770c 11.652d

11.627e

Theoretical 10.846a 11.218a 12.016a

10.724f 11.243f 12.032f

aRef. [17]. bRef. [28] cRef. [29] dRef. [30]. eRef. [31]. fRef. [32].

3.2. Mechanical properties

It is known that first-principles methods are often used
to calculate reliable elastic properties of solid materials. The
criterions for mechanical stability of cubic crystals are given
by[33]

C11 > 0,C11−C12 > 0,C11 +2C12 > 0,C44 > 0. (1)

Table 2 summarizes the calculated elastic constants Ci j of
the defect perovskites Cs2SnX6. One can see that the elastic
constants satisfy these generalized stability criterions, indicat-
ing these three compounds are mechanically stable. Mean-
while, the elastic constant C11 decreases from chlorine to
bromine to iodine in Cs2SnX6 (X = Cl, Br, I), meaning that the
trend of resistance one-way compression declines. Cs2SnCl6
presents more strong resistance for one-way compression as
compared to Cs2SnBr6 and Cs2SnI6. At the same time, the
value of elastic constant C44 is less than that of C11, which indi-
cates that their resistance to pure shear deformation is weaker
than that of the one-way compression.
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Table 2. Calculated elastic properties Ci j , shear anisotropy factor A,
bulk modulus B, shear modulus G, Pough’s ratio B/G, Frantesvich ra-
tio G/B, Young’s modulus Y , Poisson’s ratio υ , Kleinman parameter
ξ , Debye temperature ΘD, and melting temperature Mt for Cs2SnX6
(X = Cl, Br, I).

Properties Cs2SnCl6 Cs2SnBr6 Cs2SnI6

C11/GPa 36.1 22.0 14.4
C12/GPa 17.6 11.5 7.0
C44/GPa 15.0 10.1 6.0

Shear anisotropy factor A 1.62 1.92 1.62
Bulk modulus B/GPa 23.7 15 9.46
Shear modulus G/GPa 12.3 7.76 4.94

Pough’s ratio B/G 1.92 1.93 1.92
Frantesvich ratio G/B 0.52 0.51 0.52

Young’s modulus Y/GPa 31.5 19.8 12.6
Poisson’s ratio υ 0.27 0.27 0.28

Kleinman parameter ξ 0.61 0.64 0.61
Debye temperature ΘD/K 196 133 96.8
Melting temperature Mt/K 776±300 683±300 638±300

Using the elastic constants, some mechanical properties
including shear anisotropy factor (A), bulk modulus (B), shear
modulus (G), Pough’s ratio (B/G), Frantesvich ratio (G/B),
Young’s modulus (Y ), Poisson’s ratio (υ) and Kleinman pa-
rameter (ξ ) are also calculated and presented in Table 2. The
shear anisotropy factor A is used to decide the anisotropic
or isotropic characteristic of a solid. In general, the shear
anisotropic factor for isotropic crystals is A = 1, while for
anisotropic crystals it is A 6= 1. The shear anisotropic fac-
tors reported in Table 2 indicate Cs2SnX6 compounds are
all anisotropic. It is clear that the level of anisotropy for
Cs2SnBr6 is the highest among these three defect perovskites.
Pough’s ratio B/G and Frantesvich G/B ratio provide the brit-
tleness or ductility of a compound. If B/G < 1.75 (G/B >

0.571), the material is brittle, otherwise, the ductile behavior
is predicted.[34] Present values of Pough’s ratio for Cs2SnCl6,
Cs2SnBr6 and Cs2SnI6 are bigger than 1.75, therefore these
defect perovskites are ductile in nature.

Young’s modulus Y is an important parameter in showing
the stiffness of a solid material. The larger the Young’s mod-
ulus, the stiffer the solid material will be. From Table 2, it is
clear that the Young’s modulus decreases with large anion size,
indicting Cs2SnCl6 is stiffer than Cs2SnBr6 and Cs2SnI6, and
the capability of resisting elastic deformation decreases from
Cs2SnCl6 to Cs2SnBr6 to Cs2SnI6. Poisson’s ratio υ gives
some informations about the character of force acting on solid
materials. The forces among the atoms constituting the mate-
rial are central if the value of υ lies between 0.25 and 0.50.
The obtained Poisson ratio υ for Cs2SnCl6, Cs2SnBr6 and
Cs2SnI6 are just in this range which means that interatomic
forces in Cs2SnX6 are central.

3.3. Thermal properties

Debye temperature ΘD is a fundamental parameter for
materials’ thermodynamic properties, and it is closely related

to specific heat, bond strength, elastic constants, and melting
temperature.[35] ΘD can be predicted by the average sound ve-
locity Vm according to[33,36]

ΘD =Vm
h
k

[
3n
4π

(
NAρ

M

)]1/3

, (2)

where h represents Plank’s constant, k is the Boltzman con-
stant, n is the number of atoms per molecule, NA is the Avo-
gadro number, ρ is the density of the solid, and M represents
the molecular weight. The average sound velocity Vm was cal-
culated by[33,36]

Vm =

[
1
3

(
2
v3

t
+

1
v3

l

)]−(1/3)

, (3)

where vt and vl are the transverse and longitudinal sound ve-
locity, respectively, which is calculated by[37]

vl =

√
3B+4G

3ρ
, (4)

vt =

√
G
ρ
. (5)

The calculated Debye temperatures of Cs2SnX6 (X = Cl,
Br, I) are also listed in Table 2. Obviously, the values of
Debye temperature ΘD decrease in the following sequence:
Cs2SnCl6 >Cs2SnBr6 >Cs2SnI6. The Cs2SnCl6 presents the
highest Debye temperature indicating the higher melting tem-
perature. At present, there are no theoretical calculations as
well as experimental measurements reported on the Debye
temperature for Cs2SnCl6 and Cs2SnBr6. However, there is
a large deviation for the Debye temperature of Cs2SnI6 be-
tween the present work 96.8 K and experimental result 149 K
obtained by heat capacity data.[18] The main reason is the dif-
ference of lattice constant between theoretical calculations and
experimental measurement. In general, the lattice constant has
an important influence on the calculation of Debye tempera-
ture. As a comparison, we use the experimental lattice con-
stant of 11.6527 Å[22] to calculate the Debye temperature of
Cs2SnI6; the obtained value of ΘD = 141.2 K is very close to
the experimental results.

The Deby temperature corresponds to the highest fre-
quency of the lattice vibration, which is actually a reflection
of the strongest bonding of the crystal. Recently, Kumar et
al.[38] obtained a linear relation between Deby temperature
and melting temperature for II–VI and III–V semiconductors.
In general, for the same compound, a larger Debye tempera-
ture means a higher melting temperature.[39] The melting tem-
perature Mt of Cs2SnX6 can be calculated by elastic constants
C11 according to the following expression:[33,40]

Mt =

[
553 K+

(
5.91 K

GPa

)
C11

]
±300 K. (6)
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Calculated melting temperatures are also shown in Ta-
ble 2. It is clear that the melting temperature of Cs2SnCl6
is higher than that of Cs2SnCl6 and Cs2SnBr6. The results are
in agreement with the results of Debye temperature.

3.4. Electronic properties

Density of states and band structures calculations predict
the direct band gaps at the Γ point for Cs2SnCl6, Cs2SnBr6

and Cs2SnI6. The results are consistent with the ones of other
investigators.[18,22] Band gap values, as obtained by PBE and
HSE06 using the optimized lattice constants, are listed in Ta-
ble 3. Obviously, the HSE06 results are a lot closer to the ex-
perimental measurements as compared to the PBE ones. The
band structure of Cs2SnCl6 indicates a band gap of 3.83 eV,
which consists with the experimentally measured optical gap
of 3.9 eV and is better than other theoretical calculations. For
the Cs2SnBr6 and Cs2SnI6, the direct band gaps are 2.36 and

0.92 eV, respectively, which is lower than the experimentally
measured optical gap. There are two main reasons for this
discrepancy: one is the difference of lattice constants between
theoretical calculations and experimentally measured ones, the
other arises from the fact that first-principles calculations often
underestimate the band gap.

Table 3. Calculated band gap (eV) of Cs2SnX6 (X = Cl, Br, I) using the
PBE and HSE06 functional. Experimental and other theoretical values
are also included.

Compounds Cs2SnCl6 Cs2SnBr6 Cs2SnI6

Present (PBE) 2.27 1.51 0.36
Present (HSE06) 3.83 2.36 0.92

Experimental 3.9a 2.7a 1.26a

Experimental 1.25b

Theoretical (PBE) 2.228a 1.476a 0.346a

Theoretical (GW0) 3.226a 2.241a 0.883a

Theoretical (HSE06) 0.97b

aRef. [18]. bRef. [22].
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Fig. 2. (color online) (a) Band structures, (b) total and orbital-projected densities of states for Cs2SnCl6 based on the HSE06.
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Fig. 3. (color online) (a) Band structures, (b) total and orbital-projected densities of states for Cs2SnBr6 based on the HSE06.

Figures 2–4 present the band structures, total and orbital-

projected densities of states (DOSs) for title compounds based

on the HSE06. We have not plotted the projected DOS of

Cesium since its negligible contribution to the total DOS. It

is clear that these three compounds have very similar elec-

tronic structures as well as a delicate difference. The orbital-

096301-4



Chin. Phys. B Vol. 26, No. 9 (2017) 096301

projected DOSs indicate that the conduction band near the
Fermi level is mainly composed of halogen p orbitals hy-
bridized with Sn 5s orbitals, and the upper conduction bands,
starting from 7.66, 6.12 and 4.38 eV for Cs2SnCl6, Cs2SnBr6

and Cs2SnI6, respectively. There is a forbidden gap of 2.86 eV
for Cs2SnCl6, 2.85 eV for Cs2SnBr6 and 2.36 eV for Cs2SnI6

between the two conduction bands. On the other hand, the va-
lence band is constituted of the halogen p orbitals, and their

band widths are 1.99 eV for Cs2SnCl6, 2.08 eV for Cs2SnBr6

and 2.22 eV for Cs2SnI6, respectively. Another halogen p or-

bital presents hybridization with Sn 5p orbital between −3.40

to −2.75 eV. In a deeper band, from −5.91 eV to −5.59 eV

for Cs2SnCl6, from −6.73 eV to −6.39 eV for Cs2SnBr6 and

from −6.95 eV to −6.67 eV for Cs2SnI6, the valence band is

mainly made of the Sn 5s orbital.

E
n
er

g
y
/
e
V

Wave vector

W L X W KΓ

(a) (b)

0 30 60

total

2 5 8

I 5p

2 5 8

Sn 5s

2 5 8

Sn 5p

-6

-3

0

3

6

0.92 eV

DOS/(states/eV)

Fig. 4. (color online) (a) Band structures, (b) total and orbital-projected densities of states for Cs2SnI6 based on the HSE06.

3.5. Optic properties

The optical properties of a semiconductor material are
closely related to their electronic band structures; it is usu-
ally obtained from the dielectric function by the formula that
is given by[41,42]

ε(ω) = ε1(ω)+ iε2(ω), (7)

where ω is the angular frequency, and ε1(ω) and ε2(ω) are the
real and the imaginary parts of the complex dielectric function,
respectively.
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 Cs2SnBr6

 Cs2SnI6

Fig. 5. (color online) Real part of the dielectric function for the defect
perovskites Cs2SnX6 (X = Cl, Br, I).

The dielectric functions of Cs2SnCl6, Cs2SnBr6, and
Cs2SnI6 with changes in photon energy were calculated up
to 20.0 eV and shown in Figs. 5 and 6. The static dielectric

constants ε0(ω) are 2.17 for Cs2SnCl6, 2.53 for Cs2SnBr6,
and 3.26 for Cs2SnI6 and the values increase with increas-
ing halogen atomic number. The real part ε1(ω) is positive
up to 10.1 eV, 8.70 eV, and 7.23 eV for Cs2SnCl6, Cs2SnBr6,
and Cs2SnI6, respectively. In this area, for Cs2SnI6, the real
part has three peaks located at 4.39, 7.15, and 8.45 eV. For
Cs2SnBr6, it presents several peaks at 2.92, 5.93, and 7.03 eV.
Also for Cs2SnI6, its three peaks are located at 1.48, 4.46, and
5.58 eV.
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Fig. 6. (color online) Imaginary part of the dielectric function for the
defect perovskites Cs2SnX6 (X = Cl, Br, I).

The imaginary dielectric function ε2(ω) gives some im-
portant information on the multifarious interband transitions
between the valence and conduction bands. The imaginary
part for Cs2SnCl6 exhibits five major absorption peaks at 3.80,
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5.19, 7.50, 9.49, and 15.23 eV. The five major absorption
peaks of Cs2SnBr6 are located at 2.32, 3.74, 6.54, 8.65, and
15.05 eV. The five major absorption peaks of Cs2SnI6 are lo-
cated at 0.90, 2.30, 4.98, 7.26, and 14.63 eV. These peaks are
associated with the transition from valence bands to conduc-
tion ones. The lower energy peaks are relative to the electronic
transition between the Cl-3p, Br-4p, and I-5p states in the up-
per valence bands and the Sn-5s states in conduction bands.

In addition to the real and imaginary components of the
dielectric functions, the refractive index n(ω), extinction co-
efficient k(ω), absorption coefficient α(ω), reflectivity coef-
ficient R(ω), optical conductivity κ(ω) and energy loss func-
tion L(ω) are calculated and plotted in Fig. 7. Refractive index

is an indispensable parameter to describe the optical properties
of materials and has an important impact on optic devices such
as solar cell and detectors.[43] From Fig. 7(a), the curves of
the refractivity index of Cs2SnCl6, Cs2SnBr6 and Cs2SnI6 co-
incide with the real part of the dielectric functions. The static
refractive index n(0) for low frequency at 0 eV and their peak
values are presented in Table 4. It is clear that the n(0) and
peak values increase with the increasing of the size of halogen
anions. Extinction coefficient k(ω) describes the attenuation
of an electromagnetic wave in a material. In the low energy in-
frared region in Fig. 7(b), the value of the extinction coefficient
is close to zero, which indicates these three defect perovskites
are transmitted to the infrared spectrum.
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Fig. 7. (color online) Refractive index n(ω), extinction coefficient k(ω), absorption coefficient α(ω), reflectivity coefficient R(ω),
optical conductivity κ(ω) and energy loss function L(ω) of the defect perovskites Cs2SnX6 (X = Cl, Br, I).

Table 4. Static refractive index, static reflectivity, maximum refractive
index and maximum reflectivity for Cs2SnX6 (X = Cl, Br, I).

Refractivity index Reflectivity
Compounds

n(0) maximum R(0) maximum
Cs2SnCl6 1.47 2.12 0.03 0.69
Cs2SnBr6 1.59 2.23 0.05 0.60
Cs2SnI6 1.81 2.39 0.08 0.61

The absorption coefficient can be further calculated ac-

cording to the refractive index and extinction coefficient. From
Fig. 7(c), one can see that the absorption edges are located at
3.96, 2.52, and 1.07 eV for Cs2SnCl6, Cs2SnBr6, and Cs2SnI6,
respectively. These absorption edge values are near the cor-
responding band gaps as predicted by the HSE06 method.
The absorption spectrum of the intrinsic defect perovskites
Cs2SnX2 is mainly concentrated in the ultraviolet region. With
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the increase of the number of halogen atoms, the absorption
spectra have an obvious red shift, which means the Cs2SnI2 is
a promising material for photoelectric conversion. Moreover,
there are five obvious characteristic peaks in the absorption
spectrum. The positions of the peaks and the absorption edges
are all presented in Table 5. Obviously, the position moves to-
wards a low energy area with the increasing size of the halogen
ions, and the strongest peak is located at 15.9 eV for Cs2SnCl6,
9.73 eV for Cs2SnBr6, and 8.29 eV for Cs2SnI6, respectively.
In the low energy range, the absorption coefficient is close to
zero, indicating that its absorption of light waves in the low
energy range is not obvious.

The static reflectivity R(0) and the maximum reflectiv-
ity of the title compounds are listed in Table 4. Figure 7(d)
depicts the curves of reflectivity as a functional of photon en-
ergy. It is clear that the zero frequency reflectivity increases in
the following sequence: Cs2SnCl6<Cs2SnBr6<Cs2SnI6. The
reflectivity for these three compounds in the infrared region
is lower than 8.0% reflecting the case that the effect of surface
reflection and internal grain boundary reflection on the low en-
ergy infrared wave band is small. The wavelength of the max-
imum reflectivity is obtained around 74.95 nm for Cs2SnCl6,
77.69 nm for Cs2SnBr6, and 138.9 nm for Cs2SnI6, respec-
tively.

Table 5. The positions (eV) of the characteristic peaks and the absorp-
tion edges in the absorption spectrum for Cs2SnX6 (X = Cl, Br, I).

Compounds Edge Peak1 Peak2 Peak3 Peak4 Peak5
Cs2SnCl6 3.96 5.26 7.62 10.3 11.1 15.9
Cs2SnBr6 2.52 3.85 6.59 9.01 9.73 15.3
Cs2SnI6 1.07 2.40 5.10 7.46 8.29 15.0

The optical conductivity, which is decided by refractive
index and absorption coefficient, is usually used to investigate
the optical response of material. From Fig. 7(e), one can see
that the optical conductivity follows the same trend as that of
the absorption coefficient with increasing phonon energy. The
optical conductivity of Cs2SnCl6 is zero when the phonon en-
ergy is smaller than 3.96 eV and bigger than 17.59 eV. For
Cs2SnBr6, the optical conductivity is zero when the phonon
energy is smaller than 2.52 eV and bigger than 18.10 eV. Also
for Cs2SnI6, the optical conductivity is zero when the phonon
energy is smaller than 1.07 eV and bigger than 19.87 eV. The
maximum optical conductivity appears when the energy is
9.51, 8.71, and 7.24 eV for Cs2SnCl6, Cs2SnBr6, and Cs2SnI6,
respectively.

The energy loss function is an important parameter in de-
scribing the energy loss when electrons pass through a dielec-
tric. The function is directly relative to the real and imaginary
components of dielectric functions, and the peak of the loss
function is associated with plasma oscillation. Figure 7(f) de-
picts the energy loss function as a function of photon energy.

One can see that the energy loss in two regions is very large,
and the maximum energy loss points are located at 16.85,
16.23, and 10.85 eV for Cs2SnCl6, Cs2SnBr6, and Cs2SnI6u,
respectively. The electronic energy loss for these three com-
pounds is close to zero when the energy is bigger than 20.0 eV.

4. Conclusion
Employing the first-principles method within the PBE

and HSE06 functional, we carried out a comprehensive study
on the structural, mechanical, thermal, electronic, and optical
properties of the defect perovskites Cs2SnCl6, Cs2SnBr6, and
Cs2SnI6. The results indicate that the optimized lattice param-
eters are in good agreement with the available theoretical and
experimental data. These three compounds are mechanically
stable and they are all anisotropic and ductile in nature. Cal-
culated Debye temperature and melting temperature decrease
from Cs2SnCl6 to Cs2SnBr6 to Cs2SnI6. Density of states and
band structures indicate direct band gaps for all the defect per-
ovskites Cs2SnX6, which accords with other theoretical inves-
tigations. Orbital-projected DOSs indicate that the contribu-
tion to the conduction band mainly originates from the halogen
p orbitals hybridized with Sn 5s orbitals, whereas the contribu-
tion to the valence band is consisted of the halogen p orbitals.
Some parameters, which are closely related to optical prop-
erties such as dielectric functions, refractive index, extinction
coefficient, absorption coefficient, reflectivity coefficient, op-
tical conductivity, and energy loss function, are studied theo-
retically for the first time. The results indicate that these three
materials exhibit good optical absorption in the ultraviolet re-
gion, and the absorption spectra red shift with the increase of
the number of halogen atoms. In conclusion, these three defect
perovskites are good candidates for probing the lead-free and
high-power conversion efficiency of solar cells materials ow-
ing to their stable mechanical properties and excellent optical
absorption in the ultraviolet region.

References
[1] Chung I, Lee B, He J, Chang R P H and Kanatzidis M G 2012 Nature

485 486
[2] Baikie T, Fang Y, Kadro J M, Schreyer M, Wei F, Mhaisalkar S G,

Graetzeld M and Whitec T J 2013 J. Mater. Chem. A 1 5628
[3] Zhou H, Chen Q, Li G, Luo S, Song T B, Duan H S, Hong Z, You J,

Liu Y and Yang Y 2014 Science 345 542
[4] Brivio F, Walker A B and Walsh A 2013 APL Mater. 1 042111
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