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ABSTRACT: We use high-throughput density functional theory calculations to screen
lead-free perovskite-like materials with compositions A,BB'X;, ABX,, and A;B,X, for
optoelectronic performance. We screen monovalent A and B’ cations from Na, K, Rb, Cs
Cu, and Ag, trivalent B cations from Ga, In, and Sb, and monovalent anions from CI, Br, Cl
and I. Our screening procedure is based on formation energy and hybrid HSE06
functional predicted bandgaps. We screened more than 480 compounds and found 10
compounds that have bandgaps in the 1.5-2.5 eV range. Of these 10 compounds, seven In Sb I
are new, not having been reported before. We further characterize effective masses,
density of states, and absorption coefficients of these selected compounds for their

Ga Br

suitability in optoelectronic applications. All 10 of these selected compounds are lead-
free and are solution processable. These compounds pave a path forward for lead-free photovoltaics and light emission devices.

B INTRODUCTION

Halide perovskites have attracted attention in recent years for
their application in solar cells"” and light-emitting devices.”"*
The power conversion efficiency of perovskite-based solar cells
is now becoming comparable to that of silicon photovoltaics.”
Perovskites with bandgaps spanning near-infrared to visible
wavelengths have been utilized in efficient light-emitting diodes
and lasers.” Unfortunately, most of these high-performance
perovskite materials are based on metals such as lead that are
subject to environmental regulations.”*

Researchers have implemented a partial or full substitution of
lead metal with tin or germanium in the perovskite structure.
These modified materials, however, have resulted in inferior
device performance due to the unstable +2 oxidation state of tin
and germanium.”"® Earlier predictions of new perovskite
materials were based on the simple Goldschmidt tolerance
factor to determine the stability of structure.'' Recently, Travis
et al."”” showed that the Goldschmidt tolerance factor fails to
predict the stability of 32 known inorganic iodide perovskites.
Filip and Giustino'> and Korbel et al.'* performed high-
throughput ab initio calculations on hypothetical three-
dimensional halide perovskites (ABX;) obtained by substitution
of lead with other divalent cations from the periodic table. The
authors considered hundreds of material combinations and
concluded that only Pb, Sn, and Ge based perovskite show
promising properties for optoelectronic applications.

Attempts have also been made to find perovskite-like
structures via double perovskites, wherein two neighboring
divalent lead cations are replaced by monovalent and trivalent
ones.">'° Many other sister materials (such as Cs;Bi,l,"”
AgBi,I,'® and Rb,Sb,l,'") are already synthesized and have
shown promising photovoltaic power conversion efficiencies.
These sister perovskite structures offer a broader search space
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and have only been partially explored for visible bandgap
applications.

In this work, we use density functional theory (DFT) to
conduct high-throughput screening of perovskite-like structures
for their potential performance in photovoltaic and light-
emitting devices. We considered four different structure types
and more than 480 different materials. We screened the
materials based on their stability and bandgaps from HSE06
functional calculations. We identify multiple halide-based
materials that can be solution processed and have bandgaps
in the visible range.

B COMPUTATIONAL DETAILS

We employ a Perdew—Burke—Ernzerhof generalized gradient
approximation (GGA) exchange-correlation functional”’ using
the projected augmented wave pseudopotentials®"** as
implemented in the computational package VASP*’ for all of
our DFT calculations. Calculations are performed with plane-
wave basis using a kinetic energy cutoff of 400 eV. For
structural relaxation and formation energy calculations, the
electronic wavevector grid is determined individually for each
structure as 30/a, where a is the length of the lattice vector (in
A) in the concerned direction.” The grid size is doubled for the
calculation of bandgaps from DFT and HSEO06 functional
calculations.”* For HSE06 Hartree—Fock/DFT hybrid func-
tional calculations, we evaluate the Hartree—Fock contribution
at the Gamma point only by setting the NKRED flag in the
VASP INCAR file. We also performed HSEO06 calculations with
a denser wavevector grid for the final list of materials and found
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no change in the electronic bandgap. We relaxed all structures
until the changes in total energies are less than 0.1 meV/atom.

While HSE06 functional results in better agreement with
experiments, compared to GGA, it still does not fully describe
the many-body effects. These effects can be included using GW
or BSE calculations but are not considered in this work due to
their high computational cost.

We note that spin—orbit interactions are not included in this
work. Among studied materials, these interactions can be
significant in Sb compounds.'®*® We calculated the effect of
spin—orbit coupling on our screened compounds and found
changes in the GGA-predicted bandgaps to be less than 11%
with the inclusion of spin—orbit interactions.

All the predictions are made using 0 K DFT relaxed
structures and do not account for lattice expansion and
temperature-induced phase changes due to high computational
cost of entropic corrections. Such entropic corrections,
however, are relatively small. Dispersion corrections are not
included in this study as we focus on inorganic cations only.
While van der Waals interactions could have significant effects
on structural properties,” the effect is expected to be minimal
for inorganic compounds considered in this work.

We calculated the density of states and absorption spectrum
using HSEO6 hybrid functional. For band structure and effective
masses, we used GGA DFT calculations. All of the reported
effective masses are conductivity effective masses”” obtained as
m* = 3/(1/m¥ + 1/m¥ + 1/m¥), where m¥, m¥, and m¥ are
effective masses in the (001), (010), and (100) directions,
respectively.

B SCREENING PROCEDURE

We present our screening procedure for identifying new
materials in Figure S1. For a given structure type, we start by
generating lattice structure and decorating lattice positions with
anions and cations from the list of allowed species. We also
generate a set of possible precursors, which a given material
could decompose into, for the estimation of material stability.
We calculate the electronic energies of the material and the
precursors and use them to obtain the formation energy of the
material relative to its precursors according to FE = E_ i —
ZEPrecursors, where E, i and Epecyrsors are the DFT predicted
total energies of material and solid precursors. We note that
even though this calculation of formation energy could result in
false positives, it reliably eliminates all the negatives (ie.,
unstable materials).

Having identified the subset of potentially stable materials,
we calculate the bandgaps using a GGA functional and
eliminate materials with gaps larger than 2.5 eV. Since GGA
functional underpredicts the actual experimental bandgaps,”®
we next perform HSEO6 functional calculations on selected
materials and screen whether they have a direct bandgap in a
range between 1.5 and 2.5 eV. Upon successful identification of
potentially stable materials with bandgaps in the desired regime,
we further calculate their effective masses, density of states, and
absorption coeflicients.

B STRUCTURES

We start our search with literature investigation on solution
processable materials. We find (nonexhaustive list) perovskite,
double-perovskite,” vacancy-ordered double perovskite,” -
GaBr,-type structures,”” and two-dimensional perovskite (and
its polymorph)®" as potential lattice families. Of these, the

perovskite family had been investigated in detail by Filip and
Giustino'® and Korbel et al."* using high-throughput
calculations. Further, most of the literature reported com-
pounds from vacancy-ordered double perovskite family are
based on Sn metal,*”** which, similar to lead, has environ-
mental concerns.”®> Therefore, we restricted our search to
double perovskite, f-GaBr,-type structures, and two-dimen-
sional perovskite (and its polymorph) families.

The crystal structures of considered material families are
presented in Figures la—d. These structures are discussed
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Figure 1. Different perovskite-like structures considered in this study
with space groups (a) 87 (I4/m), (b) 161 (R3c), (c) 164 (P3m1), and
(d) 194 (P6y/mmc). Structures (a), (c), and (d) are commonly
referred as double, 2-D layered, and 0-D dimer perovskite, respectively.
Structures (c) and (d) are polymorphs.

elsewhere.””*"** These families belong to space groups 87 (I4/
m), 161 (R3c), 164 (P3ml), and 194 (P6;/mmc) and have
general chemical formulas A,BB'X,, ABX,, A;B,X,, and A;B,X,
respectively, where A and B’ are monovalent cations, B is
trivalent cation, and X is monovalent anion. Note that structure
types (c) and (d) are polymorphs and structures (a), (c), and
(d) are commonly referred to as double, 2-D layered, and 0-D
dimer perovskites, respectively.

We considered 20, 36, 14, and 28 atom unit cells for
structures (a), (b), (c), and (d), respectively, and restricted our
search to pure phase materials only. Each of these structure
types is composed of monovalent (A*, B'*) and trivalent (B**)
cations and monovalent anions (X7). We performed
prescreening of ions on the basis of toxicity, solution
processability, and feasibility of their large scale use in
photovoltaic devices. Further, we restricted ourselves to
inorganic ions.

A quick scan of stable favorable oxidation states of elements
in the periodic table suggests alkali and coinage metals for
monovalent cations. Of these, Au is expensive metal and is
screened out. For trivalent cations, we restricted our search to
p-block cations. From the possible list of AI**, Ga**, In**, TI*",
As’*, Sb**, and Bi®** cations, we removed TI** and As** because
of their toxicity. For anions, we focused on halides due of their
solution processability. Finally, we remove small ions such as
AP* and F~ from our list. We also removed Bi** because of
additional computational cost associated with the spin—orbit
coupling. The final list of cations and anions is presented in
Figure 2. We select atoms from a list of 6 monovalent cations, 3
trivalent cations, and 3 monovalent anions.
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Figure 2. Periodic table with different monovalent cations, trivalent
cations, and monovalent anions considered in this work.

B RESULTS AND DISCUSSION

The above-described four crystal structures, along with all
possible combinations of atoms, result in more than 480 total
pure phase materials (formation energies and bandgaps of all of
these compounds are reported in Table S1). Of these, around
3/4 are not stable and decompose into one or more precursors.
Among the remaining materials, GGA band structure
calculations eliminate around half of the materials with
bandgaps larger than 2.5 eV. Finally, out of the remaining 65
compounds, hybrid HSE06 functional calculations predict 10
compounds to have direct bandgaps in the range of 1.5-2.5 eV
(listed in Table 1).” We note that we found no material with
bandgap less than 1.5 eV. We found 30 materials which have
GGA-predicted bandgaps less than 2.5 eV and HSEO06-
predicted direct bandgap in the 2.5-3.5 €V range (see
Supporting Information).

We find that with the exception of one compound, all copper
based compounds resulted in a positive formation energy. For
Cu;Ga,Cl, with space group 194 (P6;/mmc), even though the
formation energy is negative, its predicted bandgap from
HSEO06 is 3.98 eV.

We find that all of the compounds reported in Table 1 have
bandgaps at the I'-point (center) of the Brillouin zone. The
smallest predicted bandgap is 1.72 eV for Cs;Ga,ly. We find five
compounds with bandgaps between 2.0 and 2.2 eV and four
compounds with bandgaps between 2.3 and 2.5 eV. We note
that while some of these compounds (such as Rb;Sb,l,"" and
Cs;Sb,1,°") have been studied before, most of these (such as
Cs;In,ly and Cs;Ga,ly) have never been reported.

Our predicted bandgap for Cs,AgInCls is 242 eV from
HSEOQ6 calculations and is in close agreement with the recent
prediction (2.1-2.6 V) of Volonakis et al.'® For Cs;Sb,], in

space groups 164 (P3ml) and 194 (P6;/mmc), our predicted
bandgaps are 2.13 eV (direct) and 2.53 eV (indirect) and match
closely with the predictions of Saparov et al.*' (2.05 eV direct
and 2.40 eV indirect).

For Rb,AgInCly and Cs,AgInCl, predicted bandgaps are in
the 2.40—2.45 eV range. These bandgaps could be reduced by
replacement of Cl with Br or I. However, we find pure phase
Rb,AgInl,, Rb,AgInBr,, Cs,Aglnls, and Cs,AgInBrs to be
unstable and to decompose into binary precursors. The
bandgaps could potentially be reduced by partial replacement
of Cl with Br and I in mixed phases,** not considered here.

We also calculate conductivity effective masses for these
compounds and report the numbers in Table 1. All compounds
are predicted to have effective masses larger than 0.45 and 0.27
for holes and electrons, respectively. These effective masses are
larger than those in methylammonium lead iodide perovskite
(MAPbL;) and silicon [(mjf, m¥*) equals (0.29, 0.23) and (0.16,
0.19) for MAPbL,* and Si,*” respectively].

We next looked into the possibility of replacing inorganic A
cation with organic monovalent cations such as methyl-
ammonium (MA) and formamidinium (FA) without altering
the electronic bandgap. For this we calculate the site-projected
density of states and present the results for one compound
from each space group in Figure 3 (total density of states for all
compounds are reported in Figure S2).

We find that both B’ and X atoms contribute toward the
valence band maximum (VBM) in Rb,AgInCl,. In the
remaining three space group compounds, the VBM states are
dominated by X atoms. For all space groups, the conduction
band minimum (CBM) includes the contribution from both B
and X atoms. Interestingly, the contribution of A atoms toward
VBM and CBM is minimal in all compounds and practically
does not affect the bandgap (Table 1). Larger organic A cations
could potentially provide an additional degree of freedom for
tuning the bandgap through changes in the cage bond angles,
accommodating for the cation size.’

We also calculated the energy-dependent dielectric constants
and present the results for one compound from each space
group type in Figure 4 (see Figure S3 for dielectric functions of

all screened compounds). We report y/€,> + €,> — €, (which

is directly related to the absorption coefficient of a material),
where €, and ¢; are real and imaginary parts of the energy-
dependent dielectric constant obtained under the independent

Table 1. Potentially Stable Compounds with Bandgaps in the 1.5—-2.5 eV Range”

compound space group formation energy (meV/atom)
Rb,AgInCl, 87 (14/m) -7
Cs,AgInCly 87 (14/m) -9
RbSbI, 161 (R3¢) -5
CsSbl, 161 (R3c) -19
K;Sb,I, 164 (P3m1) —4
Rb;Sb,1, 164 (P3m1) —42
Cs;Sb, 1, 164 (P3m1) -79
Rb;In,], 194 (P6;/mmc) —42
Cs;In, g 194 (P6;/mmc) =75
Cs;Gayly 194 (P6,/mmc) —24

EgDFT (eV) E?SEO(’ (eV) mit/m, m¥/m,
0.89 2.40 0.45° 0.27
0.93 2.42 0.50° 0.28
1.75 2.34 1.36 0.59
1.77 2.34 145 0.62
1.45 2.04 0.60 0.27
1.49 207 0.64 0.28
1.55 2.13 0.79 0.30
1.07 2.05 0.88 0.56
115 212 0.86 0.64
0.77 1.72 0.94" 0.66

“The stability of compounds is characterized by its formation energy with respect to binary precursors. E** and E?SE% represent bandgaps from
DFT and HSEO06 hybrid functional calculations. The conductivity effective masses for holes and electrons (m3, m¥*) are normalized by free electron

g/

mass (m,) and are obtained from plain DFT band structures (see Figure S4 for band structures). bWe did not include nondispersive band in the

calculation of conductivity effective mass for this compound.
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Figure 3. Site-projected density of states for Rb,AgInCls, RbSbI,,
K;Sb, 1Ly, and Rb;In, I, obtained from HSEQ6 calculations. The minimal
contribution of A cation toward the valence band maximum and
conduction band minimum suggests a possibility of replacing the
inorganic cation with an organic cation without significant changes in
the electronic bandstructure. Energies are shifted to have Fermi level at
0 eV for all compounds.
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Figure 4. Energy-dependent dielectric functions of Rb,AgInCly,
RbSbI,, K;Sb,ly, and Rb;In,l, obtained from HSEO6 calculations. €,
and €; represents real and imaginary parts of the energy dependent
dielectric constant.

particle approximation without considering local field effects™
from HSEQ6 calculations.®

We find that due to a sparse density of conduction band edge
states, the absorption coeflicients are small in Rb,AgInCl and
Rb;In,l;. The absorption coefficients are highest for K;Sb,I,
thereby suggesting stronger absorption in K;Sb,l, among
considered compounds.

B CONCLUSIONS

In summary, we used DFT calculations to screen materials from
space groups 87 (I4/m), 161 (R3c), 164 (P3m1), and 194
(P65/mmc) for visible bandgap applications. We screen
materials on the basis of their stability and hybrid HSE06
functional predicted bandgaps.

We find 10 compounds which satisfy our screening criteria.
The smallest bandgap in the visible range among studied
compounds is predicted for Cs;Ga,l, (bandgap of 1.72 eV). We

also present effective masses, density of states, and absorption
coefficients for these screened compounds.

Our prediction of stable new materials with 1.5-2.5 eV
bandgaps will help in advancing new materials research for
optoelectronic devices. Efforts are currently in place to study
bismuth structures and organic cation based and alloyed
structures derived from the best structures obtained in this
work.
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B ADDITIONAL NOTES

“This correspond to wavevector grids of sizes S X 5 X 3,2 X 2
X 2,4 X4 X3, and 4 X 4 X 2 for space groups 87, 161, 164,
and 194 with 20, 36, 14, and 28 atoms, respectively.

Some of these compounds are found to have a slightly smaller
indirect bandgap (Eféndir - Egir < 0.03, 0.09, 0.03, and 0.00 eV for
space groups 87, 161, 164, and 194) but are treated as direct in
this study.

“We find that €, and ¢; are direction dependent for some
compounds, and we report only one direction for such
compounds.
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