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ABSTRACT: Extensive machine-learning-assisted research has
been dedicated to predicting band gaps for perovskites, driven by
their immense potential in photovoltaics. Yet, the effectiveness is
often hampered by the lack of high-quality band gap data sets,
particularly for perovskites involving d orbitals. In this work, we
consistently calculate a large data set of band gaps with a high level
of accuracy, which is rigorously validated by experimental and
state-of-the-art GW band gaps. Leveraging this achievement, our
machine-learning-derived descriptor exhibits exceptional universal-
ity and robustness, proving effectiveness not only for single and
double, halide and oxide perovskites regardless of the underlying
atomic structures but also for hybrid organic—inorganic perov-
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skites. With this approach, we comprehensively explore up to 15,659 materials, unveiling 14 unreported lead-free perovskites with
suitable band gaps for photovoltaics. Notably, MASnBr;, FA,SnGeBr,, MA,AuAuBr,, FA,AuAuBr,, FA;InBiCls, FA;InBiBr,, and
Ba,InBiOg stand out with direct band gaps, small effective masses, low exciton binding energies, and high stabilities.

B INTRODUCTION

Recently, perovskites have received tremendous attention in
multifarious applications due to their high degree of synthetic
tunability.' ~® Their typical ABX; structure with corner-sharing
BX¢ octahedra surrounding the cation A is shown in Figure 1a,
where elements A and B can span the whole periodic table and
X generally corresponds to a halogen or chalcogen element.
The A site can also be occupied with an organic cation such as
formamidinium (FA*) and methylammonium (MA*) to form
hybrid organic—inorganic perovskites (Figure 1b), whereas the
B site could contain two different elements leading to double
perovskites described by the formula A,BB'X, (Figure 1c).
Perovskites can additionally exhibit several structural variations
by going from the highly symmetric cubic phase to geometries
of lower symmetry. Such a vast compositional and configura-
tional variety allows one to tailor the properties of these
materials, thereby making them highly versatile for various
devices, such as photovoltaic solar cells,"” light-emitting
diodes,”” and field-effect transistors.” One key issue required
for developing such devices is achieving control over the band
gap. For example, the Shockley—Queisser limit states that the
power conversion efficiency of a single junction solar cell can
reach 20% when the band gaps of the involved materials fall in
the range 0.7—2.1 eV.” More specifically, when the band gaps
are constrained to the range 0.93—1.61 eV, efliciencies may
reach 30%.° Therefore, the capability of accurately and
efficiently predicting band gaps is an important topic in this
research area of material science.
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Data-driven approaches’™'' offer fast and powerful

predictions for a given property of interest, such as the band
gap. To achieve this, constructing a large and high-quality data
set becomes a crucial step. Experimental approaches to obtain
band gaps are generally bound by several time-consuming and
expensive procedures. Furthermore, method inconsistencies
when collecting data from different sources often lead to
increased noise levels, making it difficult to establish high-
quality data sets. Computationally, many-body perturbation
theory in the GW approximation is widely recognized as the
most accurate scheme for band gap calculations.'”
these calculations are highly demanding and not efficient for
building large data sets. In the framework of density functional
theory, (semi)local approximations like the Perdew—Burke—
Ernzerhof (PBE) functional inherently underestimate the band
gap by about 50%.'* Meta-GGA functionals, such as GLLB-
SC,"* modified Becke—Johnson (mBJ),'® and TASK,'” have
demonstrated improvements in predicting band gaps. How-
ever, the average error generally exceeds 0.5 eV.'*™*" Standard
hybrid functionals, like PBEO”"** or range-separated HSE,”>**
fail in consistently predicting band gaps of high accuracy when
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Figure 1. Representative perovskite structures and considered compositions. (a) Single perovskite ABX; in the cubic phase, where the A site is
surrounded by corner-sharing BXy octahedra. (b) Hybrid organic—inorganic perovskite, where the A site is constituted by organic cations. (c)
Double perovskites A,BB'X; in the cubic phase, where the A atoms are surrounded by BX4 and B'X4 octahedra. (d) Elements considered in this
work as distributed in the periodic table. Occupations of A, B, and X sites are indicated by the colors yellow, red, and gray, respectively.
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Figure 2. Validation of DSH band gaps. (a) DSH band gaps plotted against experiment (blue solid squares, cf. Table S1) and QSGW (red empty
circles, cf. Table S2). In the comparison with respect to experiment, the calculated band gaps include SOC corrections. (b) DSH band gaps plotted

vs PBE band gaps.

applied to a large variety of materials.”*”° In contrast, the latest
dielectric-dependent hybrid (DDH) functionals, such as
doubly screened hybrid (DSH)*” and dielectric-dependent
range-separated hybrid functional based on the Coulomb
attenuating method (DD-RSH-CAM),”® have been shown to
generally yield highly accurate band gaps, comparable to state-
of-the-art GW calculations”’ = but at a computational cost
only slightly higher than conventional hybrid functionals due
to the overhead of dielectric function calculations. In essence,
the nonlocal part of the DDH functional is based on a range-
separated Fock exchange expression parametrized by the
dielectric function. By combining high accuracy and moderate
computational cost, DDH functionals thus constitute an ideal
theoretical tool for establishing a data set of band gaps.
High-throughput searches and machine learning (ML) have
significantly advanced the research in material property
prediction and computational screening across various
materlals, 1nclud1ng perovskite'*?°~** and nonperovskite
materials.”*® Particularly, numerous studies have contributed
to the band gap prediction of perovskites given their

importance in photovoltaic applications, e.g, kernel ridge
regression for the band gap of double perovskltes, convolu-
tional neural networks for the band gap of metal halide
perovskites,”* and a comparison of different ML methods for
hybrid organic—inorganic perovskites.”' Despite these ad-
vancements, several issues remain to be addressed in order to
achieve a more comprehensive and systematic approach. First,
an optimal model should be trained on a consistent and high-
quality data set. Second, it is unclear to what extent the
previous ML models universally apply to various perovskite
classes, such as single and double perovskites, halide- and
oxide-based perovskites, and hybrid organic—inorganic perov-
skites. Finally, the previous ML models generally lack
transparency, which hinders communication and understand-
ing.

In this work, we systematically develop a high-quality band
gap data set of 246 single and double perovskites based on
highly accurate calculations with range-separated DDH
functionals. Especially, we demonstrate the importance of
semicore states for band gaps of halide-based double
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perovskites. Next, we apply the sure independence screening
and specifying operator (SISSO) method”” to establish an
accurate and insightful expression to describe and predict the
band gap. We find that the resulting model works for both
single and double, halide and oxide perovskites regardless of
the underlying atomic structures, featuring root-mean-square
errors (RMSEs) of 0.38 and 0.37 eV for the training and
testing sets, respectively. This model is further found to hold
for mixed perovskites and hybrid organic—inorganic perov-
skites, yielding RMSEs of 0.33 and 0.19 eV, respectively.
Finally, we apply this model to identify promising perovskites
in the huge material space encompassing 15,659 materials,
finding 14 unreported Pb-free perovskites potentially suitable
for photovoltaic applications. Among these perovskites,
MASnBr;, FA,SnGeBrs,, MA,AuAuBrs, FA,AuAuBrg,
FA,InBiCl;, FA,InBiBrs, and Ba,InBiO4 show particularly
promising properties combining direct band gap, low effective
masses, small exciton binding energy, and high stabilities.

B RESULTS AND DISCUSSION

High-Quality Data Set Establishment. To establish a
high-quality data set for band gaps, we evaluate DSH band
gaps by conducting comparisons with both experiment and the
higher level quasi-particle self-consistent GW (QSGW) theory.
In the comparison with experiment, spin—orbit coupling
(SOC) corrections are systematically included (cf. Table S1),
whereas such corrections are not considered in the comparison
with QSGW (cf. Table S2) to ensure consistency between the
two theoretical results. The outcome of both these
comparisons is illustrated in Figure 2a, where the DSH band
gaps show low RMSE and mean absolute error (MAE) of 0.33
and 0.27 eV, respectively. The MAE value of 0.27 eV found
here coincides with that determined previously for a set of
single perovskites using the DSH functional.”” The small size
of the achieved error supports the use of the DSH functional
supplemented with SOC corrections as an accurate tool for
identifying suitable materials in large databases.

Thermal and zero-point motion effects resulting from the
coupling to phonons affect the calculated band gap and need to
be estimated when compared with the experiment. For single
perovskites, we remark that a significant phonon-related band
gap enhancement (~0.7 eV>®) has so far only been observed
for the cubic phase, likely due to the significant local
distortions occurring in this symmetry.”” For noncubic single
perovskites, Wang et al. demonstrated that the thermal and
zero-point motion effects mostly lead to negative band gap
renormalization, with an average value of about —0.15 ev.”’
To investigate the importance of such eftects in the case of
double perovskites, we conduct specific calculations for four
representative halide-based cubic compounds (cf. Section 1I in
the Supporting Information). Focusing on thermal effects, we
find that these perovskites are subject to a band gap increase of
less than 0.2 eV (cf. Figure S1). Taking into consideration the
zero-phonon motions, we consistently find negative renorm-
alizations, leading to reductions of the calculated band gaps,
which do not exceed 0.1 eV. This indicates that phonon-
related corrections are also minor for double perovskites.
Hence, this analysis globally suggests that the combined effect
of thermal and zero-point motions is generally weak compared
to the intrinsic accuracy of the DSH functional. This justifies
that these corrections can be initially disregarded in model
training and in high-throughput search. In the case that cubic
single halide perovskites would emerge from the search, it is

understood that further attention should be devoted to
phonon-related effects to verify whether the associated band
gap enhancement would lead to the disqualification of
identified candidates.

We remark that the band gaps in our data set correspond to
fundamental band gaps. However, the photon absorption edge
is determined by the optical band gap due to exciton
formation. In this work, we estimate excitonic effects through
the hydrogenic Wannier—Mott model (Table S3 and Figure
S2). Typical exciton binding energies are generally small, on
the order of 10 to 100 meV for single perovskites*’~** and up
to 210 meV for the double perovskites considered in our
benchmark set (see Section II of the Supporting Information).
We remark that excitonic effects always contribute to reducing
the band gap. Thus, no material will escape detection by the
upper limits set on the fundamental band gap. For strongly
bound excitons, the ionization is hampered, resulting in
unfavorable transport properties. At variance, for small exciton
binding energies, the selection can be operated on the basis of
the fundamental band gap. Therefore, band gap reductions due
to excitonic effects are evaluated only for the materials
emerging from the selection process.

Another key point related to data quality concerns the
choice of pseudopotentials (PPs) to be used in the Quantum
ESPRESSO suite of codes. We consider PPs of different
accuracy denoted stringent and semicore. The stringent PPs
are taken from the Pseudo Dojo set (http://www.pseudo-dojo.
org) and correspond to those of highest accuracy made
available. The semicore PPs include semicore states among the
valence electrons and have purposely been generated for the
present study. Focusing on the single perovskites given in
Tables S1 and S2, we find that the stringent PPs exhibit an
acceptable MAE of about 0.28 eV. However, the accuracy of
these PPs breaks down when applied to double perovskites, as
can be inferred from the large MAE of 0.68 eV found in Table
S4. Using the semicore PPs on the same set of double
perovskites, the MAE drops back to 0.32 eV (cf. Table S4).
These results highlight the crucial role of semicore states in
describing halide-based double perovskites. Thus, we use
semicore PPs in the band gap calculations of all materials in
this work. These PPs are provided in the Materials Cloud, and
the link is shown in the section of Data Availability.

To further appreciate the accuracy of our scheme, we
compare in Figure 2b the DSH band gaps of all 246
perovskites in our data set with their PBE band gaps,
corresponding to the level of theory most widely used in ML
studies to date. As expected, the PBE functional yields
significantly smaller band gaps. Furthermore, when considering
the optimal linear relationship to improve the PBE band gaps
(cf. Figure 2b), the discrepancy with respect to the DSH band
gaps still features RMSE and MAE values of 0.91 and 0.66 eV,
respectively, with a maximum absolute error reaching 4.67 eV.
The large size of these deviations motivates us to develop
improved band gap models based on DSH data by making use
of data-driven methods.

Feature Engineering and Band Gap Model Con-
struction and Validation. To target the data set toward solar
cells, we consider in our selection 173 materials with DSH
band gaps up to 8 eV (data set I). By excluding materials with
larger band gaps, we aim to improve the efficiency of data-
driven models. This data set is then randomly split into a
training set comprising about 80% of the materials (80 single
and 62 double) and a testing set. Several atomic properties,
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Figure 3. Performance of the developed model for band gap estimation. (a) Band gaps obtained through the SISSO-derived 3D@1C model
benchmarked against DSH band gaps for the training set. (b) Same as in (a) but for the testing set. Various phases for both training and testing sets
are considered, including cubic (a), tetragonal (f#), orthorhombic (y), hexagonal (H), rhombohedral (R), and monoclinic (M) phases, as well as
ABXj-based nonperovskites (non) and double perovskites (double). (c) Performance evaluation is extended to mixed-cation and mixed-anion
perovskites taking benchmark band gaps from experiments in the literature (cf. Table S6). (d) Validity of the model is examined for hybrid
organic—inorganic perovskites, with either experimental or GW band gap benchmarks from the literature (cf. Tables S7 and S8).

including the highest-occupied and lowest-unoccupied Kohn—
Sham levels, the ionization potential (I), Pauling’s electro-
negativity (), the ionic radius (r), and the oxidation number
(n), as well as the PBE band gap are considered as input
features. The energy levels of the atoms at the A sites lie far
away from the valence band maximum (VBM) and the
conduction band minimum (CBM) and thus do not influence
the band gap directly.””** In the following, we do not consider
the properties of the atomic species at the A sites to keep the
number of input features in ML to a minimum.

To identify the best model for the band gap, the RMSEs
pertaining to models of varying dimensions (D) and feature
complexities (C) (see Methods) are displayed in Figure S3a,b
for the training and testing sets, respectively. It is evident from
Figure S3b that the model with three dimensions and a feature
complexity of 1 (denoted as 3D@I1C) is already highly
accurate. Other models with higher feature complexity showing
smaller errors for the training set (Figure S3a) do not lead to
any appreciable advantage when applied to the testing set
(Figure S3b). The explicit expression of the band gap model
3D@1C is given by

Epoge = 128(Epgs — Iy) + (9.05/n5)ly

— 0.77nyly + 2.50 (1)

model

Here, Epgy is the PBE band gap including the SOC correction,
Iy and Iy are the energy levels of lowest-unoccupied molecular
orbitals (LUMO) of the isolated atomic species B’ and X

17639

(from ref 30), respectively, as occurring in the formula ABB'X,.
ng and ny are the oxidation numbers of B” and X, respectively.
We draw attention to the fact that the A,BB'X; formula
reduces to that of a single perovskite when B = B’. The
ordering of the B cations is defined by their oxidation state, i.e.,
ng < ng. When ny = ny, we further impose the requirement
that rz3 > ry. From this expression, we can see that the
predictive accuracy of the band gap can be attained through
the utilization of PBE band gaps with frontier orbitals of the X
and B’ species, along with considering the oxidation state of B’
and X. As described in ref 45, these parameters, which are
referred to as “materials genes”, can effectively capture complex
relationships but do not offer a comprehensive understanding
of the underlying processes.”” This is in part due to the fact
that the chosen input features might be affected by correlated
information, by which describing the intricate physical
relationships becomes challenging. Nevertheless, the avail-
ability of an analytical expression provides a clear rule for
tuning the band gaps through the LUMO and oxidation
numbers of X and B’. The work by Slavney et al.* also
emphasized the importance of frontier orbitals in determining
the energy levels of the VBM and CBM.

Figure 3 illustrates the performance of our ML model in
estimating band gaps. The model is free of overfitting, as it
yields similar RMSEs for the training (Figure 3a) and testing
(Figure 3b) sets. The predictive ability of the model applies to
single and double perovskites of various structural phases.
Concretely, for the testing set, the benchmark against the DSH
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Figure 4. Screening workflow leading to data validation. The procedure for screening the databases from the Materials Project”® (database I) and
from ref 49 (database II) is illustrated. The databases are screened, based on metallicity, PBE band gap, toxicity, magnetism, nonperovskites, and
effective mass. By applying the SISSO-derived ML model, the remaining data are further filtered to only retain suitable and so-far unidentified
perovskites. To further increase the data accuracy, the identified materials are finally validated by DSH functional calculations. The order of the
various selection steps is determined by the ease of operation, given the organization mode of the considered database.

band gaps results in a mean absolute relative error (MARE) of
9.4%, a RMSE of 0.37 eV, a MAE of 0.28 eV, and a R* of 0.97.
To demonstrate the predictive power of the developed model,
we further apply the model to mixed-cation or mixed-anion
perovskites (Figure 3c) and to hybrid organic—inorganic
perovskites (Figure 3d). The model shows outstanding
performance with MAEs of 0.26 eV for the mixed perovskites
and 0.15 eV for the organic—inorganic perovskites. These
results demonstrate that eq 1 universally predicts accurate
band gaps for single, double, mixed, and hybrid organic—
inorganic perovskites. We note that, for the mixed perovskites,
we use Vegard's law,"” by which the band gap results from a
linear combination of the band gaps of the parent materials
weighted by their respective volume fractions. However,
consideration of the bowing effect through the experimental
bowing parameter only marginally affects the quality of the
comparison with experiment in Figure 3¢, resulting in a
decrease of the MAE from 0.26 to 0.25 eV. Therefore, for the
purpose of our benchmarking the bowing can be disregarded.
Explicit consideration of the bowing effect for individual
compounds is given in Tables S6 and S8.

To explore the potential of our methodology for addressing
larger band gaps, we also consider a data set comprising 149
materials characterized by DSH band gaps exceeding S eV
(data set IT). Our investigation reveals that with the same input
features mentioned previously, the resulting models are less
satisfactory (cf. Figure S4ab). For this data set, the
incorporation of the high-frequency dielectric constant (€,)
among the input features has notable impact, resulting in a
substantial decrease of the lowest RMSE for the testing set
from 0.83 to 0.52 eV (cf. Figure S4b,d, and Table SS). The
optimal model that includes ¢, (cf. eq S1) exhibits excellent
predictive capabilities for various perovskites, as shown in
Figure SS. We remark that this approach comes with both
higher computational cost and practical limitations due to the
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extra computations required for the determination of €.
Hence, when the focus is on materials with relatively smaller
band gaps as is the case for solar cells, it is preferable to rely on
models that do not require €., and still yield RMSEs as low as
0.37 eV (cf. Table SS). Consequently, in the present work, we
use the band gap model generated on the basis of data set I
without including €.

Discovery of New Perovskites for Photovoltaics. We
employ eq 1 to perform high-throughput screening over two
databases of perovskites. The first database is taken from the
Materials Project*® and contains 4634 double perovskites for
which the PBE band gaps are provided. The second database
consists of 11,025 organic and inorganic perovskites and is
taken from ref 49. For both databases, a multistep and
multistage screening procedure is carried out (cf. Figure 4).
From the compounds collected from the Materials Project, we
start by removing all metals (1546 compounds) and magnetic
materials (1093) (see Methods). Next, to match the solar cell
criterion, we additionally exclude 1524 compounds because of
their PBE band gap exceeding 2 eV. Compounds including
toxic elements (such as As, Tl, Pb, Hg, and Cd) and
nonperovskites are further excluded, leading to 305 candidate
materials for the first database.

For the second database, we first apply two screening criteria
based on nonmetallicity and PBE band gap, which remove
8882 and 780 compounds, respectively. Additionally, 618
materials are excluded due to the their toxic, magnetic, and
nonperovskite characteristics. The final database comprises
679 materials, achieved after further excluding compounds
with an effective mass exceeding 1.5 eV, which would lead to
large exciton binding energies, rendering them not ideal for
solar cells. Information concerning effective masses is provided
in the database IL.*

Upon applying our model to the two databases, we further
rule out 969 materials, thereby identifying 15 remaining
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Table 1. Candidate Perovskites Identified for Photovoltaic Applications”

JESOY D/I €00 Enodel JES00 AE AH T; O;
{BZ+B /2+}
MASnBr, 0.88 D 5.03 1.95 1.81 0.14 55 0.89 0.53
FAInBr, 0.52 I 7.01 1.47 125 022 44 1.07 0.41
FA,SnGeBr, 0.60 D 5.64 1.59 1.46 0.13 53 1.03 0.45
FA,SnZnly 0.90 1 7.00 222 2.21 0.01 24 1.01 0.40
{B+B/3+}
MA,AuAuBrg 0.62 D 6.09 2.38 1.54 0.84 81 0.87 0.57
MA,AuBiBr; 0.34 I 5.80 1.99 1.64 0.35 33 0.84 0.61
FA,AuAuBr, 0.71 D 5.86 2.50 1.66 0.84 79 0.96 0.57
FA,AgBil, 0.48 I 5.63 2.13 1.60 0.53 42 0.95 0.50
FA,AgSbl, 0.28 I 478 1.81 1.39 0.42 42 0.99 0.43
FA,CuBiBryg 0.53 1 8.16 2.23 1.99 0.24 36 1.03 0.46
FA,InBiClg 0.35 D 425 229 1.45 0.84 61 1.04 0.51
FA,InBiBrg 0.13 D 5.69 1.72 0.87 0.85 50 1.02 0.47
K,CulnCly 0.00 I 7.42 1.75 2.03 —0.28 36 0.94 0.43
Ba,InBiOg 023 D 6.89 2.16 1.26 0.90 273 0.98 0.56

“The identified halide-based perovskites are divided into two categories depending on the oxidation states of the atoms at the B site: {B>*B'**} and
{B*B"**}. EjSy and ELJf are the PBE and DSH band gaps, respectively, including SOC corrections. E, 4, is the band gap estimated with the model
given in eq 1. AE = E, 4, — Epoyj stands for the energy difference between E, o4, and ESQf;. The direct (D) or indirect (I) nature of the band gap is
indicated. The high-frequency dielectric constant €, has been calculated at the PBE level in this work. AH, Ty and Oy are the decomposition

enthalpy, tolerance factor, and octahedral factor, respectively. All energies are in eV, except AH, which is expressed in meV.
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Figure 5. Electronic properties. Band structure and PDOS for (a) FA,SnGeBrg and (b) FA,InBiCly calculated with the functional DSH + SOC.
Yellow, blue, red, and gray lines are the PDOS on A, B, B, and X, respectively.

candidates. The rejected materials encompass 869 perovskites
having band gaps above 2.3 eV and 52 having been reported
previously (the band gap estimated from our model and the
corresponding references are given in Table S9). Furthermore,
48 materials have been identified as being unstable on the basis
of both thermodynamic and crystallographic considerations
(vide infra for the applied criteria). For the 15 materials that
have successfully met our selection criteria, we determined €,
and recalculated the band gap with the DSH functional to
enhance the reliability of our predictions. This leads to a subset
of 12 materials for which the DSH band gaps fall in the range
from 0.7 to 2.3 eV. Similarly, suitable candidates might have
been erroneously discarded due to band gaps overestimated by
our model. Therefore, we revisit the set of 969 materials and
perform selective DSH calculations for 8 materials meeting the
following criteria: (i) Eoqq < 3 €V, (ii) direct band gap at the
PBE level, (iii) stability, and (iv) being unreported so far. This
additional step allows us to identify two more materials with
band gaps falling within the desired range between 0.7 and
2.3 eV. From this analysis, it appears that the initial exclusion
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criteria of our model successfully filtered out most of the less
promising candidates, but the application of the DSH
functional remains essential for a finer identification. Among
the identified materials, there are no single cubic halide
perovskites. Thus, we expect that thermal and zero-point
motion effects are smaller than 0.2 eV, as discussed above.
Moreover, since the band gaps of these materials are generally
less than 2 eV, these effects do not critically affect the
identification. Hence, in total, this selection procedure leads to
14 suitable candidates, which are reported in Table 1.

From Table 1, we first notice that the most promising
materials for solar-cell applications show high-frequency
dielectric constants €, that are systematically larger than S.
Furthermore, we observe that a majority of identified materials
are halide-based double perovskites. Generally, these materials
can be characterized by a couple of {BB'} replacing the
divalent B atom of single perovskites. Two categories can be
distinguished for these perovskites. The first category shows
the isovalent couple {B**B’**} with both B and B’ being
divalent, while the second category corresponds to {B"B’>*}
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couples, where B is monovalent and B’ is trivalent. The band
structures and projected density of states (PDOS) of
FA,SnGeBry and FA,InBiCly, which we take as representatives
of the two categories, are displayed in Figure 5. As is usual in
such perovskites, the electronic states associated with the
atoms at the A sites lie far away from the CBM and VBM,
while the band-edge states show hybridization among the
electronic states arising from the atoms at the B, B/, and X
sites. The difference between the materials of the two
categories lies in the fact that the atomic states from the B**
and B'*" atoms contribute equally to the density of states in the
vicinity of the band gap (cf. Figure Sa), whereas the
contributions coming from B* and B'** atoms clearly differ
(cf. Figure Sb). Following this rationale, we inspect the PDOS
of MASnBr;, FAInBr;, MA,AuAuBr;, and FA,AuAuBrg (cf.
Figure S6) and infer that MASnBr; and FAInBr; belong to the
category {B>'B'**}, whereas MA,AuAuBrg and FA,AuAuBry
are representative of the category {B*B*'}.

The thermodynamic stability is evaluated by the decom-
position enthalpy (AH) with respect to possible decomposing
pathways, primarily characterized by the decomposition into
corresponding binary materials.”” As an example, for a double
perovskite belonging to the category {B*B’*'}, the decom-
position enthalpy is expressed as
AH = 2E,y + Egx + Epx, = Eapex, The decomposition
pathways of the identified materials are listed in Table S10.
As established by ref 50, positive values of AH exceeding 20
meV/atom indicate favorable stability. To evaluate the
crystallographic stability, we also examine the tolerance factor,
T = (ry + r¢)/[N2 (15 + r¢)], and the octahedral factor,
O = rg/ry, where r, and ry are the ionic radii of the
corresponding ions and rg is the average ionic radius of B and
B’.*" Prior examinations of perovskites have demonstrated that
these materials exhibit optimal potential for formation when
0.8 < Ty < 1.2 and 0.4 < O; < 0.7.>' The values of T; and O
calculated for the 14 selected materials are given in Table 1.
The criteria of stability are met for all materials with values of
T¢ and Og which generally lie away from the limits, whereby
the application of more sophisticated geometrical criteria®' are
not necessary. Moreover, we consider the energy above hull,
recognizing that its value should be close to 0 eV/atom for
stable semiconductors.>> Taking FA,SnGeBry as an example,
we find its energy above the hull to be 0.2 eV/atom. For three
experimentally synthesized materials, namely Cs,AgBiBr,,
MA,AgBiBr,, and MAZAgBilé,33 we determine energy-above-
hull values of 0.01, 0.19, and 0.15 eV/atom, respectively. In
view of this outcome, we refrain from conducting energy-
above-hull investigations for organic—inorganic perovskites, as
this criterion does not appear to be decisive for their
formation. However, for the two inorganic perovskites
identified in this work, ie., K,CulnCly and Ba,InBiO4, we
calculate energy-above-hull values of 0.02 and 0.00 eV/atom,
respectively, which imply that they meet the stability criterion.

Among the discovered materials in Table 1, seven
perovskites, viz., MASnBr;, FA,SnGeBrs,, MA,AuAuBr,
FA,AuAuBr,, FA,InBiClg, FA,InBiBr,, and Ba,InBiOg stand
out as particularly promising candidates for light-harvesting in
photovoltaic devices because of their direct band gap. In
addition, these seven materials also carry features that
advantageously affect their carrier transport properties.’*
Indeed, with hole and electron effective masses as low as
0.11m, and 0.32m; (cf. Table S3), respectively, where my, is the

rest mass of the electron, these materials compare favorably
with the perovskite MAPbI;, which shows respective masses of
0.29m, and 0.23m,.>> Furthermore, the exciton binding
energies in these materials can be estimated through the
hydrogenic Wannier—Mott model*® and are found to be at
most 118 meV, corresponding to the case of Ba,InBiOg (cf.
Table S3). The exciton binding energies in FA,SnGeBr, and
FA,InBiBrs are even lower than 40 meV (cf. Table S3),
comparable to that of FAPbI; (35 meV>’), the perovskite
known for achieving the highest measured power efficiency so
far (25.5%”).

It is important to note that the identified materials may be
subject to limitations that require further experimental
investigation and solution. For instance, perovskites are
known to contain intrinsic point defects, such as vacancies,
which could affect the performance of these materials in
harvesting solar energy. However, unlike conventional semi-
conductors, metal halide perovskites appear to show excep-
tional defect tolerance, by which defect states are unable to
deteriorate the convenient electronic properties of the pristine
materials.”*” Since the identified materials mostly belong to
this class of perovskites, it can reasonably be expected that the
occurrence of typical defects would not be detrimental. A more
critical aspect concerns the occurrence of the identified
materials with unfavorable oxidation states. For instance,
Ge®" and Sn®" are generally prone to oxidation, resulting in the
+4 oxidation state. Similarly, In* tends to form In** under
ambient conditions.’’ Indeed, the stability of unusual oxidation
states of tin and germanium is currently a focal point for many
research groups. =65 of particular interest in this context, is
the report by Kama et al,** who found that Ge?* is able to
stabilize the concomitant occurrence of Sn’*, thereby
preventing the formation of higher oxidation states. Another
interesting stabilization effect is observed for the here-
identified Au-based materials, MA,AuAuBrs and FA,AuAuBr,,
which overcome the formation of the unfavorable +2 oxidation
state by spontaneously giving rise to the formation of double
perovskites based on the {Au'*Au*'} couple, in line with the
experimentally demonstrated synthesis of Cs,AuAuClg.*®
Hence, while the demonstration of performance ultimately
always rests on experiment, the list of materials in Table 1
provides precious guidelines for indicating research directions.

B CONCLUSIONS

Through the use of DSH functionals and semicore PPs, we
construct in this work high-quality data sets of band gaps,
which carry an accuracy comparable to that of GW
calculations. Combining DSH calculations and the SISSO
machine-learning method, we further develop a band gap
descriptor, which allows us to rapidly and accurately predict
band gaps. To achieve this high level of description, it is
sufficient to inform an analytical expression with the PBE band
gap as well as the properties of the frontier orbitals and
oxidation numbers of the isolated constituent atomic species.
The resulting model is universally applicable to various classes
of perovskites, including single and double, halide and oxide
perovskites regardless of the underlying atomic structures, as
well as hybrid organic—inorganic perovskites. The band gap
model has also been found to successfully apply to mixed-
cation or mixed-anion perovskites.

Through high-throughput screening of two databases
containing 15,659 materials based on our model, we discover
14 Pb-free perovskites with suitable band gaps for solar-cell
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applications, which have so far escaped detection. In particular,
the perovskites MASnBr;, FA,SnGeBrs, MA,AuAuBry,
FA,AuAuBr,, FA,InBiCl,, FA,InBiBr,, and Ba,InBiOg stand
out due to the direct nature of their band gap, low effective
masses, low exciton binding energies, and favorable stability
properties.

It is generally important to explore novel photovoltaic
materials from large material spaces covering other types of
perovskites, such as oxynitrides and oxysulfides and even other
crystal prototypes. For this, more generalized ML models
might be required. These will rely on the production of large
amounts of additional high-quality and diverse data as well as
on the engineering of structural features that are sensitive to

crystal symmetry.

B METHODS

Calculation Details. The DSH band gaps of 246 experimentally
synthesized inorganic perovskites (126 single and 120 double
nonmagnetic perovskites) are determined through the implementa-
tion of dielectric dependent hybrid functionals based on the
Coulomb-attenuating method,”® which is available in the Quantum
ESPRESSO code.” The range-separated DSH has agz = 1 in the
short-range and a;x = 1/€, in the long-range.n_29 The range-

H= ZETF/SJ
IZ;F =k2l(e, — 1) + 11/a with @ = 1.563. kpp = 2§/(3n/7) is

the Thomas—Fermi screening length and depends on the valence
charge density n.>’"*° In fact, the DSH functional shares the same
functional form with the DD-RSH-CAM but does not require the
computationally expensive dielectric function for the determination of
the range-separation parameter.”® The latter parameter is indeed given
by an analytical expression that only depends on the high-frequency
dielectric constant and on the valence charge density.””*’ Fully
relativistic PPs generated through the optimized norm-conserving
Vanderbilt PP scheme®® are used to account for SOC effects. The
SOC correction AEgq is calculated with the PBE functional, which
has been demonstrated to give an accurate description.” Namely,
AEgoc = Esoc — Eparer Where Egoc and Ep,, = Ecpy — Eypy are the
Kohn—Sham band gaps at the PBE level with and without SOC
effects, respectively. We then used AEgqc to correct the bare DSH
band gap. All DSH band gaps mentioned throughout this work
include SOC corrections calculated in this way. By consequence, the
band gaps estimated through the models implicitly include the SOC
effect. To ensure a band gap convergence within 0.1 eV, all
calculations use in-house-generated semicore-based PPs. A kinetic
plane-wave cutoff of 100 Ry is used for all materials together with
sufficiently dense k-point grids. In this work, we fix the lattice
parameters from the experiment and fully relax atomic positions for
the calculations of band gaps and high-frequency dielectric constants
€ The value of €, which is used to fix the parameter oy in the
DSH functional, is obtained at the PBE level through the application
of finite electric fields.”” A more detailed description can be found in
previous studies.”” > All 246 structures have been downloaded from
the inorganic crystal structure database (ICSD: https://icsd.fiz-
karlsruhe.de/search/basic.xhtml) and Springer Materials database
(https://materials.springer.com/). The atomic structures of the
hybrid organic—inorganic compounds are taken from refs 49 and
57 where an accurate representation of the molecular orientations was
obtained through a rigorous procedure involving molecular dynamics
and the selection of various initial structures. Magnetic materials have
not been considered in this work because the validity of the DSH
functional for this class of materials has not yet sufficiently been
ascertained. The assessment of energy above convex hull takes into
consideration the PBE formation energies of all pertinent compounds
available in the Materials Project'® and is carried out with the
pymatgen code.”

The computational cost to calculate the band gap with the DSH
functional is the same as that for standard hybrid functionals, such as

separation parameter where

PBEO or HSEO06. Sufficiently accurate dielectric constants can be
achieved at the PBE level and thus do not yield any significant
overhead. Hybrid functional calculations imply a computational cost
lower by at least 1 order of magnitude compared to GW
calculations.”®

Machine Learning Method-SISSO. SISSO is a data-driven
method that combines symbolic regression and compressed sensing
for explicit mathematical expressions. The initial feature space
comprises 17 primary features ®, = [ESSg, by, hy, I Iy, by by Iy
ng, Ny, My, X8 X85 X% T T 7xJ, and the mathematical operations for
feature construction are {+—X,/,”}, 2 3\/ 3\/ , |I=1}. With these
primary features and mathematical operations, a large number of
expressions are generated. Details of the SISSO algorithm can be
found in refs 37 and 71. The SISSO code is available at http://github.
com/rouyang2017/SISSO. The values for Pauling’s electronegativity
and for the ionization potentials are taken from ref 72. For isolated
atomic species, the highest occupied and the lowest unoccupied
Kohn—Sham levels calculated at the PBE level and the ionic radii are
taken from refs 30 and 73, respectively.
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