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Recently, halide perovskites have attracted a substantial attention. Although the focus was mostly on hybrid
ones with organic polyatomic cations and with inadequate stability, there is a sizable inorganic halide space
that is not well explored and may be more stable than hybrid perovskites. In this work, a robust automated
framework is used to calculate the essential properties of the highly stable phases of 168 inorganic halide
perovskites. The considered space of ABX3z compounds consists of A = Li, Na, K, Rb, Cs, Tl, B = Be, Mg, Ca,
Ge, Sr, Sn, Pb, and X = F, Cl, Br, |. The targeted properties are the structure, the formation energy to assess
stability, and the energy gap for potential applicability. The calculations are carried out using the density
functional theory (DFT) integrated with the precision library of Standard Solid-State Pseudopotentials

Received 10th January 2023 (SSSP) for structure relaxation and PseudoDojo for energy gap calculation. Furthermore, we adopted

Accepted 7th March 2023
a very sufficient and robust random sampling to identify the highly stable phases. The results illustrated

DOI: 10.1039/d3ra001859 that only 118 of the possible 168 compounds are formidable and have reliable results. The remaining 50
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1 Introduction

Arguably, one of the main factors that has led to the current
technological advancement is the ability to produce, engineer,
and deploy materials in almost all aspects of life.'* Any tech-
nological development depends on using a suitable set of
materials within different systems, device concepts, and device
designs. Seemingly, this materials/advancement correlation is
expected to continue and it could be one of the determinant
factors for sustainable future.*® Till recently, experimentally
known materials were the main source for materials selection.
Despite the rich experimental data, there is certainly a limita-
tion in the selection space. However, advances in computational
capabilities and techniques have paved the way for computa-
tional materials discovery as an alternative way to explore and to
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compounds are either not formidable or suffer from computational inconsistencies.

design new materials much beyond the rich experimental
data.>*®

Computational materials discovery (CMD) is currently one of
the main pillars in the modern materials science. This is re-
flected in the large number of immense international CMD
initiatives such as the Materials Genome Initiative (MGI),® the
Novel Materials Discovery (NOMAD),'® Materials Projects,"* and
the Automatic FLOW for Materials Discovery (AFLOW)."> In
general, there are two classes of CMD approaches. The first one
is the forward CMD in which a material space (large or small) is
predefined and then a variety of atomic scale calculation
methods are used to calculate a set of targeted properties.
Finally, the generated data are explored for specific applica-
tions. In the second class, a desired functionality is initially
specified. Then by using some atomistic design keys, the
properties of some starting materials are tuned to provide the
desired functionality. The former approach is the commonly
used one and it is the one adopted in this work.

The targeted material space - in this work - is the inorganic
halide perovskites (IHP). In the past decade, perovskites have
attracted a substantial attention. This is started with the
emergence of methylammonium lead iodide (CH;NH;Pbls)
solar cells. One of the main limitations of these hybrid perov-
skite solar cells is their marginal stability due to many internal
and external factors, including thermal stability. On the other
hand, IHP are known to have high intrinsic thermal stability.
IHP space is reasonably large and it takes the chemical

© 2023 The Author(s). Published by the Royal Society of Chemistry
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composition of ABX;; where A™ is a monovalent cation, B** is
a divalent cation, and X~ is a halide ion (X = F, Cl, Br, I). By
considering the common oxidation states, the materials space
can have 720 possible compounds. This is significantly
extendable to more than 9000 possibilities if non-common
oxidation states are considered. The considered monovalent
and divalent cations - in this work — are A = Li, Na, K, Rb, Cs, Tl
and B = Be, Mg, Ca, Ge, Sr, Sn, Pb. With the four considered
halogens, the resulted materials space has 168 possible mate-
rials. The thorough calculations indicated that only 118 of them
are formidable and have robust and reliable results. The
remaining 50 compounds are either not formidable or suffer
from computational inconsistencies.

CMD search for perovskites is not new as many related high-
throughput calculations based on the density functional theory
(DFT) have been conducted for several applications such as
photovoltaic, transparent contacts, light emitting diode (LED),
water-splitting, piezoelectrics, magnetoelectrics, etc.**'* For
example, for water-splitting applications, 5329 cubic and dis-
torted perovskite metal oxides were screened and 138
compounds were proposed as new candidates for thermo-
chemical water splitting." It is very important to mention that
these new materials were not known experimentally before-
hand. Furthermore, many of these efforts focus on inorganic
halide perovskites; but with different screened spaces and
diverse levels of computational robustness.'*®

In this paper, we present the structures, energy gaps, and
formation energies of highly stable phases (probably the most
stable ones) of 118 inorganic ABX; halides. The properties are
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calculated through an automated framework to determine the
highly stable structures using the density functional theory
(DFT) integrated with the precision library of Standard Solid-
State Pseudopotentials (SSSP)* for structure relaxation and
PseudoDojo for energy gap calculation. To identify the highly
stable phases, we adopted a very sufficient and robust random
sampling.® SSSP library establishes the most suitable pseudo-
potential, cutoff energy, and dual for each element either for
precision or efficiency. In this work, we focused on precision.
On the other hand, PseudoDojo framework provides optimized
norm-conserving pseudopotentials for more accurate energy
gap calculation.

2 Methods

The screening of a subset of ABX; compounds was carried out
starting from the selection of elements till bandgap energy
calculation automatically as depicted in Fig. 1. The considered
elements are A= Li*, Na", K", Rb*, Cs", TI*; B = Be**, Mg>", Ca*",
Ge?", sr*', sn*', Pb®*"; and X = F~, Cl7, Br, I". The materials
space of constituent elements was generated based on their
common oxidation states, which are A", B*' and X". The total
number of generated ABX; compounds is 168. Then, supercells
of ABX; compounds were generated following the recipe
explained in a previous paper® and using an improved estima-
tions for ionic radii.*

In this work, we used plane-wave DFT as implemented in
Quantum Espresso for all the calculations.”” For structural
prediction (Stage 1), the exchange-correlation interactions were
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Fig. 1 Materials screening methodology: (a) building the ABXs compounds space from elements with suitable common oxidation state
elements; (b) using automation workflow to obtain highly stable structures and their corresponding structural and electronic properties; and (c)
adopting random sampling approach for ABXz to identify the highly stable phases.®
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Table 1 The selected kinetic energy cutoffs and their corresponding
duals for structural prediction based on SSSP* precision parameters

Materials E. [Ry] Dual
(Li,Rb,Cs)B(I3) 45 8
(K)B(1,) 60 8
(TDB(15) 70 8
(Li,K,Rb,Cs, T1)B(F;) 90 4
(Li,K,Rb,Cs, TI)B(Brs) 90 8
(Na)B(F3,Br3,I3) 100 4
AB(Cl;) 100 8

Table 2 The selected type of pseudopotentials for structural relaxa-
tion computation based on SSSP*® precision parameters

Pseudopotential type Elements

Projector-augmented K', Pb?*, 1™
wave (PAW)
Ultrasoft (US) Li', Cs*, TI', Mg>*, Ca®*, Ge**,
Sr”, Sn * Cl, Br~

Norm-conserving (NC) Na*, Rb*, Be**, F~

Table 3 The selected kinetic energy cutoffs for bandgap energy
calculation using hybrid functional HSE based on PseudoDojo strin-
gent parameters

Materials Ee, [RY]
(Rb)(Sr)(Cl,) 72
(Rb,Cs)(Ca)(Cl,) 76
(Li)(Ca)(Cl,) 82
(K)(Ca,Sr)(Cls) 86
(Li,K,Rb,Cs)(Ca,Sr)(Brs,I3) 88
(Li,K,Rb,Cs)Ge(Br3,Cl;) 90
Na(Mg,Ca,Ge,Sr)X3, (Li,K,Rb,Cs)(Mg)Xs, 96
(Li,K,Rb,Cs)(Ca,Ge,Sr)(F3)

TI(Mg,Ca,Ge,Sr)X;, A(Pb)X; 100
A(Sn)X, 114
A(Be)X, 118

approximated by the generalized gradient approximation (GGA)
of Perdew, Burke and Ernzerhof (PBE) method.”® The SSSP
library optimized for precision was the source for all the
compounds’ pseudopotentials.'® The used highest kinetic cutoff
energy (E.), corresponding duals, and type of pseudopotentials
are tabulated in Tables 1 and 2. Then AFLOW-SYM* is used to
identify the crystal symmetry and produce the unit cells of ABX;
compounds. The unit cell allows reducing the computational
cost. Then, in Stage 2, these obtained unit cells are further
relaxed to be used later in Stage 3 for bandgap energy
calculations.

Finally, the thermodynamical stability of the predicted
structures were assessed based on their formation energy:

— NpAEAs — NgEg — NxEx
Niot '

Eapx,
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where Afz(ABX;) is the formation energy per atom (eV per atom),
Eagpx, is the total energy in eV, N, Ny and Ny are the number of
A, B and X atomic sites used in calculations, respectively. N is
the total number of used atomic sites. E,, Eg and Ex are the
energy in eV of A, B and X, respectively. The energy of elements
were calculated separately using the same simulation parame-
ters as assigned for each ABX; compounds.

For bandgap energy calculation (Stage 3), the hybrid func-
tional HSE* is used as it is adequately accurate for this purpose
and is known to be more computationally efficient in compar-
ison with GW approximation. The PseudoDojo library*® was
used to conduct bandgap calculation with PBE norm-
conserving (NC) fully-relativistic pseudopotentials and highest
stringent E.p_parameters as shown in Table 3. In Ecp, subscript
corresponds to bandgap calculations and they are different
from those used for the geometry (i.e. E.). The duals are set to
the default value, which is 4. The spin-orbit coupling (SOC) was
activated during the calculation of the bandgap energies. This is
done as the importance of SOC is well established in halide
perovskites.***” However, in a recent interesting work by Das
et al.,”® it was demonstrated that SOC should be used with
caution as it may lead to over-correction. The K points of Stage 2
and Stage 3 are provided in the ESIt for each compound.

The previously reported in-house automated workflow in ref.
6 was further developed to calculate the structural relaxation of
obtained unit cells and bandgap energies using the aforemen-
tioned method. Eventually, structures, bandgap energies,
energy of structures, simulation details, wavefunctions and
charge densities are obtained. These results would be useful for
post-processing and further analysis.

3 Results and discussion

As aforementioned, there are 168 ABX; compounds in the
considered materials space. The used random sampling opti-
mization required a total of 1848 structures calculations (11 per
compound). Only 141 ABX; compounds passed Stage 1, whereas
the other 27 compounds failed either due to divergence issues
or due to an insufficient number of succeeded structural
relaxation samples to draw conclusions about the highly stable
structures. The obtained unit cells are relaxed for further veri-
fication of the symmetry. Furthermore, 23 other compounds
suffer from computational inconsistencies and hence do not
pass Stage 3. Here, only compounds that successfully passed
Stage 3 are reported, which are 118 ABX; compounds.

To verify the obtained results, some of the considered ABX;
compounds are known and hence the corresponding obtained
results are compared with these in literature. Table 4 shows the
calculated and previously reported bandgap and formation
energy for CsCaClz, CsPbCBr3, CsPbl;, CsSnCl;, and CsSnl;. The
agreement is clear. Nonetheless, the verification is certainly not
comprehensive and it is not meant to be. The purpose is to
demonstrate the reliability of the calculations on known mate-
rials (this is why the used 5 ones are Cs based perovskites).

The converged crystal structures and space groups counts
are summarized in Fig. 2 as classified by AFLOW-SYM.* It
suggests that there are 46 triclinic,c 10 monoclinic, 39

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The bandgap energy E4 and formation energy Afg of a small subset of materials

E, [eV] Afi [eV per atom]
Materials This work Other reports This work Other reports
CsCaCl, 6.684 7.08 (ref. 16) —2.325 —2.290 (ref. 16)
CsPbBr; 1.797 1.52-2.00 (ref. 29 and 30) —1.353 —1.323 (ref. 16)
CsPbl, 1.329 1.25 (ref. 31) —1.062 —1.021 (ref. 16)
CsSnCl, 2.660 2.8 (ref. 32 and 33) —1.490 —1.460 (ref. 16)
CsSnl; 1.292 1.27-1.31 (ref. 32-34) —0.989 —0.960 (ref. 16)
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Fig. 2 The converged crystal structures and space groups counts as
classified by AFLOW-SYM.2*

orthorhombic, 1 tetragonal, 11 trigonal and, 11 cubic crystals. It
is very clear that there is a high percentage of highly stable
structures identified as triclinic. As per this classification, the
total number of perovskite structures® is 51 while the remain-
ing ones are non-perovskite (please see the following discus-
sion). However, it should be pointed that such classification
depends highly on the considered demarcations, tolerances,
and convergence criteria. To illustrate this important point, the
effects of the tolerances on CsSnCl; and CsSrF; are analyzed.
For CsSnCl;, the lattice parameters a, b, & ¢ are 11.400, 11.440,
and 11.458 A respectively and the angles «, 3, & y are 89.479°,
89.801°, and 89.912° respectively. Those for CsSrF; are 9.670 A,
9.579 A, 9.581 A, 89.985°, 89.914°, and 90.013° respectively.
According to the default tolerances of AFLOW-SYM, they are
classified as triclinic crystals. When the angle tolerance is set to
0.2°, CsSnCl; would be monoclinic while CsSrF; would be
orthorhombic. If this is even further relaxed to 1°, they would be
both orthorhombic. If one further makes the lattice tolerance to
0.1 A, both would be then cubic. So clearly, the space group
classification is not conclusive and somehow subjective. This is
also applicable to many other compounds in the consider
materials space.

Fig. 3 represents the bandgap energy, space group and
formation energy of the highly stable phases of the formidable

© 2023 The Author(s). Published by the Royal Society of Chemistry

118 compounds which have reliable results (arranged based on
the A sites). The enumerated bandgaps and formation energies
are presented in the ESIf. Furthermore, the full cif files of the
optimized structures are made accessible through https://
github.com/cmd-1/ComputationalMaterialsScreening.

For band gap, it is clear that the gap is mostly affected by the
halogen. Evidently, the gap decreases by going down the
halogen group where the highest gaps are associated with
fluorides and the lowest ones are the iodides. This is expected
and it is attributed to the fact that coulombic interactions,
where distances are crucial and dictating the energy. So, the
bandgap decreases with increasing ionic radius of the halide
ion. This results from the fact these halides dominate the
valence band maximum (VBM). As the ionic radius of the halide
ion becomes larger, the VBM gets elevated to higher values
(smaller ionization energies) resulting in a reduction in the
bandgap.***” On the other hand, the bandgap is not strongly
affected by varying A and B sites within the same group. Similar
trends are observed for formation energy. As the energy
becomes more negative, the stability of the compound
increases. The stability of the compounds increases as we go
from I to F in the X site. Both A and B sites within the same
group have minimal effects on the formation energy.

The resulted number of (Li)BX; compounds is 18 out of 28
possibilities. According to AFLOW-SYM, they all converged to
non-perovskite structures except LiCaF;, which is identified to
be orthorhombic perovskite with space group (Pnma,62). Most
of them have bandgaps above 3 eV while only LiPbBr; and
LiPbl; possess bandgap energies below 3 eV (semiconductor
range). LiCaF; exhibits the highest bandgap of 10.035 eV and
the highest stability with a formation energy of —3.583 eV per
atom. On the other hand, LiPbl; has the lowest bandgap of
2.137 eV and its formation energy of —0.894 eV per atom.

For (Na)BX; compounds, the resulted number of compounds
is 22 out of the 28 possibilities. The majority of their highly
stable phases are identified not to be perovskites except
NaMg(F,Cl,Br); and NaSrF;, which are classified as perovskites
with orthorhombic crystallography and space group (Pnma,62).
As in the case of (Li)BX; compounds, most of (Na)BX;
compounds have bandgaps above 3 eV except NaGel; and
NaPbBr;. The perovskite NaMgF; has the highest bandgap
energy of 9.01 eV and the non-perovskite triagonal NaCaF; is the
most stable compound with formation energy of —3.583 eV per
atom. On the other side, NaGel; has lowest bandgap of 2.685 eV
as well as the least formation energy of —0.737 eV per atom.

RSC Adv, 2023, 13, 9026-9032 | 9029
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Fig. 3 Bandgap energy Eg, space group and formation energy Afg of the highly stable phases of the formidable 118 compounds which have

reliable results.

The third subset of compounds are (K)BX; ones. The resulted
number of compounds is 21, where most of the obtained highly
stable phases are orthorhombic perovskites with space group
(Pnma,62). Again, there are only two compounds that have
bandgap energies below 3 eV. In comparison to other (K)BXj,
KMgF; has the highest bandgap of 9.233 eV whereas KPbl; has
the lowest bandgap of 1.667 eV as well as the least stability with
a formation energy of —1.026 eV per atom. KCaF; is the most
stable compound compared to other K-based compounds with
a formation energy of —3.522 eV per atom.

Similar to (K)BX; compounds, the highly stable phases of
(Rb)BX; compounds converged to perovskite structures and the
majority of them are orthorhombic with space group (Pnma,62).

9030 | RSC Adv, 2023, 13, 9026-9032

The resulted number of compounds is 22. In terms of energy
gap, in this case (and for Cs base coumpounds), there are more
compounds (4 in total) with gaps below 3 eV. RbPbI; has the
lowest bandgap of 1.534 eV and the lowest formation energy of
—1.037 eV per atom. On the other hand, RbMgl; exhibits the
highest energy of 9.213 eV while RbCaF; is the most stable
compound with a formation energy of —3.511 eV per atom.
For (Cs)BX; compounds, the resulted number of compounds
is the highest with 24 out of 28 possibilities. Most of them are
perovskites which are either orthorhombic with space group
(Pnma,62) or cubic with space group (Pm3m - 221). There are six
compounds with a bandgap below 3 eV. CsSnl; has the lowest
bandgap energy of 1.292 eV among all resulted ABX;

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compounds. On the other hand, CsCaF; has the highest
bandgap of 8.994 eV and the highest formation energy of
—3.513 eV per atom.

Finally, for (TI)BX; compounds, the resulted number of
compounds is the lowest, which is only 11. Most of them are
classified as non-perovskite. Also, only one compound (TIGel;)
has a gap below 3 eV. On the other side, TISrF; has the highest
bandgap of 5.657 eV while TICaF; exhibits the highest stability
with formation energy of —3.150 eV per atom.

4 Conclusions

In this paper, a robust automated framework is used to calcu-
late the essential properties of highly stable phases of many
inorganic halide perovskites. The considered space of ABX;
compounds consists of A = Li, Na, K, Rb, Cs, Tl, B = Be, Mg, Ca,
Ge, Sr, Sn, Pb, and X = F, Cl, Br, I. So, the space consists of 168
possible materials. The calculations show that only 118 of them
are formidable and have reliable results. It turned out that the
remaining 50 other compounds are either not formidable or
suffer from computational inconsistencies. The targeted prop-
erties are the structure, the formation energy to assess stability,
and the energy gap for evaluating optoelectronic applicability.
The used automated framework is robust and very reliable. The
core of the work is based on the density functional theory (DFT)
integrated with the precision library of Standard Solid-State
Pseudopotentials (SSSP) for structure relaxation and Pseudo-
Dojo for energy gap calculation. Furthermore, a very sufficient
and robust random sampling is used to determine the highly
stable phases. The work was driven by the fact that halide
perovskites have attracted recently a substantial attention.
However, we believe that the focus on the hybrid halides with
organic polyatomic cations and with inadequate stability might
shadow other possibilities. There is a sizable inorganic halide
space that is not well explored and may be more stable than
hybrid perovskites.
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