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In recent years, double perovskites have attracted considerable attention as potential candidates for

photovoltaic applications. However, most double perovskites are not suitable for single-junction solar
cells due to their large band gaps (over 2.0 eV). In the present study, we have investigated the structural,
mechanical, electronic and optical properties of the Cs,Te; ,Tixlg solid solutions using first-principles

calculations based on density functional theory. These compounds exhibit good structural stability
compared to CH3NHzPbls. The results suggest that Cs,Telg is an indirect band gap semiconductor, and it
can become a direct band gap semiconductor with the value of 1.09 eV when the doping concentration
of Ti** is 0.50. Moreover, an ideal direct band gap of 1.31 eV is obtained for Cs,;Teg5Tig2sls. The
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calculated results indicate that all the structures are ductile materials except for Csy;TegsoTios0ls. Our

results also show that these materials possess large absorption coefficients in the visible light region. Our
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1. Introduction

Lead-based halide perovskites have attracted great attention for
optoelectronic applications in the past ten years."” The power
conversion efficiency (PCE) of lead-based halide perovskite solar
cells increased to a high value of 25.2% in 2019.* However, the
toxicity of lead and poor stability still remain significant chal-
lenges for commercial applications. Extensive efforts have been
paid to exploring lead-free or lead-less and stable halide
perovskite materials for solar cells. Sn** and Ge** metal ions
have been expected to replace Pb*>" ions in perovskites.>® Sn**
ion is highly unstable and can be easily oxidized to Sn**,*° which
results in decreased photovoltaic performance. To date, the
highest PCE of Ge-based halide perovskites is only 4.94%." Two
dimensional (2D) layered perovskites have been also explored
such as A;B,X, (A = Cs, Rb; B = Bi, Sb; X = I, Br, Cl).*>"
However, these materials have large band gaps over 2.0 eV,
which are not suitable for perovskite solar cells.
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work can provide a route to explore stable, environmentally friendly and high-efficiency light absorbers
for use in optoelectronic applications.

In recent years, halide double perovskites A,B'B*"X; have
been developed as stable and non-toxic alternatives to lead-
based perovskite materials, where two toxic lead ions are
substituted by using monovalent B" and trivalent B*", such as
Ag", Bi**, and Sb*'. Although most of the reported double
perovskites show excellent stability, their band gaps are too
large for application in single-junction solar cells.’**' A low
band gap (1.66 eV) of double perovskites Cs,NaBils has been
synthesized, which possesses excellent stability and strong light
absorption performance.”” However, its PCE is only 0.42%,
which is much lower than those of lead-based hybrid
perovskites.

The vacancy-ordered double perovskites with formula of
A,BX, can be regarded as a derivative structure of the traditional
ABX;, where two toxic lead ions are substituted by one tetrava-
lent ion to keep charge conservation as the conventional
perovskites. Cs,Snl is one of the most representative perovskite
materials, which belongs to a cubic structure with space group
Fm3m.>®* The previous study classified Cs,Snlg as zero dimen-
sional (0D) structure.** However, this compound still maintains
three dimensional (3D) structure and presents 3D materials’
properties, so it is still considered as 3D material.*® Cs,Snlg
exhibits air and moisture stability, and strong visible light
absorption, which are advantageous properties for photovoltaic
applications.>®*” The first tested solar cell using Cs,Snls as
absorber material in air showed a small PCE of 0.96%.%°
Meanwhile, MA,Snl¢ was found to have a direct band gap of
1.81 eV with a strong absorption coefficient of ~7 x 10* cm™*.%8
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The material properties of Cs,Sn,;_,Te,ls were investigated to
explore structure-property relationships with potential appli-
cations in photovoltaics.”® In 2017, a promising family of all-
inorganic based-Ti double perovskites were predicted to
possess suitable band gaps, excellent optical absorption, and
high stability.*® In particular, the band gap of Cs,Tils_,Br, can
be tuned from 1.38 to 1.78 eV for single-junction and tandem
solar cells.** A comprehensive and systematic study of halide
perovskites has been performed by using density functional
theory (DFT) calculations.*” The theoretical study on the mate-
rial properties of Cs,TiXs (X = I, Br) has been investigated.?**
The PCE of 3.28% can be obtained for Cs,TiBrs when it is
incorporated into planar-heterojunction PSCs.** In 2018, Zhou
et al. synthesized lead-free all-inorganic Cs,PdBre perovskite
nanocrystals with a narrow band gap (1.69 eV) for the first
time.*® A series of lead-free Te-based double perovskites A,TeXs
(A = MA, FA, or BA; X = Br or I'; MA = CH3NH;; FA =
CH(NH,),; BA = benzylamine) were reported to be potential
materials for optoelectronic devices.’” These Te-based double
perovskites exhibited a tunable band gap, a low trap density,
and a high mobility. Recently, the structural stability and elec-
tronic and optical properties of Te-based double perovskite
materials were investigated by using first-principles calcula-
tions.*® Therefore, the design of new non-/low-toxic stable
halide perovskites for solar cells is inevitable.

In this work, the structural stability, mechanical properties,
electronic and optical properties of double perovskites Cs,-
Te,_,Ti,Is were investigated for the first time. The results show
that Cs,Te, 50Tio.50l6 has excellent stability, suitable direct band
gap, and strong optical absorption, which is a promising
candidate material for optoelectronic device. The mechanical
properties of these materials are discussed in detail, and the
results indicate that they are ductile materials except for
Cs,Teg 50Tig.50l6-

2. Computational details

First-principles calculations were performed by using Vienna ab
initio simulation package (VASP).*® The interaction between the
core and valence electrons was described by the projector-
augmented wave (PAW) method.* The generalized gradient
approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) was
employed to describe the exchange-correlation functional.** A
plane-wave energy cutoff of 500 eV was used. A4 x 4 x 4 k-point
grid was adopted for geometric optimization until the conver-
gence criteria of energy and forces were set to be 107> eV and
0.01 eV A~ respectively. The structures were fully relaxed
without any constraints. A denser 8 x 8 x 8 k-point grid was
employed for electronic and optical properties calculations.
Four k-points X (0.5, 0, 0), R (0.5, 0.5, 0.5), M (0.5, 0.5, 0), and G
(0, 0, 0) were selected for the bandgap calculations. In order to
gain accurate lattice parameters of the studied systems, the van
der Waals (vdW) interactions were adopted within vdW-DFT in
all calculations.*” For Cs,Tilg, considering the underestimation
of the band gap in the standard DFT calculation, we used the
DFT+U method®” to obtain accurate electronic structure.
Various values of U have been tested for Ti 3d orbitals of Cs,Til.
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U = 2 eV was finally chosen for the electronic and optical
calculations for the Cs,Te,_,Ti,ls solid solutions.

3. Results and discussion
3.1 Structure properties

The crystal structures of both Cs,Tels and Cs,Tils belong to the
cubic phase with space group Fm3m.>**° The calculated lattice
constant of Cs,Tel, is 11.66 A, which is in good agreement with
experimental value (11.71 A).>® The corresponding lattice
constant of Cs,Tils is predicted to be 11.38 A, which is much
lower than its experimental value (11.67 A).* The ion radii of
Te*" and Ti*" are 0.97 A and 0.61 A, respectively. Interestingly,
the experimental lattice constants of Cs,Tels and Cs,Tils are
almost the same. It should be noted that the lattice parameter of
Cs,Til, is estimated to be 11.67 A according to the experimental
XRD results. The optimized structures of the Cs,Te; ,Ti,Is solid
solutions are depicted in Fig. 1. x is the concentration of Ti*".
The x values of 0.00, 0.25, 0.50, 0.75, and 1.00 are adopted in
this study. For the species with x = 0.25, 0.50, and 0.75, all the
possible arrangements are considered in this work. The results
show that different structures with the same doping percentage

Til,

Fig. 1 The optimized structures of the Cs,Te;_,Tixlg solid solutions.
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Fig. 2 The lattice constants of the Cs,Te;_,Tixlg solid solutions.
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Fig. 3 Calculated formation energies of the Cs,Te;_,Tiyle solid
solutions.

have the same stability, with calculated energy differences
within less than 2 meV. The lattice constant of Cs,Te;_,Ti,lg
decreases gradually when the concentration of Ti*", as shown in
Fig. 2. Moreover, the bond length Te-I (2.96 A) of Cs,Tels is
larger than the bond length Ti-I (2.76 A) of Cs,Tils.

The tolerance factor (¢) has been widely used to predict the
structural stability of perovskite material. The formula is
defined as follows:**

t= _RatRx 1)

V2(Rs + Rx)
where Ry, Rg, and Ry are the effective ionic radii for A, B, and X,
respectively. In general, the perovskite structure is stable when
the ¢ value is in the range of 0.81-1.11.*° Our calculated values of
t are 0.86 and 0.97 for Cs,Tels and Cs,Tils, respectively. These
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results confirm that the substitution of Ti** for Te" in Cs,Tely is
feasible. To further assess the thermodynamic stability of the
Cs,Te;_,Ti,Ig solid solutions, we have calculated their forma-
tion energies. The formation energy can be obtained according
to the following equation:

AH = AE(Cs>Te; . Tig) — 2AE(CsT) — (1 — x)AE(Tely) —
XAE(Tily) (2)

where E(Cs,Te, ,Ti,lg), E(Csl), E(Tel,), and E(Til,) are the total
energy of Cs,Te; ,Ti,ls, Csl, Tely, and Til,, respectively. The
calculated formation energies of the Cs,Te;_,Ti,Is solid solu-
tions are demonstrated in Fig. 3. Our calculated result shows
that the AH value of MAPDI; is 0.01 eV per f.u., which is in good
agreement with the previous reported data.** These results
indicate that MAPDI; is marginally stable. It can be seen that all
the compounds exhibit good stability with larger negative AH
values compared to MAPbI;. Moreover, it is observed that the
structural stability of Cs,Te, ,Ti,Is decreases gradually with the
increasing concentration of Ti'". In addition, the phonon
spectrum of the mixed-metal double perovskites are also
studied. As shown in Fig. 4, it can be seen that none of the
imaginary phonon mode exists for Cs,Teg 75Tig25l¢ and Cs,-
Tey.5Ti0.7516, Which indicate that they are kinetically stable.
Interestingly, Cs,Teq50Tio50ls has very small imaginary
frequencies. According to the previous study,*” all small imag-
inary frequencies will disappear when it is at room temperature.
Therefore, Cs,Te, 50Tig.50l6 is considered to be a stable structure
at room temperature.

3.2 Mechanical properties

To predict the mechanical stability of double perovskite Cs,-
Te,_,Ti,ls, the corresponding elastic constants were calculated
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Table 1 The calculated elastic constants Cj (GPa), bulk modulus B
(GPa), shear modulus G (GPa), Young's modulus (E), Pugh's ratio (B/G),
and Poisson's ratio v of CsyTeq_, TixXg

Cll C12 C44 B G E B/G v

Cs,Telg
Cs,Teg 75Tig 2516
Cs,Tey.50Tio.50l6
Cs,Teq 25Tip 7516
Cs,Tilg

19.14
20.20
17.51
19.14
17.85

10.24
9.80
8.39

11.08

10.29

8.78
9.86
9.98
10.27
10.70

13.21
13.27
11.43
13.77
12.81

6.68
7.63
7.29
7.06
7.05

17.16
19.20
18.03
18.08
17.88

1.98
1.74
1.57
1.95
1.82

0.28
0.26
0.24
0.28
0.27

using the finite strain theory.*® For cubic structure, the Born
stability criteria is given as follows:*®

Ciy — C1p >0, Gy +2C> 120, Cay > 0 (3)

The calculated results of three independent elastic constants
are listed in Table 1. All the compounds satisfy the above Born
stability criteria, indicating that they are mechanical stable. The
bulk modulus (B) and shear modulus (G) can be obtained by
using Hill approximations.” The Young's modulus (E) and
Poisson ratio (v) can be calculated from the values of bulk
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modulus and shear modulus by applying the following
formula:**

E=9BGI(3B + G), v = (3B — 2G)/(6B + 2G) 4)

In order to investigate the ductility and brittleness of the
studied double perovskites, we calculated the Pugh's and Pois-
son ratios. The Pughs's ratio is the ratio between bulk modulus
and shear modulus (B/G), which is proposed by Pugh.*> The
material is considered as ductile when the value of Pugh's ratio
is larger than 1.75, otherwise it is brittle. The Poisson's ratio can
also be used to separate the ductile materials from brittle
materials. The ductile materials have the Poisson's ratio greater
than 0.26, and it is smaller than 0.26 for brittle materials.>
From Table 1, it can be seen that Cs,Te, 50Tig.50l¢ is a brittle
material, while other four compounds are ductile materials. It
should be noted that the Poisson's ratio values of the studied
double perovskites are close to the required lowest limit. The
smaller the value of Young's modulus, the better flexibility of
a material. The results show that Young's modulus of Cs,Telg is
the smallest among the five structures, which indicates that it is
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Fig.5 Calculated band structures of double perovskites along the X—R—-M-G—-R path for (a) Cs,Telg, (b) Cs,Teg 75Tig 2sle. () CsaTeq s0Tio s0ls, (d)
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Fig. 6 Experimental and theoretical band gap trends with different
methods of CsyTeq_,Tiyle.

the most flexible. Moreover, it is beneficial to form high quality
film for ductile materials.

3.3 Electronic properties

The band structures calculated along high symmetry directions
in the Brillouin zone are shown in Fig. 5. Cs,Tels has an indirect
band gap between G and R point, and a direct band gap at R
point. The indirect and direct band gaps of Cs,Tel are 1.12 and
1.48 eV, respectively. The previous reported band gap of Cs,Tel,
is about 1.5 eV,*** and the recent experimentally observed
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optical gap is 1.59 eV.” The band gap of Cs,Tils with the PBE
method is 0.75 eV, which is lower than its experimental value
(1.02 eV).* Therefore, the DFT+U method is employed to obtain
accurate band gap of Cs,Tils. The result shows that Cs,Tilg
possesses a direct band gap with 0.98 eV at the G point, which is
in good agreement with its experimental value.* The Spin-orbit
coupling (SOC) effect on the electronic structures of Te- and Ti-
based perovskites is small.***” It is observed that Cs,Teg 50
Tig.50l6 is a direct band gap semiconductor with the value of
1.09 eV, while Cs,Te, ;5Tig25l6 is an indirect band gap semi-
conductor. The direct band gap of Cs,Te( 5Tig 756 is 1.05 €V.
The trend in band gap is displayed in Fig. 6. The band gap of
Cs,Telg reduces gradually when the ratio of Ti** increases. The
band gaps of the two calculations with PBE and PBE+U show the
same tendency. The variation in band gap is only 0.11 eV when
the concentration of Ti** changes from 0.50 to 1.00. It should be
noted that the direct band gap of Cs,Tel, is close to the exper-
imental value. The direct band gap of Cs,Te, 75Tig 2516 i 1.31 €V,
which is a potential candidate for single-junction solar cells
according to the Shockley-Queisser theory.>® An indirect-to-
direct band gap transition can be observed when the doping
content of Ti** increases from 0.25 to 0.50. Moreover, the direct
band gap is significantly reduced by 0.22 eV. It can be seen that
the band gaps of the Cs,Te; ,Ti,Is solid solutions are appar-
ently underestimated at the PBE method, as shown in Fig. 6.
Fig. 7 shows the calculated density of states of the Cs,-
Te,_,Tiyl¢ solid solutions. For Cs,Tels, the valence band
maximum (VBM) is mainly contributed by the I-p orbitals, while
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Fig. 8 The optical spectra of the Cs,Te;_,Tilg solid solutions.

the conduction band minimum (CBM) is dominated by the Te-p
orbitals along with the I-p orbitals. For Cs,Tils, the VBM is
mainly composed of the I-p orbitals, whereas the CBM is
composed of the Ti-d orbitals. The similar situation is observed
for the mixed Te-Ti double perovskites with respect to Cs,Tils.
It can be seen that Cs' does not contribute to the band edge
states.

3.4 Optical properties

The calculated optical absorption spectrum is given in Fig. 8.
Cs,Tels shows a large absorption coefficient in the visible light
region. The absorption coefficient of Cs,Tils is over 10> cm™*
in the whole region, but it is lower than that of Cs,Tels in the
range of 300-700 nm. For Cs,Tils, two strong absorption peaks
are located at about 450 and 800 nm, respectively. The optical
absorption ability gradually increases when the proportion of
Ti*" decreases. In general, the Cs,Te; ,Tils solid solutions
have strong and wide optical absorption in the visible spectrum.
Cs,Tep 50Tl 50l is the most promising candidate due to its
superior stability, suitable direct band gap, and strong optical
absorption.

4. Conclusions

In summary, the structural, mechanical, electronic and optical
properties for the Cs,Te,_,TiIs solid solutions have been
investigated by using first-principles calculations for the first
time. The calculated results show that Cs,Telg is an indirect
band gap semiconductor, while Cs,Tils is a direct band gap
semiconductor with the value of 0.98 eV. These compounds
show good structural stability compared to CH;NH;PbI;. An
indirect-direct band gap transition can be observed when the
doping concentration of Ti*" is 0.50. Cs,Teqs0Tigs0lg has
a suitable direct band gap (1.09 eV), which is considered as
a promising photovoltaic material for single-junction solar
cells. Further analysis reveals that all the structures are ductile
materials except for Cs,Teg 50Tig 50l6. MOreover, these materials
have large optical absorption coefficients in the visible light
region. We expect that this study can provide insights into

This journal is © The Royal Society of Chemistry 2020
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developing the stable, non-toxic, and high-efficiency perovskite
materials for optoelectronic devices.
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