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1 | INTRODUCTION

Lead halide perovskites have emerged as stellar next-generation materials for a wide range of optoelectronic applica-
tions, including solar cells, light-emitting diodes (LEDs), transistors, lasers, and so on.'® This class of materials has a
common chemical formula of APbX;, in which A is an organic cation (e.g., CH3NH;r = MAT, CH[NHZ]ZJr =FA%)ora
large inorganic cation (e.g., Cs*) and X is a halide anion. They adopt the perovskite structures that consist of a three-
dimensional framework of corner-sharing PbXy octahedral. Since the debut of MAPbI; and MAPbBr; as photovoltaic
materials,' the power conversion efficiency (PCE) of lead halide perovskite solar cells have rapidly reached 25.2%.” The
success of this class of materials is largely attributed to their exceptional properties like proper and tunable bandgaps,
large optical absorption coefficients, long diffusion lengths, small and balanced charge carrier effective masses, compo-
sitional flexibility, high defect tolerance, and low-temperature solution processability.*'®
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Despite their great promise in optoelectronic applications, lead halide perovskites are confronted with two major
problems that hinder their large-scale commercialization, namely low stability and toxicity of lead.*'”'® One intrinsic
solution to these problems is to find stable and lead-free alternatives that possess similar optoelectronic properties with
lead halide perovskites.'®*> This solution requires comprehensive searches in large compositional and structural
spaces, which would be too expensive in terms of time and cost for traditional trial-and-error experiments. Therefore,
computational efforts are in demand for the design and discovery of effective lead halide perovskite alternatives.

In recent years, high-throughput (HT) computational materials design has become an effective and efficient
approach to the discovery of novel functional materials, thanks to the development of computation power. It has been
applied in various materials for broad application areas, including topological insulators, thermoelectric materials,
transparent conducting oxides, two-dimensional electron gas, heusler magnets, halide perovskite optoelectronic, and so
on.?®® This approach uses first-principles calculations to build large-scale databases for existing and hypothetical
materials, and promising candidate materials are then selected from the databases using data-driven methods. The
selection process relies on materials descriptors that are computationally viable and accurately describe desired mate-
rials properties for target applications. Therefore, careful development of materials descriptors is the key to successful
HT computational design. There are many well-developed software frameworks to assist the large-scale computation
and data analysis in HT computational design. A few examples are AFLOW,* pymatgen,* the Atomic Simulation
Environment,* and MatCloud.** There are also online materials databases built from first-principles calculations,
including AFLOWLIB,* Materials Project,*> Open Quantum Materials Database (OQMD),* and Computational Mate-
rials Repository.*

The HT computational design approach has seen successful applications in the search of stable and nontoxic alter-
natives to lead halide perovskites for optoelectronic applications. Various HT studies have explored enormous composi-
tional and structural spaces using different materials descriptors, calculation methodologies, and screening processes. It
has become necessary to summarize these different studies and discuss the effective design principles to provide infor-
mative guidance for computational and experimental design of new materials. In addition, a large number of promising
candidates designed from the HT studies need to be categorized for the convenience of researchers in the broad field of
halide perovskite optoelectronics to conduct further theoretical and experimental research as well as practical applica-
tions. Therefore, in this review article, we first overview common materials descriptors and their computational viabil-
ity for halide perovskites and beyond for optoelectronics, which are vital for the HT computational design. Then,
specific HT studies are reviewed with an emphasis on their design principles, screening processes, and results. The stud-
ies are classified in terms of IVA element-based single perovskites, other element-based single perovskites, double
perovskites, and perovskite derivatives. We also review HT computational studies incorporating machine learning
(ML) as a separate subsection. The selected candidates from all the HT studies reviewed are summarized in Tables 1-4.
Finally, we provide our own view and outlook in this flourishing field.

2 | MATERIALS PROPERTIES AND MATERIALS DESCRIPTORS

Materials properties direct the design of specific classes of materials for specific applications. In the design of halide
perovskite-like materials for optoelectronics, properties of stability and nontoxicity are considered for solving the com-
mon challenges faced by prototypical lead halide perovskites, and optical and electronic properties determine essential
functionalities of materials in the optoelectronic applications. In HT computational design, materials properties are
described using computationally viable descriptors. The descriptors filter a large calculated materials repository and
select candidates with desired properties, playing critical roles in applying HT computational design in specific mate-
rials applications. In this section, we briefly review the desired materials properties for halide perovskites and beyond
for optoelectronics, and how these properties are accessed through calculated descriptors in HT computational design.

21 | Stability

Evaluating structural stability (or formability) of the perovskite structures for different chemical compositions has been
one main screening process in many studies.’>°>®' There are empirical descriptors of octahedral factor u = rg/rx and

Goldshmidt tolerance factor t=(ra+rx)/v/2(rg+rx) that use ionic radii to predict the perovskite formability.®*
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Recently, researchers have defined effective ionic radii for organic cations, and revised the Shannon radii for cations

in halide systems.®>® In 2019, Bartel et al. proposed a new machine-learned tolerance factor 7= :—’; —Np (nA— %)

that show higher prediction accuracy than the traditional t.°” Notably, 7 uses Shannon radii and change monotonically
with perovskite formability.

High thermodynamic stability is essential for computationally predicted materials. It is especially important when
designing alternative materials to the intrinsically unstable lead halide perovskites.®® In HT design, the descriptors of
formation enthalpy (AHy) and decomposition enthalpy (AHg) are usually used.®®”® AH; describes energy change from
elemental component to compound, and positive values indicate unstable compounds. AHy describes whether the com-
pound tends to decompose into various elemental, binary, ternary, or more complex components, and negative values
indicate unstable compounds. A rigorous determination of AH4 must consider all existing compounds in the Inorganic
Crystal Structure Database (ICSD) and even hypothetical compounds as potential decomposition products and scruti-
nize all possible decomposition pathways to avoid overestimation of the thermodynamic stability.”””*> A comprehensive
way to predict thermodynamic stability based on AHy is to construct phase diagrams using the convex hull method.”*”*

Dynamic stability represents a more realistic evaluation of material stability in the working environment. Computa-
tionally, phonon calculations’® and ab initio molecular dynamics (AIMD)’” are two main methods to assess materials’
dynamic stability. In detail, the finite-temperature phonon spectrum can be calculated using density functional pertur-
bation theory (DFPT), and imaginary frequencies in the phonon spectrum indicate dynamical instability. AIMD calcu-
lations show total energy evolutions at finite temperature as a function of time, and also give crystal geometry change
with time, from which the dynamic stability can be observed. These calculations are expensive in terms of time and cost
and are usually performed only for preselected candidates in HT screening processes.

2.2 | Optoelectronic properties

The bandgap is one of the most important electronic properties for optoelectronic materials because it directly determines
how the materials interact with light (e.g., absorb or emit light). Bandgap energy determines the energy of the photons
being emitted or absorbed, and the bandgap type determines whether phonons are required in the interactions with light.
Different optoelectronic applications require different bandgap characteristics. The two most prevalent applications of
halide perovskites serve as good examples. For photovoltaics, the optimal bandgap energy for single-junction solar cells is
1.34 eV according to the Shockley-Queisser (S-Q) detailed-balance model.**** Type of bandgap can be either direct or
indirect for photovoltaics.*” For light-emitting, bandgap energy determines the photon energy for the desired color of
light by the equation Ephoton = Eg + kgT/2, and direct bandgap type is required for high emission efficiency.® The calcula-
tion of bandgap energy has different levels of theory. The standard density functional theory (DFT) calculations using the
Perdew-Burke-Ernzerhof (PBE)* functional within the generalized gradient approximation (GGA) is computationally
efficient but severely underestimate bandgap energy, while hybrid functional within Heyd-Scuseria—Ernzerhof (HSE)
formalism give more accurate results but are more time-consuming.*> Spin-orbit coupling (SOC) is also very important
in halide perovskite systems containing heavy elements.*® Most HT studies screen materials on bandgaps calculated at
GGA-PBE level and perform HSE and SOC calculations for a relatively small amount of candidates.

Electron and hole effective masses are directly related to their mobility. They are required to be small and balanced
for efficient transport of photogenerated carriers in solar cell materials. In methylammonium lead iodide perovskite
(MAPDI,), effective masses of both electrons and holes are very small, granting the material long-range ambipolar trans-
port property.?” One method to determine effective masses is to fit calculated band structures near band edges using the

Wll* = #‘;ZTE. Visually, a more dispersive band indicates smaller effective mass. Another method is to calculate
through the semiclassical Boltzmann transport theory.” Interestingly, Xiao et al. brought up the concept of electronic
dimensionality, which can be used to understand isotropic/anisotropic current flow and different effective masses in

materials.®®

equations

Exciton binding energy is the energy needed to separate electron-hole pairs. A small exciton binding energy is bene-
ficial for exciton separation into free carriers in photovoltaics, and a large one is beneficial for charge recombination to
emit light. Exciton binding energy in HT computational studies is usually approximated using the hydrogen-like

_ KRy 50,89

Wannier-Mott model, which sees it as an effective Rydberg: Ep = vl In the equation, ¢, is the relative dielectric
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constant. It is usually adopted by the high-frequency limit of the dielectric constant (e.,) contributed by electronic
polarization and calculated using finite-electric field and Berry-phase calculations.®

Halide perovskites have extremely high optical absorption coefficients, which greatly contribute to their high effi-
ciency as solar cell absorbers.®>?>°! The optical absorption coefficients can be calculated using the equation®*:

a(w) :\/5%\/\/el(a))2+€2(w)2—€1(w), (1)

where c is the speed of light, @ is the photon frequency, and &,(w) and e,(w) are the real part and imaginary part of the
complex dielectric function. &;(w) and e,(w) can be calculated from ground-state electronic structure calculations.”>**
More accurate description of optical properties requires GW approximation and the Bethe-Salpeter equation (BSE),”>*°
which are very time-consuming and usually beyond the scope of HT computational design.

2.3 | Defect properties

Point defects could create nonradiative electron-hole recombination centers and deteriorate quantum efficiencies in
solar cells and light emitters.* Intrinsic point defects can be categorized into vacancies, interstitials, and antisites. Tak-
ing a typical A-M-X ternary system as an example, there could be three types of vacancies (V,, Vi, and Vy), three types
of interstitials (4;, M;, and X;), and six types of antisites (A, Ma, Ax, Xa, Mx, and Xy;). These defects should be consid-
ered on all possible nonequivalent lattice sites when building models for calculations. In calculations, defect tolerance
level of optoelectronic materials can be evaluated by calculating defect formation energy (E") and transition energy level
(e(q1/q2)) (Equations (2) and (3), respectively).””

E'[X%) = Eii[X?) - Eiot[bulk] = > “nypt; + qEg + Ecorr (2)

Ef(X%;Ep =0)—Ef(X9?;Ep = 0)
q2—ql

e(ql/q2) = (3)

In the equations, X denotes a defect, g denotes a charge state, Ey is total energy, u is chemical potential, and Er. is
Fermi energy. E o iS a correction term based on different theories and methods, including image charge correction,
potential alignment correction, band filling correction, and so on.””'*! In a material, if defects with low formation ener-
gies do not create deep transition levels and defects that create deep levels have high formation energies, the material is
defect tolerant and suitable for optoelectronic applications.”* HT calculations of charged point defects are possible with
reasonably sized supercells.”>**'°* There are also tools like PyCDT built for integrated point defect calculations.'®
Notably, linear and planar defects are usually out of the scope of HT computational studies.

3 | HT MATERIALS DESIGN

As discussed above, the key materials properties for optoelectronics are computationally accessible through descriptors.
Therefore, it is viable to perform HT computational design of halide perovskites and beyond for optoelectronics. In this
section, we review HT research examples classified by materials composition and structure of interest.

3.1 | IVA element single perovskites
In 2015, Krishnamoorthy et al. screened inorganic halide perovskites for light harvesting.*® As the first step, the authors

built a total number of 360 AMX; compounds, with A occupied by K, Rb, and Cs, X occupied by Cl, Br, and I, and M
occupied by 40 divalent cations. Then, first-principles DFT calculations were used to determine bandgaps for the
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360 compounds at PBE level. To determine selection criteria for the calculated PBE bandgaps, the authors synthesized
CsSnl; and used its experimental bandgap as a calibration point, which yield a criterion of 0.2-0.7 eV. Then, nine com-
pounds were selected according to this bandgap criteria. Next, the authors evaluated the thermodynamic stability of the
nine compounds by calculating the decomposition enthalpy to simple binary phases. Finally, they found three candi-
dates (RbSnBr;, CsSnBr;, and CsGels) in addition to the synthesized CsSnls.

In 2017, Yang et al. reported a high-throughput theoretical materials selection of IVA element-based halide perov-
skites for photovoltaics (Figure 1).°° First, they built about 100 compound structures from the constitution space of
AMIVXgH , where A site is for Cs or organic cations, MY site is for three IVA elements Pb/Sn/Ge, and XY site is for
three halogen ions Cl/Br/I. Next, they assessed thermodynamic stability for these compounds by calculating decomposi-
tion enthalpy for main decomposition channels. The crystallographic stability was also assessed by the Goldschmidt tol-
erance factor ¢ and the octahedral factor u. Then, they screened the candidates for direct bandgap, proper bandgap
energy, low effective masses, and low exciton binding energy. Finally, the authors studied defect tolerance properties of
the candidates, and five Ge-based and nine Sn-based materials were selected as final candidates.

In 2017, Kim et al. built a dataset of 1,346 organic-inorganic hybrid halide perovskites.'® The perovskites consist of
16 organic cations, three group-IV cations, and four halide anions. The authors prepared the optimized structures, the
bandgap, the dielectric constant, and the relative energies, and validated them by comparing them with existing experi-
mental and/or theoretical data. The main objective of this study is to create an IVA element-based database of halide
perovskites for future data-mining efforts to explore possible structure—property relationships.

3.2 | Other element-based single perovskites

In 2016, Filip et al. explored the replacement of lead in halide perovskites by all homovalent metal ions over the entire
periodic table (Figure 2).”® The authors performed a systematic screening based mainly on the stability and the
bandgap. As the first step, the authors selected B-site metals that could form BX, salt, which yielded 248 metal-halide
combinations. Next, they excluded rare-earth and radioactive B-site metals, which downsized the combinations set to
116 compounds. Next, compounds with DFT/LDA calculated bandgaps larger than 3.5 eV were discarded, and the
number of candidates left was 40. Then, the authors assessed the dynamic stability by displacing and relaxing the struc-
tures and selected 32 compounds. Then, they calculated bandgap with SOC and lowered the criteria to 2 eV, and also
examined the band structures. The tolerance factor ¢ and the octahedral factor 4 were also analyzed. Finally, the
authors selected 25 candidates out of the 248 compounds, and 15 of the candidates had not been proposed for
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FIGURE 1 (Left) Constitution space, step-by-step screening process, and (right) calculated decomposition enthalpies. (Reprinted with
permission from Reference 50 Copyright 2017 American Chemical Society)
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FIGURE 2 (Left) Schematic representation of the computational screening process, (right) scalar relativistic bandgaps calculated for
each structure, plot of the difference between the maximum and minimum metal-halide bond length, bandgaps calculated for the remaining
structures. (Reprinted with permission from Reference 78 Copyright 2016 American Chemical Society)

optoelectronics. Specifically, the authors identified Mg partial replacement as a potential pathway to less toxic halide
perovskites with bandgap tunable by A-site cation.

In 2018, Ali et al. presented a systematic DFT study on the replacement of Pb in the perovskite MAPbI;.** Besides
replacements with IVA elements, they also explored replacements with almost all elements from groups I to VIII, and
even binary-element replacements in different ratios. In this work, the authors used tetragonal 2 X 2 x 2 MAPbI;
supercell as an initial structure for Pb substitution. For single-element, the lanthanide-actinide series and some toxic
elements were excluded. For binary-element, the authors focused on mixing of Ca(Zn) and Si in ratios of 1:7, 3:5, and
4:4. To search for promising photovoltaic candidates, the authors first evaluated the structural and chemical stabilities
using tolerance factor and decomposition enthalpy, respectively. Then, the authors calculated the optical absorption
efficiency and band structure. Finally, they concluded that for single-element replacements, IVA-group elements are
better than the other elements for solar cells. For binary-element replacements, they highlighted three candidates MAC-
a9.551¢ 513, MACag 125510 37513, and MAZn, sSig sI5 for tandem bottom cell, the best alternatives to MAPbI,, and tandem
top cell, respectively. The authors also noted that the ratio adjustment of Ca/Si and Zn/Si indicates a way to tune the
photovoltaic performance.

In 2019, Jacobs et al. calculated 1845 halide perovskites and searched for stable and nontoxic candidates for solar
cell absorbers.” In this work, the screening process includes five descriptors: nontoxicity, thermodynamic stability ana-
lyzed using convex hull under realistic PV operating environment, calculated bandgap at PBE level, and estimated HSE
bandgap, explicitly calculated bandgap energy at HSE level, predicted PV efficiencies (above 22.7%). After screening,
there were 15 materials (including three metastable materials) satisfying all criteria for single-junction solar cells,
among which 13 materials have not been studied before. Due to the diverse composition space considered, especially
various alloying at the perovskite A, B, and X sites, most of the 13 new candidates have mixed A- or B-site cations.
Interestingly, the authors also searched for materials for silicon-perovskite tandem cells and quantum dot cells, and
found 13 and 26 candidates, respectively.

3.3 | Double perovskites

In 2017, Zhao et al. exploited a cation-transmutation strategy to replace two Pb atoms with a pair of one M* and one
M** atoms in halide perovskites, which forms double perovskites A,M*M>**X!" (Figure 3).”° The authors performed
first-principles calculations for this class of materials with B** are Sb** and Bi**, and B* are eight IA, IB, and IIIA ele-
ments. They first probed the energetics of spatial distribution of M*X/ and M>*X}" octahedral. Then, the tolerance
factor t and octahedral factor p were considered for crystallographic stability. Thermodynamic stability was evaluated
by calculating decomposition enthalpy with respect to different decomposing pathways of the double perovskites into
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properties relevant to photovoltaic performance, (right) energies of different motifs arrangements, distribution mapping of double
perovskites with effective tolerance factor and octahedral factor as variables, decomposition enthalpy, and decomposition enthalpy
corresponding to different decomposition pathways. (Reprinted with permission from Reference 70. Copyright 2017 American Chemical
Society)
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binary and ternary compounds. Then, the authors categorized the double perovskites into three types in terms of the
M™ element group to discuss chemical trends of their electronic properties. The screening process applied photovoltaic-
functionality-directed descriptors and criteria. In detail, the criteria are high thermodynamic stability, suitable bandgap
in the range of 0.8-2.0 eV, charge carrier effective masses smaller than 1.0 m,, exciton binding energy smaller than
100 meV, and nontoxicity. After screening, the authors identified 11 optimal double perovskite candidates (Cs,CuSbCls,
Cs,CuSbBrg, Cs,CuBiBrg, Cs,AgSbBrg, Cs,AgSblg, Cs,AgBils, Cs,AuSbClg, Cs,AuBiClg, Cs,AuBiBrg, Cs,InSbClg, and
Cs,InBiCly).

In 2017, Zhao et al. designed Pb-free halide double perovskites consisting of IB-IITA element combinations, defined
as Cu-In halide perovskite (CIHP; Figure 4).'” The idea of transmuting two Pb to IB-IIIA elements came from the clas-
sical Culn-Based chalcopyrite solar absorbers. Based on this idea, the authors first built a total number of 36 A,[BC]Xs
CIHP compounds with B'"® = Cu, Ag and C"™* = Ga, In, and the A site is occupied by inorganic cations, X by halogen
anions. First-principles calculations show that the CIHP double perovskites have direct bandgaps (unlike indirect gaps
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in Ag-Bi double perovskites), strong valence-to-conduction band optical transition, and tunable gaps in a wide range.
Then, the authors screened the 36 CIHP compounds using a series of criteria: stability against decomposition, solar
bandgap values, thermodynamic stability via phase stability diagram analysis, dynamic phonon stability, and proper
photovoltaic-related properties. At last, the authors identified six final candidates, three (Cs,AgInBrs, Rb,AgInBrg, and
Rb,CulnClg) of which have bandgaps close to the optimal value of 1.34 eV and simulated photovoltaic performance
comparable to that of MAPDI.

In 2017, Nakajima et al. reported a high-throughput computational screening to discover low-toxic halide perov-
skites.>® First, the authors performed DFT calculations for a large total number of 11,025 ABX; and A,BB'Xs composi-
tions, where A is an organic or inorganic cation, B and B’ are metal elements, and X is a halogen element. The HT
calculations built up a large database for screening. Then, for screening in the database, the authors excluded metallic
compounds, selected perovskite structures after relaxation, limited the bandgap to the range of 0.8-2.2 eV from SOC
+ HSE calculations, excluded compounds with large effective masses, evaluated the band edges, and removed toxic
compounds. Finally, the screening yielded 51 low-toxic halide perovskites, most of which are double perovskites. This
study represents a large-scale screening based on expensive DFT calculations.

In 2018, Filip et al. calculated quaternary phase diagrams for all 18 lead-free pnictogen/noble metal halide double
perovskites and explored chemical mixing to stabilize the double perovskites and lower their bandgaps.”* The authors
noted that there had been four types of double halide perovskites in terms of the B and B’ site element combinations:
pnictogen and alkali metals, pnictogen and post-transition metals, post-transition and noble metals, and pnictogen and
noble metals. The pnictogen/noble metal combination was of interest in this work because they have bandgaps span-
ning the visible spectrum and low effective masses, and some of them had been synthesized and show high stability.
First, the authors systematically investigated materials stability of the perovskites by calculating the compositional
phase diagrams and found that Cs,BiAgClg, Cs,BiAgBrg, and Cs,SbAgClg are stable against decomposition. Then, they
analyzed pseudo-ternary phase diagrams, which are slices through the quaternary phase diagram and found that
mixing I, Br, or Cu in the three stable perovskites could suppress the formation of their competing ternary compounds.
Finally, Cs,BiAg,; _ ,Cu,Clg was identified as promising stable mixed double perovskites with lowered bandgaps.

In 2019, Cai et al. built a database of inorganic halide double perovskites through HT computation and reported its
application on searching for lead-free halide photovoltaic absorbers.®® Starting from 1980 double perovskite com-
pounds, A,MM'X, (A = Li, Na, K, Rb, Cs, M = Li, Na, K, Rb, Cs, Cu, Ag, Au, Hg, In, T, M' = Sc, Y, Al, Ga, In, Tl, As,
Sb, Bi, and X = F, Cl, Br, L), the authors evaluated their octahedral and tolerance factors as the first screening criteria.
Then, 1,149 compounds were calculated using density functional theory methods for their structural, electronic, and
transport properties. A database of the calculation results is incorporated in Materials Project online. To showcase an
application of the database for photovoltaics, the authors further screened the compounds using criteria of low energy
above the hull, appropriate PBE bandgaps, and small effective masses. After this, 30 compounds in five M-M' categories
were left for further structural and bandgap calculations using HSE and SOC. Next, optical absorption, spectroscopic
limited maximum efficiency (SLME), and dynamic stability using phonon calculations were performed. Finally, the
authors identified 11 solar absorber candidates from three different M-M' categories. The candidates include
Cs,AgInBrg, Cs,InAsBrg, Cs,InBiCls, Cs,InBiBrs, Cs,InSbBrgs, Cs,TlAsBrs, Cs,TlAsls, Cs,TISbBrg, Cs,InGals,
Cs,InInBrg, and Cs,TITIBrs, which are stable and have SLMEs larger than 10%. For the candidates, the authors also
analyzed chemical trends of bandgaps to provide guidance on tuning electronic structure using substitutional alloying.

In 2020, Bartel et al. performed a detailed computational study of all-inorganic cesium chloride double perovskites
Cs,BB'Cly (Figure 5).°' To start with 903 compounds consisting of 43 possible B-site cations, the authors used the new
machine-learned tolerance®” factor to select 311 compounds that are likely to form a stable perovskite structure, among
which 290 had not been synthesized. Then, the authors analyzed decomposition enthalpy using quaternary convex hull
phase diagrams and found 152 stable compounds and 109 metastable compounds. It was noted that most (82%)
stability-defining decomposition reactions for the double perovskites involve ternary compounds, indicating that stabil-
ity analysis using only elemental and binary precursor compounds is not reliable. Next, the authors also carefully exam-
ined structural distortions in the 311 compounds to avoid inaccurate predictions of stability and electronic structure.
Next, 47 (meta)stable non-toxic compounds were identified with suitable bandgaps for optoelectronic applications.
Among the 47 materials, 26 were referred to as a new class of triple-alkali perovskites (TAPs, Cs,[alkali]*[transition
metal]**Cls) because alkali cations occupy their B sites. The authors then characterized the electronic structure of four
TAPs, Csy(K,Na)(Mn,Ni)Clg, using many-body GW, and BSE calculations, and found that they all have large exciton
binding energies. The excitons are also optically accessible under a wide range of compositions, granting TAPs highly
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FIGURE 5 (Left) Structure of ideal rock-salt double perovskite where, range of ionic radii for the B site and B’ site, heat map of the
occurrence of the 43 elements considered, and (right) map of Cs,BB'Clg properties. (Reprinted with permission from Reference 61. Copyright
2017 American Chemical Society)

tunable optical properties. These findings provide potential new all-inorganic halide double perovskites whose optoelec-
tronic properties can be modulated by sublattice mixing.

In 2020, Zhang et al. calculated 980 halide double perovskites A,B*B**X, and explored the chemical trends in their
thermodynamic stability and bandgaps.'° First, to accurately predict the stability with respect to decomposition, the
authors considered all metal halides in Materials Project®® as competing compounds and calculated the energy above
the convex hull for the 980 perovskites. The stability was analyzed with quaternary and pseudo-ternary phase diagrams,
and only 112 out of the 980 double perovskites were found stable. Their results also show that 27 double perovskites
predicted previously are unstable. Then, the authors showed the chemical trends in the calculated energy above hull
using color maps. They found that the stability is mainly determined by A, X, and B* elements, that is, it increases as A
becomes heavier and X becomes lighter. Next, the bandgaps were calculated by the GGA functional. The authors found
that the bandgaps decrease monotonically as X becomes heavier and also change nonmonotonically with B* and B*".
Finally, by combining the trends of stability and bandgaps, the authors provided guidance on the design of double
perovskites with high stability and tunable bandgaps in a wide range.

3.4 | Perovskite derivatives

In 2017, Jain et al. screened perovskite-like lead-free compounds for optoelectronics using first-principles high-
throughput computation.’'! The perovskite-like compounds have formulas of ABX, and A;B,X, besides double perov-
skite A,BB'X¢, which were selected from solution processable materials in literature. In the formulas, monovalent A
and B’ cations include Na, K, Rb, Cs Cu, and Ag, trivalent B cations include Ga, In, and Sb, and halogen X anions
include Cl, Br, and I. In total, there were 480 compounds for screening. The first screening step applies calculated for-
mation energy relative to a given compound's possible precursors, which effectively exclude unstable compounds. Sec-
ond, the authors eliminated compounds with calculated GGA bandgaps larger than 2.5 eV. Then, HSE calculations
were performed to further select compounds with direct bandgaps between 1.5 and 2.5 eV. Finally, 10 candidates were
identified and seven of them were new. Cs;Ga,ly was addressed for the smallest bandgap within the visible spectrum of
1.72 eV. For the 10 selected candidates for lead-free optoelectronics, the authors presented their effective masses, den-
sity of states, and absorption coefficients.

In 2017, Tang et al. presented a design strategy of Csz , ,M(I1),Sb,X, ; 3, compounds by inserting [MXg] octahedral
layers into [Sb,X] bilayers in Cs;Sb,X,.'** The authors found that Sn and Ge are promising M(II) candidates for
improved photovoltaic-relevant properties of the compounds. They also found that thickness adjustment of the inserted
layers can tune the compounds’ bandgaps and effective masses. Later in 2019, Liu et al. studied A;MM',X;, compounds
by computational screening of different element combinations, namely A = (K* and Cs™), M = (Zn** and Sn*"),
M' = (Bi** and Sb**), and X = (CI™, Br~, and I7).!'* The authors first determined the ground-state scaffold structure of
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FIGURE 6 Schematic diagram of the high-throughput screening process. (Reprinted from Reference 69)

the compounds by comparing different crystal structures and M/M' configurations. Second, they checked decomposi-
tion pathways and phase diagrams to screen the thermodynamic stability. Then, the optoelectronic properties of
selected compounds were calculated. Finally, they explored octahedral tilting and its effects on the electronic properties
of the compounds.

In 2019, our research group performed HT computational design of hybrid halide perovskites and perovskite deriva-
tives for optoelectronics (Figure 6).°” From AFLOWLIB and Materials Project, we first identified 24 prototype structures
from existing ternary cesium metal halide compounds (Cs,B,X;). Second, we generated 4,507 hypothetical organic-
inorganic hybrid metal halide compounds (A,B,X,), in which A can be five different organic cations, B can be
65 elements with oxidation states ranging from +1 to +4, and X can be I, Br, or Cl. Third, the 4,507 compounds were
calculated in a high-throughput fashion. To discover materials with desired optoelectronic properties, we screened
bandgap calculated at different PBE/HSE/SOC levels, effective masses, and exciton binding energy for different applica-
tions of photovoltaics and light-emitting, respectively. Thermodynamic stability was carefully assessed: we calculated
decomposition enthalpy with respect to all possible decomposition pathways, and we considered candidates with the
same composition and stoichiometry as competing phases. Room-temperature dynamic stability was evaluated using
AIMD. Compounds containing toxic elements and traditional perovskites discovered before were excluded. In the end,
we identified 29 candidates, among which 23 are for light-emitting applications and 13 are for photovoltaic applications.
All the candidates are perovskite derivatives in five prototype structures, whose stoichiometry includes 2:1:4, 3:2:9, and
2:1:6, and they contain B-site elements with oxidation states from +2 to +4. More recently, we systematically studied
the stability diagram, absorption coefficients, and defect tolerance as additional descriptors for the 29 candidates using
high-throughput computation.’* All candidates show a wide thermodynamically stable range for equilibrium growth,
and most candidates have large averaged absorption coefficients at 450 nm. The defect tolerance, in specific, was deter-
mined by calculating about 5,000 neutral and charged defect structures, and 15 out of the 29 candidates show high
defect tolerance.

3.5 | Incorporation of machine learning in HT computational design

Nowadays, machine learning (ML) sees its applications in materials science.'**™*2* It is especially useful to deal with
large-scale data and thus is often combined with HT computational design.”””**> A common ML approach to materials
discovery consists of the following steps. First, based on ML algorithms selected, ML model is trained on databases built
from HT first-principles calculations. Like descriptors in HT computational design, features are important in the train-
ing of ML models. A successful ML model requires careful feature engineering. Then, the ML model predicts more
materials outside the databases to circumvent further first-principles calculations. The ML model could also find
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scientific trends and relationships between features and predicted properties. Compared to pure HT computation
design, the incorporation of ML methods makes design processes more cost-effective, but it often leads to lower predic-
tion accuracy. In this section, we review studies that combine the ML method with first-principles calculations to pre-
dict halide perovskite optoelectronic materials.

In 2018, Lu et al. combined ML techniques and density functional theory calculations to predict hybrid perovskite
photovoltaics based on bandgap (Figure 7).”” The authors first performed feature engineering and selected 14 most
important features. Then, they trained their ML model on bandgaps of 212 reported halide perovskites and predicted
5,158 unexplored perovskites’ bandgap values. The ML method also established the mapping of structure—property rela-
tionships for the bandgap. After screening predicted bandgap, six orthorhombic lead-free perovskites with proper
bandgap and room-temperature stability were discovered out of 5,158 unexplored hybrid halide perovskites. Further,
the authors performed DFT calculations on the six perovskites, including the electronic structure and thermal and envi-
ronmental stability calculations. Finally, three ASnBr; perovskites were selected as final candidates, which show high
stability and proper bandgaps. The approach greatly reduces time and cost for large-scale DFT calculations by the ML
method, and only calculate the most promising candidates at DFT level.

In 2019, Im et al. applied the machine-learning algorithm of gradient-boosted regression trees (GBRT) to a calcu-
lated dataset of electronic structures for lead-free double perovskites for photovoltaics.'*® First, the authors calculated
540 hypothetical inorganic halide double perovskites A,B'*B**X, to generate a dataset including their formation
enthalpy and bandgap values. Next, the authors applied the GBRT algorithm on the dataset and performed regression
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FIGURE 7 (Left) Input dataset of hybrid perovskites for training and testing and (right) importance and correlation of the selected
features. (Reprinted from Reference 77)
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to predict the values for halide double perovskites. The results show good averaged root-mean-square-error (RMSE) for
formation enthalpy (0.021 eV/atom) and less-accurate results for bandgap (RMSE = 0.223 eV). The GBRT algorithm
could also interpret the prediction results via feature importance scores, and determined that which five and seven fea-
tures are the minimal sets to accurately predict formation enthalpy and bandgap, respectively.

In 2019, Li et al. reported a new way to determine the formability and stability of perovskites by combining high-
throughput DFT calculations and ML methods."** In this work, the authors first established a database of calculated
decomposition energies for 354 halide perovskite candidates. Then, they used the DFT-calculated database to train an
ML model based on ionic radii as features. The ML model mapped the relationship between the ionic radii and the
decomposition energies. Next, the authors validated the ML model independently by experimental results of 246 double
perovskites. The ML model performed better than empirical descriptors like the tolerance factor. Finally, the authors
used the ML model to predict decomposition energies for about 10,000 halide perovskite and mixed-halide perovskites.

In 2020, Saidi et al. developed a hierarchical ML model to predict the electronic properties of metal halide perov-
skites using convolutional neural networks (CNN).'*” Each neural network element is designated with a role from
predicting features to narrowing down value ranges. In this study, the authors first calculated 862 ABX; perovskites to
build a dataset containing their bandgap and structural parameters. The materials design space is created mainly by
incorporating 18 A-site organic molecules. Then, the authors identified 29 elemental features, six precursor-based fea-
tures, and two ABX; structure-based features. The features were engineered to determine the 11 most important fea-
tures. Next, the authors trained a CNN using 80% of the dataset, and also applied a hierarchical CNN (HCNN) to
address the imbalanced nature of the materials dataset. The lattice constant and octahedral tilt angle was found to be
most important to develop a predictive model for the bandgap. Finally, the hierarchical ML model predicted the lattice
constants, octahedral angle, and bandgap for metal halide perovskites with root-mean-square errors of 0.01 A, 5", and
0.02 eV, respectively. The hierarchical ML model showed high fidelity compared to straight-forward methods because it
reduces issues caused by common imbalanced dataset distributions.

4 | SUMMARY AND OUTLOOK

In summary, we review recent research progress on the HT materials design of halide perovskites and beyond for opto-
electronic applications, including the strategy of developing appropriate materials descriptors and the discovered candi-
date materials. Although many promising materials candidates have been predicted from these computational research
work, additional efforts are still needed to examine their synthesizability, validate their properties, and realize optoelec-
tronic devices based on these materials. In addition, next-step computational screening efforts could be done to explore
novel materials structures and to further improve the efficiency of HT materials design, for example, using the emerg-
ing ML approach. Based on these considerations, we highlight possible future research directions as follows.

1. Stable and lead-free halide semiconductors that exhibit similar exceptional properties as lead halide perovskites
could revolutionize many fields including the solar cell industry. Tables 1-4 summarize promising alternative mate-
rials to lead halide perovskites predicted from HT computational design, which can be classified into four categories.
Generally, these materials need more detailed characterization and specific development for their applications in
optoelectronic devices through additional experimental efforts, along with more accurate computational/theoretical
studies. The IVA-element based single perovskites have been enumerated by early HT studies, and a large number
of experiments have demonstrated their advantages and disadvantages (Table 1). Despite the elimination of toxicity
in these perovskites, oxidation of divalent Ge or Sn ions poses ambient stability issues. For other element-based sin-
gle perovskites, most search efforts considered various B-site cations solely with the perovskite structure and did not
compare the candidates’ stability or synthesizability with their competing phases in other possible structures. This
leads to the fact that most predicted compositions crystallize in non-perovskite structures, and that the candidates
do not have much experimental validation in Table 2. For double perovskites, because of the large chemical search
space induced by their quaternary composition, there are much more prediction results than the other three catego-
ries of materials, and several predicted compounds have been successfully synthesized (Table 3). However, some
predicted compounds like A,GeSnX¢ double perovskites are less inspiring because they are simple combinations of
IVA element-based single perovskites. In addition, some double perovskite predictions also have the problem of sta-
bility overestimation. One example is the predicted family of A,In()M(IIT)X, (M = Bi, Sb) double perovskites. Theo-
retical and experimental studies proved that these perovskites are intrinsically unstable with respect to oxidation
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TABLE 1 List of compounds in the search space of IVA element-based single perovskites designed from high-throughput
computational studies reviewed in this article: compound, lattice system, space group, lattice parameters, bandgap, and experimental

validation
Lattice parameters Experimental

Compound Lattice system  Spacegroup a(A) b(A) «c(A) Eg(eV) Reference validation
RbSnBr; © Cubic - 5.87 5.87 5.87 2.26 46 47
CsSnBr; © Cubic = 5.89 5.89 5.89 227 46 48
CsGel; o Cubic - 5.99 5.99 5.99 1.93 46 49
CsGel; o Cubic - = = = 1.15 0 0
CsGeBr; © Cubic - - - - 1.64 30 st
HAGeBr; © Cubic = = = - 2.26 £ _
DAGeBr; © Cubic - - - - 2.47 50 -
MAGel; o Cubic = 6.10 6.10 6.10 1.98 50 =
CsSnl; o Cubic - - - - 0.95 30 52,53
CsSnBr; © Cubic = = = = 1.53 50 &
CsSnCl; o Cubic - - - - 2.14 0 54
MASnI; o Cubic - 6.26 6.26 6.26 1.26 0 PR
MASNBI; © Cubic - - - - 2.00 30 56
FASnI; o Cubic - - - - 1.21 ° 22
EASnI; o Cubic - - - - 1.70 50 -
GASnI; o Cubic - = = - 1.78 L _
DEASnHI; o Cubic - - - - 1.62 50 -
CsSnl; o _ _ _ _ _ 0.95 58 52,53
FASnI; o - - - - - 1.00 58 52,57
CsSnBrj; o - - _ _ _ 1.07 58 48
CsGel; o - - _ _ _ 1.28 58 49
MASNI; o - _ _ _ _ 1.43 58 52,55,56
CsGeBr; © - - - - - 1.56 8 =
MAGels; o - - - - - 1.83 > -
MASNBTr; © - - _ _ _ 1.89 58 56
MASII; o - - _ _ _ 1.44 58 _
MAg.75Csp.255n1;5 © - - - - - 1.20 9 -
MAy 575CS0.1255013 © - - = = = 1.18 59 -
MA.75Rbg 25503 - - - - - 1.21 9 -
FA,.5Cso.sSnl; o = - = = = 1.11 > =
FAg sRbg sSnlj; © - - - - - 1.12 5 -

Note: In this and the following tables: Symbols following compound formulas denote the specific optoelectronic applica-
tions predicted: circles (o) denote photovoltaic applications, triangles (A) denote light-emitting applications, and no
symbol means that the prediction was targeted for general optoelectronic applications. The lattice system and space
group of most compounds refer to their assumed structures (starting from which the compounds were constructed),
and their optimized structures do not always strictly belong to the same lattice system and space group, especially for
organic-inorganic hybrid compounds. For lattice parameters and bandgap, the values calculated at the highest or most
accurate level of theory in the reference are shown here. The experimental validation is not an exhaustive list. Note
that, for each compound, synthesis of its structural isomer (having the same chemical formula but different structures)
is not considered as its experimental validation.
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into In(II)-based compounds and that the HT predictions neglected redox reactions as decomposition pathways.”!
Another example is the HT prediction of Cu(I)-based double perovskites. Indeed, Cu(I) atoms tend to form [CuX,]

TABLE 2 List of compounds in the search space of other element-based single perovskites designed from high-throughput
computational studies reviewed in this article

Lattice parameters

Compound Lattice system  Spacegroup a(A) bA) c(@A) E;(eV) Ref Experimental validation
CsMgl; o a - _ _ _ b 78 _
CsVI; o a - _ _ _ b 78 B
CsMnl; o a — _ _ _ b 78 3
CsMnBr; © a - _ _ _ b 78 B
CsNiBr; o a _ _ _ _ b 78 B
CsNiCl; o a _ _ _ _ b 78 ~
CsCdI; o a _ _ _ _ b 78 _
CsCdBr; © a - _ _ _ b 78 B
CsCdCl; o a - - - - b 78 _
CsHgBr; © a - = - - ® 78 -
CsHgCl; o a - - - - b 78 -
CsHgF; o 2 = = = - ® w -
CsGaCl; © a — _ _ _ b 78 3
CsInBr; © a - _ _ _ b 78 79
CsInCl; a - _ _ _ b 78 79
MACa 5Si.sl5 © Tetragonal I4/mcm 12.2 12.4 12.3 1.33 80 =
MACa, 1,5Sigg7sIs ©  Tetragonal I4/mcm 12.1 12.6 12.5 1.54 80 -
MAZng 5Sig 515 © Tetragonal I4/mcm 12.4 12.9 12.7 1.89 80 =
MAAul; o - _ _ _ _ 1.34 58 81
FAAul; o = - _ _ _ 1.38 58 81
MAAUBI; © - - - - - 1.39 58 -
KFel; o = = - - - 1.64 » =
CsMny g7sFeo 12515 © - - - - - 1.33 59 -
CsMny 75Cop 2513 © - - = = = 1.50 9 -
MAy.5Cso.sMnl; © - - - - - 1.44 59 -

Note: For each other element-based single perovskite compound, experimental validation of its analogs with different

A-site cations is also included.
“The structural optimization started from five unique orthorhombic perovskite unit cells, and the resulting structures

were not disclosed in reference.
"The bandgaps were given in color maps without explicit values.

tetrahedral instead of [CuXg] octahedral as in perovskite structures, as proved by theoretical and experimental
efforts.”? Notably, there is a special class of materials called mixed-valence perovskites (e.g., In(I)-In(III) and Au(I)-
Au(IIT) perovskites). These perovskites have ternary compositions of single perovskites but the +1/+3 valence states
of metal ions in double perovskites. Although predicted by HT studies, In(I)-In(III) perovskites have the same chem-
ical stability problem of In(I) oxidation as in In(I)-based double perovskites. A later computational study also
showed that they have indirect and too small bandgaps, and that local mixed-valence In(I)-In(III) configuration in
In(I)-Bi(III) double perovskites induces deep defect states.'*® Similarly, another study showed that the predicted
Au(I)-Au(IIl) perovskites have two-dimensional electronic properties including highly anisotropic band structures
and flat conduction band and valence band at the band edges."*
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TABLE 3 List of compounds in the search space of double perovskites designed from high-throughput computational studies reviewed

in this article

Compound
Cs,CuSbClg ©
Cs,CuSbBrg ©
Cs,CuBiBrg ©
Cs,AgSbBrg ©
Cs,AgSbl ©
Cs,AgBilg ©
Cs,AuSbClg ©
Cs,AuBiClg ©
Cs,AuBiBrg o
Cs,InSbClg o
Cs,InBiClg o
Cs,AgInBrg o
Rb,AgInBrg ©
Rb,CulnClg o
Cs,BiAgo.575Cl0.125Clg ©
Cs,BiAg) 75Cug 25Clg ©
Cs,AgInBrg ©
Cs,InAsBrg ©
Cs,InBiClg ©
Cs,InBiBrg ©
Cs,InSbBrg ©
Cs,TlAsBrg ©
Cs,T1AsIg o
Cs,TISbBrg ©
Cs,InGalg ©
Cs,InInBrg ©
Cs,TITIBrg ©
Cs,NaMnClg
Cs,KMnClg
Cs,NaNiClg
Cs,KNiClg
Cs,GeSnlg o
MA,SiSnl ©
FA,GeSnl¢ ©
Cs,GeSnBrg ©
MA,GeSnlg ©
FA,SiGels ©
MA,SiGelg ©
MA,InBilg ©
MA,InSbl, o
FA,GaBilg °

Lattice system
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic
Cubic

Space group
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m
Fm3m

Lattice parameters

a(d)
10.52
11.07
11.17
11.37
12.13
12.24
10.83
10.94
11.42
11.32
11.44
11.156
11.064
10.237

11.16
11.43
11.42
11.89
11.76
11.58
12.34
11.90
12.14
11.63
11.74

b(A)
10.52
11.07
11.17
11.37
12.13
12.24
10.83
10.94
11.42
11.32
11.44
11.156
11.064
10.237

11.16
11.43
11.42
11.89
11.76
11.58
12.34
11.90
12.14
11.63
11.74

c(d)
10.52
11.07
11.17
11.37
12.13
12.24
10.83
10.94
11.42
11.32
11.44
11.156
11.064
10.237

11.16
11.43
11.42
11.89
11.76
11.58
12.34
11.90
12.14
11.63
11.74

Eg (eV)
1.82
1.24
1.51
1.67
0.95
1.32
1.05
1.38
0.84
1.02
0.91

1.5

1.46
1.36

1.9

1.6

1.49
0.36
0.92
0.29
0.33
1.23
0.79
1.11
0.76
1.57
1.07
2.69/2.96*
3.30/3.30*
1.78/2.08*
2.44/2.48*
1.04
1.22
1.24
1.29
1.56
1.66
1.82
0.88
1.01
1.10

Ref

70
70
70
70
70
70
70
70
70
70
70
107
107
107
74
74
60
60
60
60
60
60
60
60
60
60
60
61
61
61
61
58
58
58
58
58
58
58
58
58

58

Experimental
validation

® 72

&7

72
by
103

104

105,106

71

®

71

108

108

® ®

(Continues)
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TABLE 3 (Continued)

Lattice parameters

Experimental
Compound Lattice system  Space group a A) b (A) c(A) Eg (eV) Ref validation
MA,GaBilg © - = _ _ _ 1.16 58 _
MA,InBiBrg © - - _ _ _ 1.18 58 &
FA,InBilg o - - _ _ _ 1.19 58 Q™
MA,GaSblg © - - - _ _ 1.21 58 _
Cs,GaBilg o = - _ _ _ 121 58 _
Cs,GaBiBrg © - - _ _ _ 1.29 58 _
MA,InSbBrg © = - _ _ _ 1.29 58 Q™
Cs,GaBiClg © - - _ _ _ 1.39 58 _
Cs,GaSbClg © - = _ _ _ 1.43 58 _
Cs,InBiBrg © - - _ _ _ 1.45 58 &7
MA,GaPBrg © - - _ _ _ 1.64 58 _
MA,GaBiBrg © - - - _ _ 1.72 58 _
MA,GaSbBrg © - = _ _ _ 1.77 58 _
MA,AgAuBrg © - - - _ _ 1.27 58 _
MA,CuAuBrg 0 - = _ _ _ 1.29 58 @™
MA,CuAulg © - - _ _ _ 1.30 58 ®7
FA,AgAulg ° - - _ _ _ 1.35 58 _
Cs,RhInlg © - - _ _ _ 1.42 58 _
FA,RhInl, o - - - _ _ 1.63 s L
MA,RhGalg © - - _ _ _ 1.67 58 _
Cs,RhGalg © - = _ _ _ 1.68 58 _
Cs,RhInBrg © - - _ _ _ 1.76 58 _
MA,RhInBrg © - = _ _ _ 1.83 58 _
MA,Culnlg o - - _ _ _ 1.29 58 ®72
FA,AuGalg © - = _ _ _ 1.44 58 _
MA,Aulnlg o - - _ _ _ 1.47 58 _
MA,AuGalg ° - = - _ _ 1.50 58 _
MA,AgBilg © - - _ _ _ 2.09 58 _
MA,CuBilg o - = _ _ _ 211 58 @7
DMAAg sBig sl; © - - _ _ _ 1.53 59 105,106
FAAg, sSbo sBr3 © - = _ _ _ 1.56 59 103

Note: For each double perovskite compound, experimental validation of its analogues with different A-site cations is
also included. ® denotes negative experimental validation. * denotes that the bandgaps were calculated for two different
antiferromagnetic spin states.

2. As large-scale materials data have been generated from the HT studies, screening of candidates for other optoelec-
tronic applications, including transistors, lasers, and wide-bandgap top-cell materials in perovskite-silicon tandem
solar cells, can be achieved with a reduced computational cost. These materials data also enable the training of ML
algorithms to reveal the undiscovered trends and materials design principles for halide optoelectronics.

3. HT computational design based on perovskite-derived structures is a promising direction and have started lately.
These structures could show intrinsically higher thermodynamic stability than perovskite structures. Besides the
single-perovskite derivatives reviewed, there are still many versatile prototype structures such as double perovskites
and low-dimensional perovskites. The prior materials design in these perovskite-derived structures has been proven
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TABLE 4 List of compounds in the search space of perovskite derivatives designed from high-throughput computational studies

reviewed in this article

Compound
RbSbI,
CsSbl,
K;Sb,lo
Rb3Sb,l
Cs3Sb,lg
RbsIn,l,
CsszIn,lg
Cs;Ga,lg
Cs,SnSb,l;, ©
Cs,4GeSb,l,, o
K4SnSb,Cl;,
K,SnBi,Cl,,
K,SnSb,Br,
Rb,SnSb,Cl;,
Rb,SnBi,Cl;,
Rb,SnSb,Br,,
MA,GeBr, A
MA,Gel, oA
MA,SnCl; A
MA,SnBr, oA
MA,Snl, o
FA,SnBr, oA
AD,Gel, A
AD,SnBr, A
AD,Snl, oA
MA;In,Io A
MA;Sb,Brg A
MA;Sb,Ig oA
MA;Bi,]g ©
FA;Galy A
FA;In,Brg A
FAzIn,I, A
FA;3Biylg oA
AD;Sb,Bry A
AD;Sb,lg oA
AD;Bi,], ©
FA;Sb,lg A
AD;In,ly A
MA,ZrIs A
AD,HIfIx A
AD,SnBrg A

Lattice system
Rhombohedral
Rhombohedral
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Monoclinic
Monoclinic
Monoclinic
Monoclinic
Monoclinic
Monoclinic
Monoclinic
Monoclinic
Tetragonal
Tetragonal
Tetragonal
Tetragonal
Tetragonal
Tetragonal
Tetragonal
Tetragonal
Tetragonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Hexagonal
Tetragonal
Tetragonal

Tetragonal

Space group
R3c

R3c
P3m1
P3m1
P3m1
P6;/mmc
P6;/mmc
P65;/mmc
C2/m
C2/m
C2/m
C2/m
C2/m
C2/m
C2/m
C2/m
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
I4/mmm
14/ mmm
I4/mmm
14/ mmm
P3m1
P3m1
P3m1
P3m1
P3m1
P3m1
P3m1
P3m1
P3m1
P3ml
P3m1
P6;/mmc
P6;/mmc
I4/mmm
I4/mmm

[4/mmm

Lattice parameters

a (A)

8.72
8.61

5.54
5.94
5.56
5.72
6.12
5.64
6.14
5.87
6.22
8.23
7.71
8.26
8.35
7.94
7.38
8.04
8.06
8.30
8.69
8.78
8.02
8.61
8.18
8.47
8.13

b (A)

8.72
8.61

5.54
5.87
5.48
5.74
6.11
5.71
6.16
5.86
6.21
8.31
7.71
8.26
8.35
8.25
7.83
8.30
8.36
8.36
8.77
8.84
8.32
8.71
8.19
8.46
8.12

c Q)

15.13
14.93

19.02
20.11
18.35
19.08
20.00
20.60
18.97
18.09
19.17
11.00
10.37
10.91
11.00
11.83
11.17
11.67
11.60
9.55

10.20
10.26
23.18
20.54
12.37
12.17
11.56

Eg (eV)

2.34
2.34
2.04
2.07
2.13
2.05
2.12
1.72
1.50
1.60
2.63
2.54
2.17
245
243
2.07
1.99
1.66
2.49
1.67
1.42
1.69
2.30
2.51
1.87
2.18
2.70
2.02
1.82
2.17
291
1.90
1.80
2.52
1.91
1.80
2.54
2.00
2.60
2.89
242

Ref

111
111
111
111
111
111
111
111
113
113
114
114
114
114
114
114
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94
69,94

69,94

Experimental validation
112

112

112

115,116

117

115,116

118,119

(Continues)
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TABLE 4 (Continued)

Lattice parameters

Compound Lattice system Space group a(A) b (A) c(A) Eg (eV) Ref Experimental validation
AD,TeBrs A Tetragonal I4/mmm 8.29 8.30 11.18 2.71 @ o

MA,Snl © Cubic Fm3m 11.61 11.44 12.55  0.80 69,94 120,121

MA,Tel, © Cubic Fm3m 11.67 11.51 12.58 1.77 @ B

AD,Tel; ° Cubic Fm3m 12.54 1163 1217 187 0994 _

Note: For each perovskite-derived compound, experimental validation of its analogs with different A-site cations is also
included.

successful from the experimental synthesis of some candidate materials (Table 4). Also, an appropriate application
of ML approach in these novel structures could further speed up the materials discovery process. However, it is
noted that most ML models in the reviewed topic deal with perovskites only, and features that effectively account
for different structures are scarce, and the inclusion of various prototype structures in the ML approach could be
challenging but also interesting.

4. Although HT computational design is a powerful tool to discover novel materials at low cost, unreasonable process
design (e.g., calculations of redundant materials that can be pre-excluded by basic chemical rules) may result in an
unnecessary cost of computation resources and ineffective prediction results. As more and more HT materials
screening studies become available for perovskite-related optoelectronics, some general protocols that regulate the
methodologies, levels of theory, and the examination of materials stability should be considered. These protocols are
important for the robustness and reliability of the screening results and more informative for guiding experimental
studies. For example, as an essential property in computational prediction, thermodynamic stability should be rigor-
ously analyzed by calculating decomposition enthalpy with respect to all possible pathways or by analyzing energy
above the convex hull with phase diagrams. The ongoing development of automation toolkit and standard materials
libraries will also greatly help apply such protocols in the HT studies.
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