Downloaded via SHANDONG UNIV on April 13,2020 at 11:57:58 (UTC)
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

PHYSICAI, CHEMISTRY

& Cite This: J. Phys. Chem. C 2018, 122, 7670-7675 pubs.acs.org/JPCC

First-Principles Screening of All-Inorganic Lead-Free ABX;
Perovskites
Xin Mao,”* Lei Sun,” Tao Wu,'® Tianshu Chu,’ Weigiao Deng,*’i_ and Keli Han*™®

"State Key Laboratory of Molecular Reaction Dynamics, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian
116023, People’s Republic of China
iUniversity of the Chinese Academy of Sciences, Beijing 100039, People’s Republic of China

SInstitute of Molecular Sciences and Engineering, Shandong University, Qingdao 266000, People’s Republic of China

© Supporting Information

lead free

ABSTRACT: In order to address an all-inorganic halide lead-free perovskite for potential
photovoltaic applications, we carried out first-principles calculations of bandgaps of 260 all-

inorganic halide perovskites belonging to the class ABX;, with A = Li, Na, K, Rb, Cs, B = pandga

tolerance
factor

Pb, Sn, and Ge, and X = F, Cl, Br, L. Three most common crystal symmetries were chosen,  odanedral cubic-RbSnCl,
including cubic, tetragonal, and two orthorhombic phases. The bandgap exhibited increase gabitty
with the decreasing of the anions radius (I, Br, Cl, F) and lowering the symmetry of the cubic-KSnCl,

structures. With consideration of multiple factors forming perovskites, we reported three ‘E
all-inorganic lead-free halides perovskites including cubic-KSnCl;, cubic-RbSnCl;, and

trigonal-NaGeBr; as candidates with desirable bandgap (1.24—1.44 eV) for photovoltaic = trigonal-NaGeBr,
applications.

In the past few years, halide perovskites ABX; have received a 1) with different crystal phases were investigated by first-
revival of interest as potential photovoltaic materials due to rincivle calculations with the method DEFT-GLLB-SC in
the easily fabricated techniques and outstanding optoelectronic princip
properties, such as high absorption coeflicient, proper bandgap, )
balanced electron and hole mobility, and low intrinsic o
09:60.
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recombination rates.'”” Although the power conversion
Tetragonal:P,

(a) (b

efficiency of perovskite solar cells has leapt from 3.8% to
exciting values, e.g, 22.1% for formamidinium lead iodide
(FAPbL,),"""" there are still some issues limiting their
commercialization. The key concerns are the inherent toxicity
of lead element and instability of organic—inorganic halide CubicP 5,
perovskites under humidity conditions due to the loose
chemical bonding of the related organic cations."” ™" It is ©) (@)
clear that future energy scenario demands nontoxic and stable 00 % %0
perovskite materials, e.g, all-inorganic lead-free perovskites. ° %00
Both Sn(II) and Ge(II) from the same group of periodic table
with Pb(II) are considered to be primary candidates replacing o o
the lead due to their similar electronic properties. However, the oo °
present efficiency of Sn-based, Ge-based all-inorganic perov-
skite solar cell is low, e.g., 0.2% for CsGel;, 3.31% for CsSnl;, 00 %% 90
and far from desirable values.””™** Hence seeking new all-
inorganic lead-free perovskite is still on the way.

In this aspect, computational simulation is used as a feasible

simom

Orthorhombic,:P,

Orthorhombic,:P, .

and low-cost approach for materials screening. In particular, the ° A O s o X

method DFT-GLLB-SC has been recently tested against the

many-body perturbation method based on Green’s functional Figure 1. Crystal structures ABX studied in this work: (a) cubic; (b)
and experiments for perovskite materials and shown to give tetragonal; (c, d) the two orthorhombic. A cations contain Li*, Na®,

K, Rb*, and Cs". B cations are composed of Ge**, Sn**, and Pb**. And

reasonable bandgaps at a minimal cost.”>7*® Herein we focused ~o 8D, and s
I, Br7, CI7, F~ are used as the X anions.

on the bandgap factor with the consideration of structural
stability for high-throughput screening of Sn-based, Ge-based
all-inorganic perovskites for photovoltaic application. The Received: March 13, 2018
bandgaps of 260 all-inorganic halide perovskites ABXj (Figure Published: March 20, 2018
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consideration of spin—orbital coupling (SOC). Among them, A
represents one of cesium (Cs*), lithium (Li*), sodium (Na*),
potassium (K*), and rubidium (Rb*) ; B represents one of tin
(Sn**), germanium (Ge*"), and lead (Pb**), and fluorine (F~),
chlorine (CI7), bromine (Br~), iodine (I7) are used as anions
X;¥". We selected the three most common symmetries,
including cubic, tetragonal, and two orthorhombic phases.”’
Furthermore, the AGeX; with the trigonal symmetry is also in
consideration.”*

First, to verify the bandgap calculation accuracy of the
method used in this work, the bandgaps of a set of selected
halide perovskites where the crystal structure is well
determined, e.g, CsPbCl; and CH3;NH;Gel;, are calculated
and shown in Table 1. Compared to the general Kohn—Sham

Table 1. Bandgap Comparison between Calculated (E,) and
Experimental Gaps (E;XP ) of Selected Halide Perovskites (in
eV)”

compound phase Eg® E, EgK,fP A Asoc
CsPbCl, tetragonal ~ 2.86°  2.84 289 107 112
CsGel, trigonal 163 156 119 050 013
CH,NH,Pbl;  cubic 152 156 182 075 101
CH;NH,Gel; trigonal 200" 183 137 058 0.3
CsGeBr, trigonal 232°' 227 167 065  0.05

“Kohn—Sham bandgap EgKaSP, exchange—correlation energy A, and
spin-orbit coupling Agoc are also listed.

bandgap, the calculated bandgap shows better agreement with
those of experiments, in particular for cubic CH;NH;PbI;,
indicating good reliability of the method used in this work.

B EACH COLORED SQUARE CORRESPONDS TO A
DIFFERENT COMPOSITION AND PHASE

The calculated bandgaps of 240 all-inorganic halide perovskites
with symmetries containing cubic, tetragonal, and two
orthorhombic phases are shown in Figure 2. The bandgaps
span over a range from around 0.5 to around 7.0 eV. It is
notable that the bandgaps of selected perovskites increase when
X part changes from I, Br, Cl to F (from left to right for each
ABX; with the same symmetry). The bandgaps also increase
with the lowering the symmetry of the structure (from the
bottom to the top of the plot for each A-ion). Generally, the
color becomes brighter from ASnX; to AGeX; to APbX; in
each row, which indicates the trend in bandgap is ASnX; <
AGeX; < APbX; with the same symmetry. Different from the
previous work, there is no obvious rule on effect of A cations in
the same crystal phase.”” To further reveal the factors
controlling the bandgap trends, density of states (DOS) and
partial density of states (PDOS) based on variable control
approach were carried out.

First, to study the effect of B cations on bandgap trend, DOS
and PDOS of three cubic perovskites, CsGeBr;, CsSnBr;, and
CsPbBr; were calculated and shown in Figure 3. It is obvious
that Cs does not contribute to the basic electronic structures.

Sn

Ge bandgap(eV)

Ortho2
A
— Orthot
5 0
Tetra
Cubic
Ortho2
A
1) Orthot
4
Tetra
Cubic
y Ortho2
Orthot
X
Tetra
Cubic
Ortho2
A
& Orthot
Tetra
Cubic
Ortho2
Orthot
7]
(8]
Tetra
Cubic

Br Cl

7

Figure 2. Calculated bandgaps (eV) of perovskite structures in this work. Corresponding A cations are listed on the left, while different B cations are
listed on top by each column, and X anions are listed below. Corresponding to each A cation, from bottom to top, the crystal symmetry is reduced.

The optimization of orthorhombic;-LiSnl; does not converge.
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Figure 3. Density of states (DOS) and partial density of states (PDOS) using DFT-PBE calculations: (a) cubic-CsGeBr;, (b) cubic-CsSnBr;, (c)

cubic-CsPbBr;.
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Figure 4. (a—c) Density of states and partial density of states of Cubic-CsPbl, tetragonal-CsPbl;, and ortho;-CsPbl;. (d, e) VBM and CBM-

associated charge density maps on the (001) plane for the cubic-CsPbl,, Ter-CsPbl; and ortho,-CsPbl;(from left to right).

The valence band maximum (VBM) is derived from the p

orbitals of Br and s orbitals of B, and their overlapping indicates
the significant hybridization. The p orbitals of B and a bit of p
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orbitals of Br constitute the conduction band minimum
(CBM). The trend of difference value between VBM and
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Figure S. Crystal structure trigonal-AGeXj studied in this work: (a) unit cell; (b) top view of the unit cell. (c) The bandgap is shown with different
colors (in eV). The left shows the A cation, while the bottom shows the X anions.

CBM for cubic-CsGeBr;, CsSnBr;, and CsPbBrj is consistent
with the change of calculated bandgaps.

Then, to reveal the relationship between crystal symmetries
and bandgaps, DOS, PDOS and CBM, VBM associated with
charge density maps on the (001) plane of CsPbl; with three
different symmetries, cubic, tetragonal, and orthorhombic, are
calculated and shown in Figure 4. The orthorhombic, structure
is not in consideration because the face-sharing octahedral
owns too large bandgap which is not suitable for photovoltaic
application. As show in Figure 4a—d, the VBM consists of s
orbital of Pb and p orbital of I. When symmetry changes from
cubic to orthorhombic,, the angle @ of Pb—I—Pb varies from
180° to 153°. For the orthorhombic; CsPbl; with 0 = 153°, the
I atom is not at the center of the two neighboring Pb atoms,
reducing the in-plane antibonding orbital overlap of Pb 6s—I Sp
which attributes to the lower energy in VBM. Furthermore, the
distortions of the lattice significantly decrease the contribution
of Px and Py to the CBM as shown in Figure 4e, leading to
small increase of energy of CBM. Similar results have also been
reported by Yan et al.”

Given that the stable crystal symmetry of Ge-perovskite is
trigonal at room temperature, additional 20 Ge-based perov-
skites were in consideration.”* The Ge ion is too small, not at
the center of the unit cell, leading to distortion of the lattice as
shown in Figure S. The bandgap trend is accordance with the
results of 240 perovskites as discussed above.

The spin—orbit coupling (SOC) also plays an important role
on the bandgap. As shown in Table S1 in Supporting
Information, the Asoc increases with the increasement of the
symmetry of the structure and the mass of the B cations. In
addition, from I anions to F anions, the Asoc gradually
decreases.

The effective mass of the carriers is an important index of the
transport property of photovoltaic materials. B cations, X
anions, and the symmetries of perovskite structure play an
important role in determining the effective mass of the carriers.
Tian™ and her co-workers point out that the effective mass for
electrons and holes perovskites (ABX;) with the same part A
and part B becomes smaller from CsSnCl; (0.28:0.09), CsSnBr;
(0.22:0.06) to CsSnl; (0.17:0.04) and from CsPbF,
(0.45:0.26), CsPbCl, (0.28:0.18) to CsPbBr, (0.22:0.14).
And the effective masses for holes of Sn perovskites are
smaller than those of Ge and Pb perovskites, resulting in the
higher hole mobility of Sn perovskites. Liu et al.** find the

effective mass of electrons and holes increase with the lowering
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of the symmetry of the structure from tetragonal CH;NH;Pbl;
to orthorhombic CH;NH,PbI,.

According to the Shockley—Queisser (S-Q) detailed-balance
model, the optimum semiconductor band gap for high
photovoltaic energy conversion efficiency is 1.34 eV.>> Herein
we set the bandgap range 1.24 eV < E, < 1.44 eV as selection
criteria. On the basis of Goldschmidt’s rule, the ionic radius of
A, B, and X need to meet the condition of the tolerance factor:
0.8 < t < 1. The radiuses of the A, B cations and X anions are
presented in Table S2. And the octahedral factor (1) given by
Rg/Rx should be within the range from 0.414 to 0.732 for
perovskite formation."> Taking the factors including bandgaps,
octahedral, and the tolerance factors into account, we selected
three candidates, cubic KSnCl;, cubic RbSnCl;, and trigonal
NaGeBr; from the lead-free perovskites as shown in Table 2.

Table 2. Summary of the Related Parameters Including
Phase Group, Bandgap, Tolerance Factor (t), Octahedral
Factor (), and Formation Energy of the Selected Lead-Free
Perovskites

phase bandgap formation energy
candidate group (eVv t u (eV/atom)
KSnCl;, cubic 1.37 0.83 0.51 0.010
(direct)
RbSnCl, cubic 143 0.86 0.51 —0.037
(direct)
NaGeBr;  trigonal  1.33 078 037 0.142
(direct)

Furthermore, to discuss the stability of these candidates, their
formation energies are calculated, and all of them meet the
criterion AE < 0.2 eV/atom which is adopted in the previous
work.*® The tolerance and octahedral factors of trigonal
NaGeBr; are 0.78 and 0.37, respectively, approaching the
limit values. For cubic KSnCl; and RbSnCl,, their tolerance and
octahedral factors fulfill the screening criteria. The calculated
bandgap of cubic-RbSnCl; is close to Sabine’s work,”” which
further proves the reasonableness of the method used in this
work. To the best of our knowledge, the predicted three
candidates, cubic KSnCl;, cubic RbSnCls, and trigonal NaGeBr;
have not been synthesized experimentally up to now and more
work needs to be done.

In summary, we performed DFT-GLLB-SC calculations on
260 all-inorganic halide inorganic perovskites with different
crystal phases to investigate their bandgaps for selecting
candidates for applications in photovoltaic field. With the
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combination of DOS and charge maps, the factors correspond-
ing to the bandgap change are revealed. Both B-cations and
crystal symmetry play an important role in determining the
bandgap. The Ge-based halide perovskite was studied with the
method DFT-GLLB-SC for the first time. Three unexplored all-
inorganic lead-free halide perovskites cubic-KSnCl;, cubic-
RbSnCl;, and trigonal-NaGeBr; have been screened out as
candidate materials for photovoltaic applications.

B COMPUTATIONAL METHODS

In this study, all structure optimizations are calculated by the
generalized gradient approximation (GGA) with density
functional theory (DFT) implemented in the Vienna ab initio
simulation package (VASP).***The interaction between
electron and ion is described by the projector-augmented
wave method (PAW),*” while the Perdew—Burke—Ernzerhof
(PBE)* functional is applied to describe the electron exchange
correlation. The cutoff energy is 400 eV, and the convergence
threshold for self-consistent field (SCF) is 10™* eV, while the
atomic positions were fully optimized until all components of
the residual forces were smaller than 0.02e V/A. The
Monkhorst—Pack k point sampling used in our calculation is
7 X 7 X 7 for cubic and 7 X 7 X 7 for tetragonal, 11 X 7 X 11
for orthorhpmbic;, and 8 X 5 X 20 for orthorhpmbic,. We use
the GLLB-SC model potential method implemented in GPAW
code™ ™ to predict the bandgaps of all the optimized
perovskite structures. The GLLB-SC functional by Gritsenko,
van Leeuwen, van Lenthe, and Baerends (GLLB),** adapted by
Kuisma et al.** to include the PBEsol correlation for solids
(-SC) has been tested with other computational methods
(mainly of GoW,) and experiment values and shown to give
reasonable results at a low cost.”>™>® In this method, excess
exchange—correlation energy (A,.) is considered based on
Kohn—Sham bandgap to obtain the quasiparticle bandgap
which includes two parts: Kohn—Sham bandgap Eg,spand
exchange—correlation energy A,. Besides, for accurate
description of bandgaps, spin—orbit coupling (SOC) calcu-
lations are also considered in our calculation as Agoc which can
be obtained from the VASP calculation.

KS
E., + Axc - Asoc

By = Bgyp
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