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First-principles study on the stability and photoelectric
properties of lead-free double perovskites Cs,TISbls and

Rb,TISblg
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In this paper, the stability and photoelectric properties of lead-free double perovskites Cs,TISbls and Rb,TISbls were
explored based on first-principles calculations. The thermodynamical, and mechanical stability of two perovskites are
guaranteed by the negative formation enthalpy and Born-Huang stability criterion. The elastic constants show that two
perovskites are ductile and anisotropic. The calculated band gap values are 1.196 eV for Cs,TISbls and 1.103 eV for
Rb,TISbls, respectively. Moreover, the perovskites Cs,TISbls and Rb,TISbls exhibit great light absorption, dielectric function,
and conductivity. In conclusion, the perovskites Cs,TISbls and Rb,TISbls are suitable for solar cells due to their great

photoelectric performances.
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1. Introduction

With the gradual consuming of fossil energy, human
beings need to explore an environmentally friendly energy
source. As a clean energy, solar energy is renewable and
can be converted to electrical energy through solar cells
[1]. In the field of solar cells, perovskite solar cells (PSCs)
exhibit considerable light absorption and high
photoelectric conversion efficiency (PCE). In the past
decade. The verified PCE of PSCs has reached 25.2%
from the initial 3.8% [2], which enables the PSCs to be
hopeful for high-quality solar cells. However, general
organic-inorganic hybrid halide perovskites are generally
toxic and unstable, which restricts these perovskites to be
commercial extensively. For this background, it is
particularly necessary to search for novel and stable
materials as substitutes [3-5].

Fortunately, the double perovskites with the chemical
formula A,BB'X¢ have been proposed as effective
alternatives for photoelectric devices due to their non-toxic
and stable properties [6-13]. McClure et al reported that
the perovskite Cs,AgBiBrs and Cs,AgBiCls show great
stability, and exhibit band gaps of 2.19 eV and 2.77 eV,
respectively [6]. Moreover, the perovskite Cs,AgInClg has
been synthesized in the experiment [7]. Zhang et al
reported that the perovskite Cs,NaBilg exhibits a narrow
direct band gap value (1.69 eV) and great stability [8]. The
absorber layer based on the Cs,TiBrg can improve the
power conversion of an solar cell, and a power conversion
of 16.85% is reported [9]. Cs,Tels [10], Cs,Ptls [11],
Cs,PdBrg [12], and Cs,TilBrs [3] have been rated as
potential perovskite solar cell candidates due to their
suitable band gaps and environmental stability. Since the
experimental synthesis of materials is time-consuming and

high-cost, many researchers seek new halide double
perovskites theoretically based on first-principles
calculations. Tariq et al. reported that the double
perovskites Cs,AgInX¢ (X=F, Cl, Br, I) are promising for
photoelectric or thermoelectric devices based on their
simulation work [13]. Varadwaj et al., Kibbou et al., and
Saeed et al have systematically predicted the application
potential of perovskites Cs,AgRhClg [14], Cs,InGaXe
(X=Cl, Br, or I) [15]. Cs,;InBiXs (X = F, Cl, Br, I) [16] in
photoelectric devices.

Recently, Chen et al have reported that the perovskites
Cs,TISbl; and Rb,TISbls are considered candidates for
solar cells [17]. However, they didn’t discuss the stability
and light absorption of these two perovskites, the relevant
investigations are lacking so far. When studying the
photoelectric features of perovskites, it’s necessary to
consider their stability at the same time. To further
understand the properties of the perovskites Cs,TISbls and
Rb,TISbls, we conducted a simulation work to
systematically explore their structural, electronic, optical,
and elastic properties. The results show that the studied
perovskites Cs,TISbly and Rb,TISblg are stable. Moreover,
they exhibit superior light absorption in the visible light
range. Therefore, they have great application potential in
solar cells and other photoelectric devices. This work can
provide a theoretical basis for the research and design of
the perovskite Cs,TISbls and Rb,TISblg, and promote their
application in photoelectric devices.

2. Computational details

The calculations were performed by using the
CASTEP module in Materials Studio software [18]. The



528 Yan-Ling Tang, Guang-Fu Bai, Jian Tang, Liang Xu, Guang-Xin Wang, Dun-Sheng Shang

crystal structures were optimized using the BFGS
minimizer [19]. The exchange-correlation term in the
theoretical calculations was processed adopting the
generalized gradient approximation of the Perdew—Burke—
Ernzerhof (GGA-PBE) functional [20] because it was
more effective in comparison to other GGA characteristics
for geometry optimization [21]. Simultaneously, to process
the electron-ion interactions, the plane-wave energy cutoff
for ultra-soft pseudopotentials [22] was set as 550 eV.
Additionally, the k-point grid was set to 10x10x10 to
sample the Brillouin zone. There were several

convergence criteria including 5.0x10™* A for maximum
displacement, 0.01 eV/A for maximum force, 0.02 GPa for

maximum stress and 5.0x107° eV/atom for energy.
Moreover, the GGA-PBE was also utilized to study elastic

properties, with convergence criteria including 1.0x10™*
A for maximum displacement, 0.002 eV/A for maximum
force and 5.0x10° eV/atom for energy. Frequently, the
band gaps of materials are underrated by the GGA-PBE
functional because the exchange-correlation energy is
discontinuous [23-24]. Several other functionals, such as
the HSE06, can reach excellent consensus with the
experimental results [25-26]. With a k-point grid of
3x3x3 and an energy cutoff of 480 eV, the HSE06
functional was adopted to precisely investigate the
electronic structures and optical properties of both
compounds.

3. Results and discussion
3.1. Thermodynamic stability analysis

Thermodynamic stability is the foundation of material
and is decided by the crystal structures. Accordingly, we
first study the crystal structures of both compounds. Fig. 1
presents the fully optimized crystal structures of Cs,TISbl
and Rb,TISbls, which indicates that both compounds
exhibit cubic phase structures. The crystal structures of
Cs,TISblg (Rb,TISblg) consist of an Tilg octahedron and
Sbls octahedron, and the Cs,TISblg (Rb,TISbls) appears
octahedrons the alternant structure. The Cs (Rb) atom
occupies the center of the octahedra. The Cs (Rb), Tl, Sb
and I atoms occupy the 8c (0.25, 0.25, 0.25), 4a (0.50,
0.50, 0.50), 4b (0.00, 0.50, 0.50) and 24e ( X, 0.00, 0.50)
positions, respectively. The oxidation state on Cs (Rb) and
Tl is +1, on Sb is +3 and on I is —1. The calculated results
of crystal parameters of Cs,T1Sbls and Rb,T1Sbl, are listed
in Table 1. It can be found that the lattice constants of
Cs,TISblg and Rb,TISbIg are 12.720 and 12.620 A.
Besides, the wvalues of X are 0.262 and 0.260 for
Cs,TISbls and Rb,T1Sbl, respectively.
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Fig. 1. The crystal structures of Cs,TISbls and Rb,TISbl4
(color online)

To analyze the thermodynamic stability of these two
perovskites, the formation enthalpy AH [27] was
calculated using the GGA-PBE method. The AH can be
expressed as follows:

1

AH :E(E(:s/rzbmsm6 —2Eqm —En-Ey _6E|) )

where ECs,RbZTISbIs is the total energy of the perovskite

E

material compounds and E E, and E, are the

Cs/Rb > —=TI>

energy of individual atoms, respectively. The values of
AH are negative, therefore, the perovskites Cs,TISbls and
Rb,TISblg are thermodynamically stable [27]. Moreover,
the Cs,TISblg has better stability than Rb,TISbls due to its

lower formation enthalpy.

Table 1. The predicted lattice constants @ , value of X and
formation enthalpy AH adopting the GGA-PBE functional

Parameters Cs,TISblg  Rb,TISblg
a A 12.720 12.620
X 0.262 0.260
AH (eV/atom) —-1.192 —-1.130

3.2. Electronic properties

The electronic properties of a material, especially
band structures, are essential to illustrate whether the
material is suitable for solar cells. Hence, the electronic
properties have been calculated by using the HSEO06
functional after completing the structure optimization. The



First-principles study on the stability and photoelectric properties of lead-free double perovskites Cs,T1Sbls and Rb,TISblg 529

predicted band gaps of Cs,TISblg and Rb,TISbls are 1.196
eV and 1.013 eV separately that conforms well to the
results in the reference [17], indicating that both Cs,T1Sblg
and Rb,TISbly have appropriate band gaps for solar cells.
The predicted band structures of Cs,T1Sbly and Rb,T1Sbl
are shown in Fig. 2. The band characteristics of the two
materials near the CBM and VBM are similar to each
other. It can be seen that the CBM and VBM locate at the
same symmetry point (G), which indicates that both
perovskite materials are direct bandgap semiconductors.
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Fig. 2. The calculated band structures of Cs,TISbls and
Rb,TISbI
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Fig. 3. The total and partial DOS of Cs,TISbls (a) and
Rb,TISbI (b) (color online)

The density of states (DOS) of both materials has
been also forecasted based on HSE(06 functional to further
study the electronic properties. The total and partial DOS
of both compounds are given in Fig. 3. The VBM is
predominantly occupied by I-5p orbitals. The CBM is
derived mainly from Sb-5p, T1-6p, and I-5p orbitals, which
demonstrates that there is a strong hybridization among
Sb-5p orbitals along with TI-6p and I-5p orbitals. As can
be seen from Fig. 3, whether it is a Cs or Rb atom, it
contributes to the energy area of around 3-5 eV.

The effective mass of charge carriers is related to the
transport properties, such as carrier mobility. Therefore,
we calculated the effective masse of electrons and holes
for Cs,TISblg and Rb,TISbls. The calculated results are
listed in Table 2. It can be seen that both two compounds
exhibit is relatively small.
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Table 2. The calculated effective mass of electron (me)

and hole(mh) of two compounds

m(m)  m,(m,)
Cs,TISbl, 0.16 0.19
Rb,TISbl, 0.15 0.17

3.3. Optical properties

Besides electronic properties, the optical properties,
especially optical absorption, are also important to decide
whether a material is suitable for solar cell applications.
Accordingly, the optical properties of both Cs,TISbls and
Rb,TISbly have been calculated by using HSEO06
functional. It is worth explaining that the complex
dielectric function plays a fundamental role in all optical
property parameters because other optical parameters such

8 .
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6 :
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as the absorption coefficient o (w), reflectivity R(w),
optical conductivity G(a)) , loss function L(a)) ,
extinction coefficient k ()and refractive index n()can

be deduced from it. The complex dielectric function can be
described as follows [28]:

e(w)=¢(w)+is, (o) )

Here ¢ () and gz(a)) work as the real and

imaginary parts. Specifically, the gl(a)) describes the

polarization of a material relying on the electric field from
the external environment, whereas the &, (a)) is relevant

to the optical absorption.

. = Cs,TISbI
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Fig. 4. The calculated real part g (a)) (a) and imaginary part g, (a)) (b) of dielectric functions of Cs,TISbl
and Rb,TISbI (color online)

The dielectric functions of Cs,TISblg and Rb,TISbl
are displayed in Fig. 4. It can be seen that the real parts of
both compounds are similar to each other, resulting from
their similar electronic structures near the CBM and VBM.

As can be seen from Fig. 4(a), gl(a)) have the highest

values in the visible region. And after the maximum,
& () gradually decrease and reach the sub-maximum

value at around 6.60 eV in the the ultraviolet region. As a
result, for each compound, the curve of gl(a)) forms two

main peaks at around 1.63 and 6.60 eV, respectively, and
one is in visible region and the other is in ultraviolet area.

It is worth explaining that the &, (a)) of Rb,TISbl is

below zero in the area of 10.13—10.72 eV, indicating the
metallic behaviour [29]. The &, (w) of both compounds

show similarities to each other but a little difference, in
which Cs,T1Sbls has three dominant spectra peaks while
Rb,TISblg has two ones. The spectra peaks of Rb,TISblg
are particularly closed to the former two ones of
Cs,TISbls, which locate at around 2.70 €V and 7.64 eV,

respectively, ranging from the visible region to ultraviolet
ones. The other peak of Cs,T1Sbl¢ locates at 9.32 eV. It can
be concluded that the highest peaks of these two
compounds are at about 2.70 eV. Furthermore, we can
obtain the conclusion that the first absorption peak of
£, (a)) principally originates from the electronic transition
from VBM to CBM via the comparison of DOS and band
structures of these two compounds.

Several important optical parameters ie. n (a)) ,

k(a)) » R(w) and a(w) are indispensable to entirely

explore the optical properties of Cs,TISbls and Rb,TISbl.
These parameters can be directly or indirectly attained via
the complex dielectric function as follows [30,31]:

Ho)+& (@ Vi
n(a,){el(zw)Jr &' ( )2 2 ( )} G
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[n(@)-1] +k*(@)

R(@)= [n(w)+1] +K* ()

®)

a(a))zx/za)[ (912(a))+522(a))—gl(a))}}/2 (6)

The calculated optical parameters for Cs,TISbls and
Rb,TISbly are presented in Fig. 5. The extinction

coefficient N (@) in Fig. 5(a) can measure the degree of
attenuation of light during material propagation. In
comparison to Fig. 4(a), it can be concluded that n()
exhibits similar trend as gl(a)) , especially at which the

peaks locate, demonstrating that the predicted results
conform well to the relationships between these two

optical parameters. The predicted values of n(O) are

2.223 and 2.304 for Cs,TISbls and Rb,TISbl,, respectively,
which are relevant to & (0) based on the relationship

n(0)= /gl(o) [32]. The curves of extinction coefficient
k (a)) is presented in Fig. 5(b), which represents the degree

of light absorption of the material when the light
propagates within the material. It can be seen that the
perovskite Rb,TISbls exhibits higher k () values within
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the studied energy range. The curved lines of reflectivity
R(a)) of Cs,TISbls and Rb,TISbly are presented in Fig.

5(c), which characterizes the degree of reflection on the
surface of two compounds. The R(O) is 0.144 for

Cs,TISblg and 0.156 for Rb,TISbls. Additionally, the
maximum values of R (a)) of Cs,TISbls and Rb,TISbl are

0.207 at 2.409 eV and 0.220 at 2.396 eV, which pertain to
the visible region. To get better comparison and

observation, the & (0) , n(0) , and R(0) of both

compounds are listed in Table 3. The absorption
coefficient a(a)) of Cs,TISbls and Rb,TISbl are utilized

to describe the capability of solar energy storage,
displayed in Fig. 5(d). As shown in the Fig. 5(d), there are
three main absorption peaks in the ultraviolet range for
Cs,TISblg and simultaneously, with two chief absorption
peaks, Rb,TISblg also exhibits strong absorption in the
ultraviolet area. Besides, both materials show good
absorption in the visible range as well. Moreover, for the

a (a)) of Cs,TISbls and Rb,TISblg, the higher the photon

energy, the stronger the intensity of the peaks. In
conclusion, the optical absorption of Cs,TISblg and
Rb,TISbl, in the visible and ultraviolet ranges proves their
promising utilization for solar cell applications as well as
other photovoltaic devices.
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Fig. 5. The calculated n (a)) , k (a)) R (a)) and o (a)) of Cs,TISbls and Rb,TISbI (color online)
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Table 3. The predicted results of ¢, (0) n(O) and
R(0) of Cs,TISbI; and Rb,TISbI;

Compounds &(0) n(0) R(0)
Cs,TISblg 4.943 2.223 0.144
Rb,TISblg 5.306 2.304 0.156

The energy loss function L(a)) , describing the energy

decay of electrons passing through the materials, can be
obtained using the following equation [31]:

1.2 ; :
() : = (Cs,TISbI,
Lol = Rb,TISbI,
0.8 i
. :Visible . Ultraviolet
o) : region : region

Energy (eV)

The optical conductivity o-(a)) can be attained
utilizing the relation [31] below:

o
G(a))=|5[5(a))—l] ®)
The curved lines of energy loss function L (@) of

Cs,TISbl and Rb,TISbls are shown in Fig. 6(a). Before
the curves reach their first peak, as the photon energy
grows, the loss functions increase. After the curves pass
through the first peak and then decrease to the minimal
value at around 6.26 eV, the intensity of the loss function
turns gradually high with the growing of energy. In fact,
the loss functions of Cs,TISblg and Rb,TISblg are both
tiny. The curves of the real part of the optical conductivity
of Cs,TISbls and Rb,TISbls are shown in Fig. 6(b). It is
obvious that the tendencies of the optical conductivity of
both compounds are similar to each other. The curves
show three chief peaks. The maximum values of optical
conductivity are 2.793 at 9.476 eV for Cs,TISbls and
2.741 at 7.656 eV for Rb,TISbl,.

Fig. 6. The curves of L(a)) and a(a)) for Cs,TISbls and Rb,TISbIs (color online)

3.4. Elastic properties

To understand the mechanical stability and strength of
the exterior force of both two materials, the elastic
properties of Cs,TISbly and Rb,TISbly; have been
investigated. The calculated results are listed in Table 4.

Elastic constants play a fundamental role in all elastic
properties and the calculated results of these parameters of
Cs,TISblg and Rb,TISbly meet the Born mechanical

stability criteria, which can be portrayed as C; +2C,, >0,
C,>0, and C, <C, [33]. This indicates that both
Cs,TISblg and Rb,TISblg are mechanically stable. The
shear modulus (G ), reflecting the ability that a material
resists the reversible deformation under shear stress, can
provide information about the stiffness of a solid material.
G is predicted based on dual common models according

3.5 -
(b) :
30
25+
; 20fF \-’iswhlcé Ultraviolet
= * region ! region
= 15f :
c .
1.0} : f — Cs,TISbl4
: - —— Rb,TISbI;
05 F
0.0 N N L L L I
0 2 4 6 8 10 12
Energy (e¢V)
to Voigt (G, ) [34] and Reuss (G, ) [34]:
1
C':\/ :g(?’CM +C11 _Clz) )
5(C,-C,)C
( 11 12) 44 (10)

" 4C,, +3(C,-Cy)

Moreover, there is another model according to Hill
(G, ) for shear modulus, whose result is the arithmetic

mean of G, and G >

G, =225 (1)

From the results, it can be concluded that the shear
modulus of Cs,TISbls has a higher value of 5.960 GPa,
clarifying that it is more rigid than Rb,TISbl.
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Young’s modulus (Y ) determines the response of a
material to linear deformation such as the obdurability
relying on Y [16]. The obdurability of a material will be
greater when Y is larger. The higher Y (15.495) for
Cs,TISblg states clearly that it is tougher than Rb,TISbls.
The ductility or brittleness of material is necessary for
practical applications. Frequently, Pugh’s ratio (B/G) is
useful to describe the ductility or brittleness of a material
[32]. Provided B/G is below 1.75, the material is of
brittleness, otherwise it is of ductility. In addition, the
Poisson ratio which can be adopted to differentiate ductile
materials from brittle ones as well, was calculated
according to the following formula:

3B-Y
6B

V=

(12)

Based on the reference [35], the Poisson ratio is below
0.26 for brittle materials and above 0.26 for ductile ones.
Poisson and Pugh’s ratios results both demonstrate that
these two perovskites are ductile materials. The other
important parameter to fully understand the elastic
properties is the anisotropic parameter A , whose
expression can be given as
Cu - C12

An ideal isotropic system is characterized by that the
value of A is unity. However, for the anisotropic material,
A differs from unity. It can be found that both compounds
are anisotropic because their values of A diverge from
unity.

Table 4. The predicted results of Cij, G,Y,B,B/G, v

and A.
Parameters Cs,TISbly  Rb,TISbl,
C,, (Gpa) 29.841 26.282
C,, (Gpa) 4.451 2.151
C,. (Gpa) 3.396 3.350
G, (GPa) 5.960 5.774
Y (GPa) 15.495 14.571
B (GPa) 12.914 10.195
B/G (B/G,) 2167 1.766
v 0.300 0.262
A 0.268 0.278

4. Conclusions

The stability and photoelectric properties of halide
double perovskites Cs,TISbls and Rb,TISbly have been
investigated via first-principles theoretical calculations in
this study. The GGA-PBE functional has been utilized to

study the thermodynamic and mechanical stability. The
calculated results of negative formation enthalpy, -1.192
eV for Cs,TISbls and -1.130 eV for Rb,TISblg, indicate
that both materials are thermodynamic stable. The elastic
constants calculated in this paper meet Born mechanical
stability criteria, which ensures the mechanical stability of
both compounds. The photoelectric properties of these two
perovskites have been studied utilizing the HSEOQ6
functional. For electronic properties, the calculated band
structures demonstrate that both perovskites are direct
bandgap semiconductors. The band gap values, 1.196 eV
for Cs,TISbls and 1.013 eV for Rb,T1Sblg, clarify that both
perovskites are appropriate for solar cell applications. To
reveal specific optical properties, several important optical
parameters including optical absorption, loss function and
so on have been investigated. The results demonstrate that
Cs,TISblg and Rb,TISbls exhibit low optical loss and
strong optical absorption. Due to their high stability and
good photoelectric properties, especially narrow band gaps
and strong optical absorption, both Cs,TISbly and
Rb,TISbl, are suitable for solar cell applications and other
photoelectric devices.
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