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t screening of hybrid quaternary
halide perovskites for optoelectronics

Kesong Yang, *ab Yuheng Lia and Jingning Zhanga

Despite their high efficiency and low manufacturing costs, halide perovskite solar cells suffer from poor

stability and lead toxicity, which inhibit their practical use on a large scale. To overcome these

challenges, the development of stable and environmentally benign quaternary halide perovskites is

a promising solution. Current efforts are mostly focused on inorganic halide double perovskites and are

limited to the cubic phase structure. Here we show a high-throughput screening of lead-free hybrid

quaternary halide compounds for potential photovoltaic and light-emitting applications. Based on four

different structural templates of inorganic quaternary halide compounds, including but not limited to the

traditional cubic double perovskite structure, we have built a comprehensive quantum materials

repository containing more than 5000 hypothetical hybrid quaternary compounds using large-scale ab

initio electronic structure calculation. By using automated decomposition enthalpy calculations and

other related material descriptors, we have identified eight candidates as promising light absorbers and

two candidates as light emitters. All these candidates exhibit robust material stability and desired

optoelectronic properties and can be classified into two different crystal systems including the traditional

cubic double perovskite phase and the tetragonal phase. This work demonstrates the necessity of

considering all the possible quaternary prototype structures in the high-throughput computational

materials design.
1 Introduction

Hybrid organic–inorganic halide perovskites have emerged as
one class of most promising light-harvesting materials for next-
generation solar cells because of their exceptional properties
such as an appropriate band gap, high absorption coefficient,
long carrier diffusion length, and high carrier mobility.1–3 In
spite of their high efficiency, the large-scale practical applica-
tions of halide perovskite solar cells are hindered by two major
challenges including poor stability and lead toxicity.4–15 To
overcome these challenges, novel hybrid materials are being
developed with properties that can be superior to or comparable
to those of lead halide perovskites. One strategy is to explore
hybrid ternary halide compounds including but not limited to
traditional perovskite structures. For example, Sn-based
organic–inorganic hybrid halide perovskite MASnI3 (MA =

CH3NH3) has been studied for its possible solar-cell
applications.4,7–9 Large-scale computational screening studies
were also carried out to search for alternative lead-free hybrid
ternary halide compounds.10,16,17 In our prior work, based on 24
prototype structures including perovskite and non-perovskite
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structures, we have identied 13 candidates as solar absorbers
and 23 candidates as light emitters out of more than 4500
hypothetical hybrid compounds.10 It is worth mentioning that
non-perovskite structures tend to have larger unit cells and
lower symmetry compared to perovskite structures.18 This
inherent low structural dimensionality results in a higher
exciton binding energy, even in the absence of organic spacer
molecules,19 which inhibits the separation of photoinduced
electron–hole pairs in the solar cells.

Another strategy is to explore the quaternary double perov-
skite structure. However, most prior experimental studies
focused on the preparation and characterization of inorganic
double perovskites Cs2AgBiX6 (X= Cl or Br).20–24 The rst hybrid
double perovskite, (MA)2KBiCl6, was successfully synthesized in
2016, and shows similar materials properties to the hybrid
perovskite (MA)PbCl3.25 Soon aer, halide double perovskite
(MA)2TlBiBr6 (ref. 26) and (MA)2AgBiBr6 (ref. 27) were experi-
mentally synthesized and characterized with a band gap of
about 2.0 eV for both. In comparison with the rapid experi-
mental progress, theoretical and computational studies of
hybrid halide double perovskites lag behind. This is mainly due
to the complex computational challenges imposed by organic
molecules.28 As a consequence, most prior computational
studies were limited to the electronic properties of inorganic
double perovskites29,30 while few were on hybrid double perov-
skites.26,31 Early computational studies concentrated on
J. Mater. Chem. A, 2023, 11, 6465–6473 | 6465
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a limited number of inorganic halide double perovskites con-
taining key elements such as Cu/Ag and Ga/In.29,30 Asta's team
conducted large-scale rst-principles calculations for over 1000
inorganic halide double perovskites in 2019 and identied 11
compounds containing In+ or Tl+ elements as promising solar
absorbers.32 Until very recently, Ni et al. reported a high-
throughput screening of hybrid halide double perovskites and
identied three Ag-based candidates for solar cells.31

In spite of these encouraging computational efforts, they
have all been limited to the cubic double perovskite structure,
whereas quaternary halides can have multiple phases. For
example, recent work showed that quaternary perovskite oxides
have four different phase structures by excluding the layered
perovskite structure.33 Accordingly, one may speculate that
candidate materials for promising optoelectronic applications
could be missing from prior high-throughput computational
studies. In addition, a recent study showed that the use of large
organic cations could stabilize A2InBiBr6 double perovskites,28

which further highlights the important role of organic cations
in halide double perovskites. So far, there have been no high-
throughput screening studies on the complete set of quater-
nary halide perovskites. Therefore, it is highly worthwhile to
explore all the possible quaternary halide compounds beyond
the regular cubic double perovskite for searching of alternatives
to lead halide perovskites.

In this work, we have carried out a high-throughput
computational screening of hybrid quaternary halide
compounds for potential optoelectronic applications based on
four different structural templates of inorganic quaternary
halide compounds using large-scale ab initio electronic struc-
ture calculations and automated analysis of material parame-
ters. Eight candidates as solar absorbers and two candidates as
light emitters were identied out of more than 5000 hypothet-
ical hybrid compounds. All these candidates can be categorized
into two different crystal systems including the traditional cubic
double perovskite phase and tetragonal phase, respectively.
This work highlights the importance of quaternary halide
compounds as an excellent platform for conducting energy
materials research beyond photovoltaic solar cells.

2 Methods

The high-throughput calculations were carried out using the
automatic framework AFLOW34 based on the Vienna Ab initio
Simulation Package.35 The projector augmented wave poten-
tials36 and generalized gradient approximation (GGA) of the
exchange–correlation functional parameterized by Perdew–
Burke–Ernzerhof (PBE)37 were used in ab initio density func-
tional theory (DFT) calculations. Structures were fully relaxed
with a convergence tolerance of 0.01 meV per atom and an
automatic k-point grid with a separation of 0.05 Å−1 for each
structure. A denser k-point grid with a separation of 0.05 Å−1

was used for the static calculations to produce accurate charge
density and density of states. The AFLOW code manages other
computational settings such as cut-off energy and generates
appropriate entries for structural relaxation, static calculations,
and electronic band structure calculations sequentially and
6466 | J. Mater. Chem. A, 2023, 11, 6465–6473
automatically.34,38 For the selected nal candidate materials,
van der Waals (vdW) functional DFT-D3 was used to obtain the
accurate equilibrium lattice parameters39 and hybrid DFT
calculations with 25% Hartree–Fock exchange using the Heyd–
Scuseria–Ernzerhof (HSE) formulation were carried out to
predict band gaps.40
3 Results and discussion
3.1 High-throughput ab initio calculations

As the rst step, a quantum materials repository that contains
hybrid quaternary halide compounds was built using high-
throughput ab initio calculations. To do this, we identied all
the possible prototype structures based on the inorganic double
halide perovskite with a formula of Cs2BCX6 (X= F, Cl, Br, and I)
from the online quantum materials databases AFLOWLIB.38 The
Cs-contained compounds were selected because the Cs cation
has a large ionic radius similar to those of organic cations like
MA and hybrid compounds are likely to be formed by
substituting Cs cations with organic cations. For example, the
prototypical inorganic double halide perovskite A2BC

′X6, such as
Cs2BiAgCl6, crystallizes in a face-centered-cubic lattice, with
a space group of Fm�3m (no. 225).20 The hybrid double halide
perovskite can be described as a conventional cell of inorganic
double perovskite A2BC

′X6, in which the A-site cation is replaced
with an organic cation (MA)+. A total number of 4 unique
prototype structures with the formula of Cs2BCX6 were identi-
ed, and see their illustrations of crystal structures in Fig. 1.
Their complete structural information, including the space
group, ICSD number, and Pearson symbol, is listed in Table 1.
These prototype structures can be denoted using a unique
Pearson symbol. For example, the prototypical double perovskite
Cs2AgAuCl6 with a space group of Fm�3m and an ICSD number
24516 is denoted with its Pearson symbol of cF40. The other
three prototype structures hR20, hP10, and tI20 have rhombo-
hedral, hexagonal, and tetragonal crystal systems, respectively.

There are two types of formulae for the hybrid quaternary
halide perovskites: (MA)2B

+C3+X6 and (MA)2B
2+C2+X6 (X = F, Cl,

Br, and I), in which B could be a +1 or +2 cation, and C could be
a +3 or +2 cation, respectively. The selection of the B and C
cations is based on their most common oxidation states. Here,
we generated all the possible hybrid quaternary halide
compounds by considering all possible element combinations
of B and C cations and X anions. A total number of about 5060
hypothetical compounds were obtained for high-throughput ab
initio electronic structure calculations.
3.2 High-throughput screening

There are several common material descriptors for high-
throughput screening of optoelectronic materials for photo-
voltaic and light-emitting applications. These descriptors
include thermodynamic stability, band gap, electron (hole)
effective masses, etc.10 Next, we discussed the high-throughput
screening process based on these material descriptors.

3.2.1 Decomposition enthalpy (DHd). The desired
compounds with the required properties must be stable and
This journal is © The Royal Society of Chemistry 2023
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Table 1 Structural properties of the quaternary halide compounds A2BCX6 used to extract prototype structures. Original inorganic compound,
space group, ICSD number, and Pearson symbol. All the prototype structures are available in the AFLOWLIB and/or Materials Project

B/C elements Stoichiometry Compounds Space group ICSD number Pearson symbol

B1+/C3+; B2+/C2+ 2 : 1 : 1 : 6 Cs2AgAuCl6 Fm�3m, #225 24 516 cF40
Cs2LiInCl6 R�3m, #166 65 735 hR20
Cs2LiGaF6 P�3m1, #164 202 hP10
Cs2AgAuCl6 I4/mmm, #139 26 162 tI20

Fig. 1 Prototype structure of hybrid quaternary halide compounds (MA)2BC
′X6. MA = CH3NH3, B = B+ or B2+, C = C3+ or C2+, and X = F−, Cl−,

Br−, and I−. )2AgAuCl6.
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synthesizable. As the rst step of the high-throughput screening
process, we assessed the thermodynamic stability of all the
compounds in the materials repository by analyzing their
decomposition enthalpies (DHd). By taking the decomposition
pathway A2BCX6 / AX + BX2 + ACX3 as one example, the
decomposition energy was calculated using the equation: DHd

= E(AX) + E(BX2) + E(ACX3) − E(A2BCX6), in which E(AX), E(BX2),
E(ACX3), and E(A2BCX6) are the ground-state total energies per
unit formula for the compounds AX, BX2, ACX3, and A2BCX6,
respectively.

Table 2 summarizes 31 possible decomposition pathways for
the quaternary halide compound A2BCX6 by considering all the
possible valence states of B/C cations and their competing
phases (single-element, binary, and ternary compounds). Note
that the decomposition pathway of the compound into
component element phases corresponds to the denition of
formation enthalpy, which were calculated to ensure the
integrity of high-throughput ab initio calculations before the
screening process. Accordingly, such a decomposition pathway
was not included in the table. The thermodynamic data of these
competing phases were collected from our prior computational
This journal is © The Royal Society of Chemistry 2023
work on ternary hybrid halide compounds.10 An in-house so-
ware routine was developed to automatically analyze all the
possible decomposition pathways and calculate DHd in a high-
throughput fashion. To ensure the stability of compounds
against their decomposition into competing phases, DHd

should be positive for all the possible decomposition pathways.
In other words, the lowest DHd selected from all the possible
decomposition pathways should be larger than zero. In this
step, 784 candidates out of a total number of 5060 compounds
were selected by using the initial screening criterion of DHd > 0,
which reduces the number of candidate materials by 85%. This
indicates that automated decomposition enthalpy calculations
are one effective strategy to screen candidate hybrid quaternary
halide materials and should be prioritized in the high-
throughput materials screening process. This is because such
enthalpy calculations only require accurate static total energy
calculations for relaxed structures instead of time-consuming
electronic band structure calculations that usually involve
hundreds of k-points along the high-symmetry paths in recip-
rocal space, particularly for quaternary halide materials that
usually have large unit cells.
J. Mater. Chem. A, 2023, 11, 6465–6473 | 6467
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Table 2 Summary of possible decomposition pathways used to
calculate the decomposition enthalpy (per formula unit) for the
quaternary halide A2BCX6 compounds

No. Pathway

1 AX + BX2 + ACX3 − A2BCX6

2 AX + CX2 + ABX3 − A2BCX6

3 AX + ABX2 + CX3 − A2BCX6

4 AX + ACX2 + BX3 − A2BCX6

5 2 × AX + BX + CX3 − A2BCX6

6 2 × AX + CX + BX3 − A2BCX6

7 2 × AX + BX2 + CX2 − A2BCX6

8 BX2 + A2CX4 − A2BCX6

9 A2BX4 + CX2 − A2BCX6

10 CX3 + A2BX3 − A2BCX6

11 BX3 + A2CX3 − A2BCX6

12 (AX + 2 × BX + A3C2X9 − 2 × A2BCX6)/2
13 (AX + 2 × CX + A3B2X9 − 2 × A2BCX6)/2
14 (3 × AX + 2 × CX2 + AB2X5 − 2 × A2BCX6)/2
15 (3 × AX + 2 × BX2 + AC2X5 − 2 × A2BCX6)/2
16 (BX + ABX2 + A3C2X9 − 2 × A2BCX6)/2
17 (CX + ACX2 + A3B2X9 − 2 × A2BCX6)/2
18 (4 × AX + 3 × BX2 + A2C3X8 − 3 × A2BCX6)/3
19 (4 × AX + A2B3X8 + 3 × CX2 − 3 × A2BCX6)/3
20 (6 × AX + 3 × BX3 + CX3 + 2 × C − 3 × A2BCX6)/3
21 (6 × AX + 3 × CX3 + BX3 + 2 × B − 3 × A2BCX6)/3
22 (3 × AX + 3 × CX + 2 × BX3 + A3BX6 − 3 × A2BCX6)/3
23 (3 × AX + 3 × BX + 2 × CX3 + A3CX6 − 3 × A2BCX6)/3
24 (3 × BX + A2BX3 + 2 × A3C2X9 − 4 × A2BCX6)/4
25 (3 × CX + A2CX3 + 2 × A3B2X9 − 4 × A2BCX6)/4
26 (3 × A3B2X9 + 4 × C + A3C2X9 − 6 × A2BCX6)/6
27 (3 × A3C2X9 + 4 × B + A3B2X9 − 6 × A2BCX6)/6
28 (9 × AX + A3C2X9 + 6 × BX3 + 4 × C − 6 × A2BCX6)/6
29 (9 × AX + A3B2X9 + 6 × CX3 + 4 × B − 6 × A2BCX6)/6
30 (3 × A3B2X9 + 3 × AX + 2 × CX3 + 4 × C − 6 × A2BCX6)/6
31 (3 × A3C2X9 + 3 × AX + 2 × BX3 + 4 × B − 6 × A2BCX6)/6
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3.2.2 Band gap (Eg). A light-absorbing material for solar
cells can have either a direct band gap or an indirect band gap.
In general, the band gap energy should be in the range from 0.8
to 2.2 eV, which is selected according to the relationship
between the Shockley–Queisser efficiency limit and band gap
energy.41 For visible-light emitting applications, the band gap of
candidate materials is generally in the range of 1.65–3.0 eV,
which partially overlaps with that of photovoltaic materials. To
search for promising materials for a broad spectrum of opto-
electronic applications, all the candidate materials with band
gaps in the range of 0.8–3.0 eV should be considered. In addi-
tion, it is well known that standard DFT calculations generally
underestimate the band gap (EGGAg ) of semiconductors and
insulators by 30–40%.42,43 Therefore, we could narrow the search
space of candidate materials by dening the band-gap range of
0.5 < EGGAg < 2.3 eV, which returns us 239 entries out of 784
compounds by reducing the search space of the candidate
materials by 70%. As shown later, more accurate band gaps
(EHSE

g ) of the selected nal candidates will be calculated using
a hybrid functional.

3.2.3 Electron and hole effective masses (m*
e and m*

h). A key
factor determining the photovoltaic efficiency of a solar cell is
an efficient charge-carrier separation in the light absorber,
6468 | J. Mater. Chem. A, 2023, 11, 6465–6473
which requires fast charge transport.3 The transport of charge
carriers in a semiconductor is closely related to the carrier
mobility me (mh) that can be linked to the electron (and hole)
effective mass m*

e ðm*
hÞ by using the equation: me ¼ ehsi=m*

e

ðmh ¼ ehsi=m*
hÞ, in which e is the fundamental charge and hsi is

the average scattering time, and m*
e ðm*

hÞ is the electron (hole)
effective mass.44 Consequently, the smaller the electron (hole)
effective mass is, the higher the electron (hole) mobility is, and
the faster the carrier transport is. Hence, the electron effective
mass ðm*

eÞ and hole effective mass ðm*
hÞ can be used as another

group of material descriptors. m*
e is directly related to the

curvature of the bottom conduction bands near the conduction
band minimum (CBM) and m*

h the curvature of the top valence
bands near the valence band maximum (VBM) of a solid-state
material. It is worth mentioning that, in spite of the underes-
timation of the band gaps from standard DFT-GGA calculations,
the shape of electronic band structures at the GGA level is rather
reliable and resembles the experimental result well.45 This
conclusion enables us to use m*

e and m*
h directly produced from

standard DFT-GGA calculations as new materials descriptors,
and more details can be found from our prior work.10 In this
work, we set a common upper limit of 1.5 m0 as the screening
criterion, i.e., m*

e # 1:50 m0 and m*
h # 1:5 m0, where m0 is the

free electron rest mass. This screening process narrows down
the number of candidate compounds to 94 from 239 entries.

3.2.4 Compounds with toxic B-site and C-site elements
including Hg, Cd, Pb, and Tl were removed. In addition, Sn(Ge)-
based quaternary halide perovskites were also excluded from
our nal list since they can be considered as the derivatives of
well-studied Sn(Ge)-based ternary compounds. This step further
reduces the number of candidate compounds to 54 entries. As
the hybrid counterpart of the well-studied inorganic double
perovskites Cs2AgBiBr6,23,46 experimentally synthesized hybrid
double perovskites (MA)2AgBiBr6 and (MA)2AgBiI6 were also
excluded from our nal list.27,47

3.2.5 Formation enthalpy difference (DHdiff
f ). As shown in

Fig. 1, one stoichiometry of the quaternary halide double
perovskite has four types of phases, suggesting that there might
exist competing phases for the given composition. To select the
most synthesizable compounds, here we dene DHdiff

f as the
calculated formation enthalpy difference between each phase
and its energetically most favorable competing phase of the
same composition. If DHdiff

f is less than room-temperature
thermal energy (about 26 meV), then the two phases were
considered as synthesizable; otherwise, the phase with the
lower formation enthalpy is selected. This screening process
returns a total number of 27 entries.

3.2.6 Room-temperature structural integrity. To ensure
room-temperature structural stability of candidate materials,
we further carried out ab initio molecular dynamics (AIMD)
calculations at 300 K. The entire molecular dynamics simula-
tion lasted 5 ps with a time step of 1 fs using the Nosé–Hoover
method. Fig. 2 shows the calculated total energy as a function of
AIMD simulation time for two selected candidate compounds
(MA)2AgAuI6 and (MA)2GaCeI6. During the simulation period of
5 ps, if the total energy of a candidate compound oscillates
within a fairly narrow energy range and the selected geometrical
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Total energy during 5 ps ab initio molecular dynamics (AIMD)
simulations at 300 K for two selected candidate materials: (a) (MA)2-
AgAuI6 and (b) (MA)2GaCeI6.
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structures at 2, 3, and 4 ps all exhibit an ordered crystalline
phase, then it means that the room-temperature structural
integrity can be maintained and the candidate materials are
stable. Otherwise, the candidate materials will be eliminated
from the nal list.

The above screening procedure is summarized in Fig. 3,
which leads to a total number of 10 candidate compounds for
potential optoelectronic applications. To correct the under-
estimated band gaps from the standard DFT calculations, we
further carried out hybrid functional theory calculations for
Fig. 3 Schematic illustration of the high-throughput screening flowcha
from the four types of prototype A2BCX6 structures using various combi
decomposition enthalpy calculations were performed to screen stable
hybrid compounds over more than 30 possible decomposition pathwa
electron (hole) effective masses were evaluated in a high-throughput fas
containing toxic elements and Sn(Ge) elements and the compounds tha

This journal is © The Royal Society of Chemistry 2023
these 10 candidate compounds within the HSE formalism,40

which can yield reliable band gaps close to experimental
values.48 Based on the corrected band gaps, 8 candidate
compounds with corrected band gaps in the range between 0.9
and 1.6 eV are proposed for promising photovoltaic applica-
tions and 2 candidate compounds with corrected band gaps
larger than 2.5 eV, i.e., (MA)2GaCeI6 and (MA)2GaNdI6, are
proposed for light-emitting applications; see their relaxed
structure les on GitHub.49
3.3 Discussion

In this section, we discuss the crystal structure, composition,
and electronic structures of the selected compounds. The
calculated properties of all 10 candidate compounds are
summarized in Table 3. They are classied into three categories
based on their composition and lattice type, including Ag-, Cu-,
and Ga(In)-based compounds. Fig. 4a–d and a′–d′ show the
calculated electronic band structure and partial density of states
(PDOS) of the four representative candidates, (MA)2AgAuI6,
(MA)2CuAuI6, (MA)2InBiBr6, and (MA)2GaCeI6, respectively.
Note that the incorporation of the organic MA cation can cause
the structural distortion of the lattice, and the lattice symmetry
could be downgraded as orthorhombic from the original face-
centered cubic (cF40) and tetragonal (tI20) lattice. Hence, a k-
path generated from a simple orthorhombic lattice (ORC) was
used in our electronic band structure calculations.50

(MA)2AgAuI6, representative of the cF40 candidates con-
taining Ag+ and Au3+ cations, has an indirect band gap of
1.13 eV with the VBM at G (or X) and the CBM at the R point, see
Fig. 4a. The calculated PDOS shows that the conduction band
rt. A total number of about 5060 virtual compounds were generated
nations of (B+, C3+) and (B2+, C2+) and organic MA cations. Automated
compounds via a rapid query of energetic data of binary and ternary
ys. Electronic properties including the electronic band structure and
hion. The final candidates were selected by excluding the compounds
t cannot maintain structural integrity at room temperature.

J. Mater. Chem. A, 2023, 11, 6465–6473 | 6469
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Table 3 Properties of the selected hybrid quaternary halide materials: compound, Pearson symbol of the prototype structures, equilibrium
lattice parameters, calculated band gaps (in eV) fromGGA-PBE (EGGAg ) and HSE (EHSEg ) approaches, band-gap type [direct (D) or indirect (I)], k-path
from the VBM to the CBM, and electron (hole) effective massm*

e ðm*
hÞ near the CBM (VBM) (inm0). If a VBM is between two k-points such as G and

Z, then the VBM is labeled (G, Z), and decomposition enthalpy (DHd in eV per f.u.). * indicates that the Cs-based inorganic counterparts of the
predicted hybrid materials have been experimentally synthesized

Compound Pearson symbol

Lattice parameters

EGGAg EHSE
g

Band-gap
type

kVBM /
kCBM m*

e m*
h DHda b c

(MA)2AgAuF6 tI20 6.153 6.182 10.105 0.69 1.38 (I) (G,Y)–Y 0.38 0.42 0.33
(MA)2AgAuCl6* cF40 10.192 11.544 10.818 0.78 1.41 (I) (Z,U)–U 0.18 0.31 0.53
(MA)2AgAuBr6* cF40 10.774 11.897 11.175 0.63 1.19 (I) (Z,U)–U 0.18 0.45 0.55
(MA)2AgAuI6 cF40 12.306 11.658 11.989 0.65 1.13 (I) G–R 0.21 0.40 0.49
(MA)2CuAuCl6 tI20 7.230 7.279 11.762 0.52 0.93 (I) (G,Y)–X 0.16 0.14 0.12
(MA)2CuAuBr6 tI20 7.566 7.639 12.003 0.50 0.92 (I) (G,Y)–X 0.14 0.12 0.15
(MA)2CuAuI6 tI20 8.152 8.211 12.480 0.64 1.07 (I) (G,Y)–X 0.18 0.14 0.74
(MA)2InBiBr6 cF40 11.816 11.766 11.788 0.74 1.13 (D) G–G 0.66 0.10 0.13
(MA)2GaCeI6 cF40 12.509 12.469 12.493 2.13 2.75 (I) R–G 0.72 0.31 0.65
(MA)2GaNdI6 cF40 12.455 12.412 12.411 2.22 2.92 (I) R–G 0.72 0.32 0.62
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(CB) mainly consists of I 5p orbitals and a small portion of Au 5d
orbitals while Ag 4d orbitals nearly have no contribution to the
CB, suggesting oxidation states of Ag+ and Au3+ (Fig. 4a′). In
contrast, the valence band (VB) is mainly contributed by I 5p
orbitals. The I 5p and Au 5d orbital contributions lead to
dispersive bands near the VBM and CBM, yielding smallm*

h and
m*

e. Other predicted materials in the same category include
(MA)2AgAuBr6, (MA)2AgAuCl6, and (MA)2AgAuF6. Interestingly,
a very recent computational screening study of lead-free hybrid
halide double perovskites also predicted that the compounds
(MA)2AgAuBr6 and (MA)2AgAuCl6 are promising for perovskite
solar cells.31 An earlier computational study by Nakajima et al.
Fig. 4 Calculated electronic band structure and partial density of state
(MA)2AgAuI6, (b) (MA)2CuAuI6, (c) (MA)2InBiBr6, and (d) (MA)2GaCeI6. The

6470 | J. Mater. Chem. A, 2023, 11, 6465–6473
predicted candidate hybrid double halide perovskites (MA)2-
AgAuBr6 and (FA)2AgAuI6.51 However, it is worth noting that the
compound (MA)2AgAuF6 exhibits a ground-state tI20 lattice
structure rather than the cF40 structure, unlike the other three
Ag-based cF40 compounds. This may explain why these prior
computational studies did not report (MA)2AgAuF6. Although
the experimental synthesis of the hybrid materials based on the
inorganic counterparts of this category of compounds has not
been reported yet, the pure inorganic compounds Cs2AgAuCl6
and Cs2AgAuBr6 have been synthesized in prior experiments.52,53

(MA)2CuAuI6, one example of tI20 candidates containing Cu+

and Au3+ cations, shows an indirect-like band gap of 1.07 eV
s (PDOS) with HSE06 correction for the representative candidates: (a)
Fermi level is indicated by the straight line at 0.

This journal is © The Royal Society of Chemistry 2023
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with the VBM at the reciprocal point between G and Y and the
CBM at the X point (Fig. 4b). However, a direct electron excita-
tion at the U point is expected to be dominant due to the
extremely small difference between the VBM and the highest
occupied energy level at the U point as well as the CBM and the
lowest unoccupied energy level at the U point. From this
perspective, this class of compounds can also be considered as
direct. Similar to the case of Ag-based cF40 compounds, the
calculated PDOS shows that Cu exists as a Cu+ cation and Au
exists as an Au3+ cation (Fig. 4b′), and the I 5p and Au 5d orbitals
are responsible for the low m*

h and m*
e. A prior computational

study reported the discovery of (MA)2CuAuBr6 and (MA)2CuAuI6
in a cubic double perovskite structure (i.e., cF40 structure) as
candidate photovoltaic materials.51 However, our calculations
show that their tI20 structure in a tetragonal phase is energet-
ically more favorable than their cubic phase by around 161 and
241 meV per formula unit, respectively, which awaits further
experimental verication.

(MA)2InBiBr6, belonging to cF40 structure like Ag-based
compounds, has a direct band gap of 1.13 eV with the VBM
and CBM at the G point, as shown in Fig. 4c. The calculated
PDOS of the In cation shows that its 5p orbitals are all unoc-
cupied while 5s orbitals are almost fully occupied (Fig. 4c′),
suggesting that In exists as In+ with an electron conguration of
5s25p0. In contrast, a large portion of Bi 6p orbitals contribute to
the VB of the compound and are thus unoccupied, implying its
Bi3+ oxidation state. Interestingly, note that the VBM is mainly
composed of In 5s orbitals instead of Br 4p orbitals, which
explains why this compound has relatively lowm*

h. Note that the
pure inorganic double perovskite Cs2InBiCl6 has been proposed
to be a promising photovoltaic absorber theoretically mainly
because of its small band gap and small electron and hole
effective masses.30 However, its extremely small decomposition
enthalpy, about 1 meV per atom, implies that this compound is
not thermodynamically stable enough against decomposi-
tion.24,28,54 In fact, Xiao et al. have carried out an attempted solid-
state synthesis of Cs2InBiCl6 but did not nd the desired double
perovskite structure and concluded that In(I)-based double
perovskites are unstable against oxidation to In(III)-based
compounds.54 Nevertheless, Volonakis et al. found that In(I)-
based AInBiX6 double perovskites become progressively more
stable as the A-site cation changes from K to Cs from DFT
calculations.28 On the basis of this trend and extrapolation of
the curve of decomposition enthalpy versus the ionic radius of
the A-site cation, they proposed that the In-based hybrid
perovskite, A2InBiBr6, could be stabilized by using a large
organic MA cation, although the accurate decomposition
enthalpy from DFT calculations was not obtained due to the
great computational challenges imposed by the organic
cations.28 Interestingly, our calculations show that the hybrid
perovskite (MA)2InBiBr6 has a large decomposition enthalpy of
around 130 meV per formula unit, implying robust thermody-
namic stability. Its two similar compounds (MA)2InBiCl6 and
(MA)2InBiI6 were not selected because of the following reasons.
(MA)2InBiCl6 has a negative decomposition enthalpy of −20
meV per formula unit via a spontaneous decomposition into an
In(III)-based compound (MA)3In2Cl9 and other products.
This journal is © The Royal Society of Chemistry 2023
(MA)2InBiI6 cannot maintain its structural integrity due to the
large changes of total energy as indicated by our AIMD calcu-
lations, although it was proposed to be a candidate photovoltaic
absorber in an early study.51

(MA)2GaCeI6, representing the two cF40 candidates contain-
ing rare-earth elements, shows an indirect band gap of 2.75 eV
with the VBM at the R point and the CBM at the G point, see
Fig. 4d. The PDOS shows that Ga 4p orbitals are almost fully
unoccupied while Ga 4s orbitals are fully occupied, indicating
that Ga exists as a Ga+ cation with an electron conguration of
4s24p0, as shown in Fig. 4d′. In contrast, most of the Ce 5d
orbitals are unoccupied, indicating that Ce exists as Ce3+ cations
with an electron conguration of 5d06s0. Moreover, the VBM
consists primarily of Ga 4s orbitals while the CBM mainly
consists of Ce 5d orbitals, resulting in low m*

h and m*
e. Similar

electronic properties also appear in the compound (MA)2GaNdI6,
which make them promising candidates as light emitters, thus
being worthy of further experimental validation. It is noted that
several other Ga-based hybrid compounds including (MA)2-
GaBiBr6 (MA)2GaBiI6 have been suggested as candidate light
absorbers because of their ideal bandgaps.51 However, these two
compounds are not selected in our nal list because (MA)2-
GaBiBr6 has a negative decomposition enthalpy of about −55
meV and will be decomposed into (MA)3Ga2Br9 spontaneously
while (MA)2GaBiI6 has a positive decomposition enthalpy but it
cannot maintain room-temperature structural integrity.

4 Summary

In summary, we have demonstrated a successful application of
a high-throughput computational screening approach in the
accelerated discovery of novel hybrid quaternary halide perov-
skites for optoelectronic applications. By using large-scale ab
initio calculations, we have generated a quantum materials
repository containing more than 5000 hypothetical hybrid
materials based on four different structural templates of inor-
ganic quaternary halide compounds. Upon using automated
analysis of decomposition enthalpy and other material
descriptors, we identied eight candidates for photovoltaic
cells, including (MA)2AgAuX6 (X= F, Cl, Br, and I), (MA)2CuAuX6

(X = Cl, Br, and I), and (MA)2InBiBr6, and two candidates for
light-emitting applications including (MA)2GaCeI6 and (MA)2-
GaNdI6. All these candidates were found in the two different
crystal systems. This work shows an effective strategy to search
for novel lead-free hybrid quaternary halide compounds for
optoelectronic applications and it is essential to consider a full
set of quaternary prototype structures in the high-throughput
materials design.
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