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TOPICAL REVIEW — High-throughput screening and design of optoelectronic materials
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Although the efficiency of CH3NH3PbI3 has been refreshed to 25.2%, stability and toxicity remain the main chal-
lenges for its applications. The search for novel solar-cell absorbers that are highly stable, non-toxic, inexpensive, and
highly efficient is now a viable research focus. In this review, we summarize our recent research into the high-throughput
screening and materials design of solar-cell absorbers, including single perovskites, double perovskites, and materials be-
yond perovskites. BaZrS3 (single perovskite), Ba2BiNbS6 (double perovskite), HgAl2Se4 (spinel), and IrSb3 (skutterudite)
were discovered to be potential candidates in terms of their high stabilities, appropriate bandgaps, small carrier effective
masses, and strong optical absorption.
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1. Introduction

Catalyzed by the energy crisis and environmental pollu-
tion from the consumption of fossil fuels, the quest for re-
newable and clean energy has driven the exploration and de-
velopment of solar-cell materials.[1–5] As shown in Fig. 1,
the first-generation solar cells were fabricated using silicon
absorbers (1950s), while the second-generation solar cells
were based on GaAs (1960s) and CdTe (1970s), while these
cells exhibited good performance and extremely long-term
stabilities,[6–8] their electronic properties were generally less
tolerant to defects due to the covalent systems in which low
defect concentrations usually significantly degraded the cell
performance.[9,10] Therefore, high-quality crystals or post-
treatment are required to passivate the dangling bonds.[11–14]

Following the development of CdTe cells, a number of ionic
compounds, such as Cu2(In, Ga)Se4 (1990s) and Cu2ZnSn(S,
Se)4 (2000s), were discovered by chemically mutating cations.
Due to their multinary nature, defect control is crucial to en-
hancing the efficiency, especially for Cu2ZnSn(S, Se)4.[15–23]

In the last decade, hybrid organic-inorganic perovskites,
such as CH3NH3PbI3 (MAPbI3), have led to a new revolution-
ary class of solar-cell absorbers that produce inexpensive and
highly efficient thin-film solar cells.[24–54] The certified pho-
toconversion efficiencies (PCEs) of these materials are contin-

ually being refreshed at a high rate, from 3.8% in 2009[24] to

25.2% in 2019 (NREL Best Research-Cell Efficiency Chart,

accessed November 2019). MAPbI3 exhibits an appropriate

direct bandgap, strong optical absorption, balanced electron

and hole effective masses, long carrier lifetime and diffusion

length, as well as shallow dominating defects.[8,35,41,42,55–59]

These superior optical and electronic properties are mainly

attributed to strong coupling between the lone-pair s orbital

of Pb and the p orbital of I.[60,61] Despite these advantages,

two major obstacles for the commercialization of MAPbI3 ex-

ist: poor long-term stability and the toxicity of Pb,[43,62–64]

which have propelled researchers to develop better materi-

als with improved chemical stabilities and environmentally

friendly compositions. One solution involves replacing the

volatile organic MA molecule with elemental Cs.[65,66] Con-

sidering that the MA in MAPbI3 does not obviously con-

tribute to the overall electronic structure, the inorganic CsPbI3

counterpart should exhibit similar material properties.[67–72]

A CsPbI3-based solar cell has been shown to deliver a PCE

of 18.64%,[73] however it suffers from long-term phase in-

stability as the Cs+ is insufficiently large to sustain a stable

perovskite structure, although recent work has shown that the

CsPbI3 perovskite phase can be stabilized by additional pro-

cesses and passivation.[74–76]
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To tackle the Pb toxicity problem, the divalent Pb cation
in CsPbX3 has been mutated into monovalent B(I) and triva-
lent B(III) cations, which led to a class of halide dou-
ble perovskite with the A2B(I)B(III)X6 formula.[77–82] While
Cs2AgBiBr6 and Cs2AgBiCl6 were successfully synthesized
in early 2016,[83–85] unfortunately Cs2AgBiBr6 has a bandgap
(≈ 1.9 eV)[83,86] that is slightly larger than the optimal
bandgap range, it also exhibits indirect bandgaps owing to
chemical mismatching of the Ag d and Bi s orbitals,[87] which
results in a PCE much lower than that of MAPbI3. So far,
the highest reported PCE for Cs2AgBiBr6 is 2.5%.[88] Unfor-
tunately, low-bandgap Cs2AgBiI6 is difficult to synthesize.[85]

Cs2AgInX6 (X = Cl and Br), as other contenders, have been
prepared and exhibit direct bandgaps, however, their opti-
cal bandgaps are too large owing to the parity-forbidden

transitions.[82,89,90] Cs2InBiCl6 and Cs2InSbCl6 have direct
bandgaps and strong optical absorptions, but they tend to de-
compose spontaneously due to In+→ In3+ oxidation.[80,91]

In this review, we summarize our recent computational
investigations into the high-throughput screening and mate-
rials design of solar-cell materials, and provide comparisons
with experimental works.[77,78,92–95] Firstly, chalcogenides
and halides with single perovskite structures were systemat-
ically screened, which led to the discovery of some novel ma-
terials. Secondly, sulfide and halide double perovskites were
also comprehensively researched through the cationic chemi-
cal mutations of the single perovskite structures. Lastly, spinel
and skutterudite compounds that have structures beyond those
of perovskites were also examined as solar-cell materials using
high-throughput screening methods.

Fig. 1. Diagram showing progress in solar-cell material development.

2. Procedures and criteria for the computational
high-throughput screening methodology
The optoelectronic conversion process is shown in Fig. 2.

Semiconductors absorb sunlight and generate electrons and
holes in the conduction and valence bands, respectively. These
electrons and holes undergo complicated processes that in-
clude relaxation, recombination, trapping, and transportation.
As a result, an optimal solar-cell absorber needs to meet
strict requirements, including an appropriate bandgap (1.0–
1.6 eV), band alignment, carrier mobility, optical absorption,
and high dopability, among others, which are the criteria for
the high-throughput screening of solar-cell absorbers. These
material properties are associated with various degrees of

Fig. 2. Schematic diagram of optoelectric conversion process.

computational difficulty and cost (as listed in Table 1), and
therefore need to be treated in different ways.

A schematic depicting the screening process is shown in
Fig. 3, with a chalcogenide single perovskite as the example.

Fig. 3. The screening procedure for novel chalcogenide single per-
ovskites for solar-cell applications. Reprinted with permission.[92]
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Table 1. Selected physical quantities for various physical processes, their computational difficulty, cost, and accuracy.

Physical properties Computational cost Computational accuracy

Stability
thermodynamic ∆HD low high

dynamic phonon spectrum medium high

Optical properties

bandgap
PBE low low
HSE medium medium
GW high high

band alignment high medium
optical absorption low high

SLME low high

Electronic properties

effective mass low high
carrier mobility high low
diffusion length high low

nonradiative recombination rate high low
defect and doping medium medium

2.1. Stability
2.1.1. The stability descriptor

The tolerance factor t = (RA +Rx)/
√

2(RB +Rx)
[96] and

the octahedral factor µ = RB/Rx are used to distinguish per-
ovskites, which are formed at 0.8 < t < 1.0.[97–99] This cri-
terion is insufficiently accurate because t only describes the
stability of the structural framework. Recently, we introduced
µ + t = C and (µ + t)η as stability descriptors, where C is a
constant and η is the atomic packing fraction. In particular, the
(µ + t)η descriptor was shown to be 90% accurate.[77,100,101]

These straightforward descriptors can be used to qualitatively
screen and select stable perovskites, however, quantitative re-
sults are usually obtained by first-principles calculations.

2.1.2. Thermodynamic stability

The development of first-principles computational meth-
ods has set the decomposition energy as a quantitative criterion
to describe the thermodynamic stability of a material. The de-
composition energy is defined as

∆HD(material) = ∑Eproduct−Ematerial, (1)

where Ematerial is the total energy of the material, Eproduct is the
energy of the decomposed products, ∆HD is the energy differ-
ence between the material and the corresponding decomposed
product. The positive/negative value of ∆HD indicates that the
compound is stable/unstable.

2.1.3. Dynamic stability

Dynamic stability can be evaluated from the phonon
spectrum.[99,102–104] High-throughput phonon spectra are dif-
ficult to calculate because the calculations involved are rela-
tively computationally intensive. Therefore, dynamic stabili-
ties are usually examined in the final round of the screening
process.

2.2. Bandgap

The bandgap is a key factor that determines the properties
of a material, and about 1.0–1.6 eV is the optimal range for

solar absorbers according to the Shockley–Queisser limit.[105]

Hybrid functional calculations are computationally demand-
ing, hence the Perdew–Burke–Ernzerhof (PBE) functional is
often initially used.[106] Because the PBE functional under-
estimates the bandgaps, a PBE-calculated 0–1.1 eV bandgap
is used as the preliminary screening criterion,[107] with hybrid
functional calculations considered for further screening. Apart
from the hybrid functional approach, GW[108,109] calculations
provide data that agree well with experiment results, but at a
higher computational cost.

2.3. Effective mass

Carrier mobility, which is linked to the carrier effective
mass and average scattering time, is directly related to photo-
generated carrier separation and transportation. Since average
scattering time is difficult to calculate, the effective mass is
often used as a descriptor for carrier mobility. The effective
mass of an electron (hole) is approximately calculated by

m∗ = }2
[

∂ 2ε (k)
∂ 2k

]−1

, (2)

where ε(k) is the energy-dispersion function at the band
edges.[92]

2.4. Optical absorption

The absorption coefficient as a function of photon energy
is calculated using the expression

a(E) =
4πe
hc

{[
ε2

1 + ε2
2
]1/2− ε1

2

}
, (3)

where ε (ω) is the frequency-dependent dielectric function

ε (ω) = ε1 (ω)+ iε2(ω). (4)

Due to the high computational cost, the optical absorption
spectra are usually calculated using the PBE functional, the
calculated spectrum is then shifted to reproduce the bandgap
based on the hybrid functional or GW approach. The maxi-
mum PCE of a material is determined using the spectroscopic
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limited maximum efficiency (SLME) approach.[110,111] No-
tably, we did not consider exciton binding energy which usu-
ally reduces the band gap.[59]

3. Single perovskites
3.1. Chalcogenide perovskites

The high-throughput first-principles calculational method
has been used to comprehensively study 168 chalcogenide sin-
gle perovskites (ABX3, A = Mg, Ca, Sr, Ba, Zn, Cd, Sn, Pb,
B = Ti, Zr, Hf, Si, Ge, Sn, Pb, X = O, S, Se).[92] There
are a total of 672 systems for four possible crystal symme-
tries, namely, Pm3̄m, Pnma, P63/mmc, and Pnma (needle-
like). Rough screening with the PBE functional was used to

calculate the formation energies and bandgaps, which led to
the selection of only a dozen or so materials, as shown in
Fig. 4, most of these materials exhibit direct bandgaps, which
are favorable for absorbers. Seven materials were retained on
the basis of their effective electron (hole) masses, and their
bandgaps were calculated using the PBE0 functional, as shown
in Fig. 4(b). Finally, BaZrS3, BaHfSe3, SrZrSe3, SrHfSe3,
and BaZrSe3 were selected for potential solar-cell applications
based on their optical absorption and phonon spectra. The op-
tical absorptions of these materials are comparable to that of
CH3NH3PbI3, since their band-edge optical absorptions result
from the p–d transitions, which have even higher joint den-
sities of states compared to the sp–p transitions observed in
CH3NH3PbI3.

Fig. 4. (a) Formation energies and PBE-calculated bandgaps. (b) Formation energies and PBE0-calculated bandgaps of 20 perovskites. Solid
symbols indicate compounds that have been synthesized experimentally. Reprinted with permission.[92]

3.2. Halide single perovskites

Halide single perovskites (ABX3, A = NH4, MA
(CH3NH3), FA (CH(NH)2)2), Na, K, Rb, Cs, B = Sn, Ge,
X = Cl, Br, I) have been extensively researched.[78,112–114]

Through the use of high-throughput DFT calculations, we
expanded this perovskite family to include another 30 ABX3

halides (A = Cs, B = Mg, Ca, Sr, Ba, Zn, Cd, Hg, Ge, Sn, Pb,

X = Cl, Br, I) with three crystal phases (α , β , and γ). Figure 5
shows the process used to screen the decomposition energy
and PBE-calculated bandgap, more details will be published
elsewhere. Based on the stability, bandgap, carrier effective
mass, and optical absorption, CsCdBr3 shows potential as a
solar-cell absorber to replace CsPbI3, despite that CsCdBr3 is
also potentially toxic.

Gap/eV Gap/eV

D
H
D
/
e
V

D
H
D
/
e
V

Fig. 5. Decomposition energies and PBE-calculated bandgaps.
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4. Double perovskites
4.1. Halide double perovskites

Halide double perovskites A2B′B′′X6 can be considered
to have the ABX3 formula in which the B-cation is split into
B′ and B′′. The compositional flexibility of B′ and B′′ leads
to a very large number of possible candidates. A total of 9520
possible combinations were obtained based on a 7×8×34×5

system, as shown in Fig. 6.[79] After applying the t and µ rules,
this large number was reduced to about 600.[78] We next con-
sidered the other screening criteria and found that the remain-
ing candidate materials were mainly grouped into two cate-
gories: Cs2M(IB)M(III)X6 (M(IB) = Cu, Ag, M(III) = Sb,
Bi, X = Cl, Br, I), and Cs2M(IB)M(III)X6 (M(IB) = Cu, Ag,
M(III) = Ga, In, X = Cl, Br, I).[78]

Fig. 6. Elements that from double halide perovskites with the A2B1+B3+X6 composition. Light blue element indicates that at least one
compound with a double halide perovskites structure containing that element has been synthesized. The triangular color tag indicates the site
occupied by that element, according to the legend at the top. Au is half-colored because it exists only in A2Au2X6 with A = Rb, Cs and X = Cl,
Br, I. Reprinted with permission.[79]

Cs2AgBiBr6 is a representative halide double perovskite
from the first category and has been synthesized by McClure
and Slavney.[83–85] Some of its superior electronic properties
are due to the lone-pair s electrons of Bi, which are sim-
ilar to the lone-pair s electrons of Pb in MAPbI3. How-
ever, Cs2AgBiBr6 exhibits indirect bandgaps (1.8–2.2 eV)
due to the chemical mismatch between Ag and Bi. Mean-
while, its indirect bandgap is favorable for ensuring a long
carrier recombination lifetime. Cs2AgBiBr6 has lower elec-
tron (0.37me) and hole (0.14me) effective masses than its Pb
analog. Meanwhile, Cs2AgBiBr6 exhibits benign defect prop-
erties, and the Ag vacancies are shallow acceptors with low
formation energies, which leads to unintended self-doping p-
type conductivity. Another representative of this category is
Cs2AgInCl6,[82,89,90] which was first synthesized by Volonakis
in 2017. This compound has no lone-pair s electrons, and ex-
hibits direct bandgaps (2.0 eV), however, its optical bandgap
is 3.3 eV owing to a parity-forbidden transition between the
band edges, which hinders its application to solar cells.

4.2. Chalcogenide double perovskites

Chalcogenides are more stable than halides because
Coulombic interactions in chalcogenides are larger than those
in ionic halides.[93,100,115] A2M(III)M(V)X6 chalcogenide
double perovskites based on BaZrS3 were generated by the

Zr2+ → M(III)+M(V) chemical mutation. Considering that
the lone-pair s electrons play crucial roles in the superior per-
formance of MAPbI3 (M(III) = Sb3+, Bi3+ and M(V) = V5+,
Nb5+, Ta5+), lone-pair s electrons can be introduced, as shown
in Fig. 7(g), where A = Ca, Sr, Ba and X = S, Se, which leads
to 36 chalcogenides with different space groups, as shown
in Fig. 7. These compounds were comprehensively investi-
gated using various screening criteria by high-throughput DFT
calculations. Among them, nine compounds were selected
as candidates for solar-cell applications. Figure 8 shows the
decomposition energies of the 9 selected double perovskites
through 11 representative pathways. They exhibit quasi-direct
bandgaps (indirect bandgap is less than direct bandgap, but the
difference between them is very small, ∆Eg = Edir

g −E indir
g ),

∆Eg < 0.2 eV, that facilitate electron–hole separation and
avoid fast recombination. The conduction band minimum
(CBM) is derived from M(III) np–anionic X 3p/4p and M(V)

md–X 3p/4p mixing, and the valence band maximum (VBM)
is derived from the antibonding state between the M(III) ns
and anionic X 3p/4p states, which leads to balanced electron
and hole effective masses. The strong antibonding character at
both the VBM and CBM leads to strong absorption strengths
in the visible-light region, much stronger than that of GaAs,
and even stronger than that of MAPbI3.
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Fig. 7. Schematic crystal structures of (a) Pm3̄m symmetry, (b) Pnma symmetry, (c) R3̄c symmetry, (d) Fm3̄m symmetry, (e) P21/n sym-
metry, and (f) R3̄ symmetry. Panel (g) shows the chemical mutation of 36 chalcogenide double perovskites from BaZrS3. Reprinted with
permission.[93]

Fig. 8. Heat map of decomposition energies (∆HD) for 9 compounds along 11 decomposition pathways. The pathways were determined by
searching all related secondary phases in the Inorganic Crystal Structure Database (ICSD). Crosses indicate that the particular pathway does
not apply due to the absence of the corresponding secondary phase in the ICSD. Reprinted with permission.[93]

5. Beyond perovskites
5.1. AB2X4 spinel compounds

Considering that tetrahedral coordination structures
(TCS, e.g., Si, GaAs, and CdTe) and octahedral coordi-
nation structures (OCS, e.g., perovskites) exhibit comple-
mentary properties in terms of stability, optical properties,
and defect tolerance, spinel structures (AB2X4), which com-
bine TCS and OCS into single crystal structures, were in-
vestigated for solar-cell applications, as shown in Fig. 9.
High-throughput DFT calculations were used to systemat-
ically investigate 105 spinel AB2X4 compounds (A = Mg,
Ca, Sr, Ba, Zn, Cd, Hg, B = Sc, Y, Al, Ga, In, X = O,

S, Se)[94] in three space groups. Figure 9(d) shows the
thermodynamic-screening results and compares them with
compounds synthesized experimentally. Furthermore, through
bandgap, effective-mass, optical-absorption, and dynamic-
stability screening, five spinel compounds, namely, HgAl2Se4,
HgIn2S4, CdIn2Se4, HgScS4, and HgY2S4 were determined to
be promising solar-cell absorbers. Among them, HgAl2Se4

exhibited the most outstanding properties, it has a suitable
quasi-direct bandgap (1.36 eV), with ∆Eg = 24 meV. It also
has appropriate carrier electron (0.08me) and hole (0.69me)
effective masses. Moreover, these compounds have strong ab-
sorption strengths because their VBMs mainly involve Se/S 9
components, while their CBMs contain Se/S s components.
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Fig. 9. Crystal structures of (a) spinel, (b) inverse spinel, and (c) distorted Pnma phases. The A and B polyhedra are shown in green and
blue, respectively. (d) DFT-calculated and experimental phase stabilities of 105 AB2X4 compounds. Red, yellow, and green squares indicate
that spinel, inverse spinel, and Pnma phases are calculated to be stable structures, respectively. Ticks (crosses) indicate that the theoretical
predictions are consistent (inconsistent) with existing experimental ICSD data. Reprinted with permission.[94]

5.2. Skutterudite compounds

The materials in the preceding sections were selected on
the basis of their structural characteristics or electronic prop-
erties for conventional solar-cell absorber applications. How-
ever, the IrSb3 skutterudite, which lies out of the scope of
ns2-containing compounds,[55] has also been proposed to be a
promising solar-cell material.[95] The structure and electronic
structure of IrSb3 are shown in Fig. 10, along with that of per-

ovskite. IrSb3 has an appropriate direct bandgap (∼ 1.3 eV),
and small carrier electron (0.11me) and hole (0.07me) effective
masses. Its high absorption strength is comparable to that of
MAPbI3. Moreover, it presents shallow dominating defects.
These superior qualities are mainly derived from the strong
antibonding character at the VBM, however, lone-pair s elec-
trons make no contribution to the VBM. Furthermore, IrSb3 is
highly stable due to its covalent nature.

Fig. 10. (a) Crystal structures, (b) band structures, and their respective partial charge densities: (c) VBM, (d) CBM, and (e) the blue bands
indicated in the band structures in panel (b). The almost linear band structure around the VBM (5% length along Γ –N and Γ –P) of skutterudite
is shown in the inset of panel (b). Reprinted with permission.[95]

6. Conclusions and perspectives
The design of new materials is mainly driven by struc-

tural and functional-property requirements. By considering
structural diversity and compositional flexibility, there appears
to be tens of millions of possible new materials. In this pa-
per, we reviewed progress toward the discovery of new solar-
cell materials using high-throughput calculations, which have
proven to be powerful methods for the screening and design
of solar-cell materials. The materials examined were mainly
divided into three categories: single perovskites, double per-
ovskites, and beyond perovskites. Some promising candi-
dates for solar-cell materials were discovered, such as single

perovskites BaZrS3, CsPbI3, double perovskite Ba2BiNbS6,
spinel HgAl2Se4, and skutterudite IrSb3, among others, these
compounds exhibit superior properties for solar-cell applica-
tions, including high stabilities, appropriate bandgaps, small
carrier effective masses, extremely high optical absorptions,
and benign defect properties. It is worth noting that CsPbI3

and HgAl2Se4 are still potentially toxic, they involve the toxic
elements Pb and Hg. These results provide strong guide-
lines for the experimental synthesis of new materials. How-
ever, as mentioned above, a vast domain of materials exist
that await discovery. The search for stable, non-toxic, inex-
pensive, and highly efficient solar-cell materials remains a hot
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topic. Recently, machine learning based on the data from high-
throughput calculations has opened up a new approach to the
efficient screening and design of solar-cell materials.
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