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Organic-inorganic lead halide perovskites show great promise in optoelectronic applications such

as light-emitting diodes and solar energy conversion. However, the poor stability and toxicity
of lead halide perovskites severely limit their large-scale applications. Here we show a high-
throughput design of lead-free hybrid halide semiconductors with robust materials stability and de-
sired material properties beyond perovskites. On the basis of 24 prototype structures that include
perovskite and non-perovskite structures and several typical organic cations, a comprehensive
quantum materials repository that contains 4507 hypothetical hybrid compounds was built using
large-scale first-principles calculations. After a high-throughput screening of this repository, we
have rapidly identified 23 candidates for light-emitting diodes and 13 candidates for solar energy
conversion. Our work demonstrates a new avenue to design novel organic-inorganic functional
materials by exploring a great variety of prototype structures.
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1 Introduction

Organic-inorganic hybrid lead halide perovskites with a prototyp-
ical formula of MAPbI; (MA=CH3NHj3) are one emerging class
of semiconductor materials with promising optoelectronic ap-
plications including solar energy conversion and light-emitting
diodes.1-? This is mainly attributed to their excellent materials
properties such as tunable band gaps®, high charge carrier mo-
bility4, defect tolerance®, and low-temperature solution process-
ability®. In spite of their promising optoelectronic applications,
particularly for solar energy conversion, the hybrid lead halide
perovskites are facing two major challenges including poor sta-
bility and presence of toxic lead, which limits their large-scale
applications.’”-® To overcome these challenges, one solution is to
search for novel hybrid materials with potentially superior prop-
erties beyond or like that of lead-based hybrid halide perovskites.

Some prior experimental and computational efforts both have
been made to explore alternatives to lead halide perovskites.
There are two major classes of candidates that are being exten-
sively studied. One class of candidates are Ge- and Sn-based
halide perovskites with various organic cations, but these ma-
terials usually have even lower stability than lead halide per-
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ovskites.® To enhance stability of Sn-based perovskites, some ex-
perimental approaches such as the fabrication of low-dimensional
structures !0 and the encapsulation of device!! have been pro-
posed. In addition to Ge and Sn, Si mixed with other cations
such as Ca/Si and Zn/Si with different ratios were also tried. 12
The other class of candidates are called double perovskites with
a chemical formula A;BB'Xgs (A=Cs or organic cations; X=Cl,
Br, or I), which can be regarded as derivatives of single per-
ovskite MAPbX3 but with Pb replaced by two different metal
cations (B=BT; B'=B31).13-19 Early experimental demonstra-
tion of double perovskites for optoelectronics include Cs-based
inorganic double perovskites with Ag-Bi composition 131>
the MA-based hybrid double perovskite with K-Bi composition.
Nevertheless, most double perovskites that are predicted to have
good electronic properties often suffer from instability issues such
as phase separation or redox decomposition, e.g., Cs;InBiClg and
Cs,InSbClg, 20 while double perovskites that can be synthesized
usually show large indirect band gaps.13-1¢ Despite this, exten-
sive research efforts are being made to search for novel double
perovskites with desired electronic properties and high stability,
such as using high-throughput materials design approach,17-1?
towards lead-free perovskite optoelectronics. 2123

and
16

Notably, these prior efforts primarily focused on the single per-
ovskite structure with a stoichiometry of 1:1:3 or on the double
perovskite with a stoichiometry of 2:1:1:6. Besides perovskite
structures, there exist in principles other organic-inorganic hybrid
ternary metal halide compounds with appropriate metal elements
and the stoichiometry of component elements that are more sta-
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ble and even show better optoelectronic properties than the typi-
cal perovskite structures.®* As a proof of concept, Sb-based hy-
brid ternary compound, (MA)3;Sb,Cl,Iy_,, has been prepared,
and the solar cell based on this material reached a power con-
version efficiency over 2%;2> the ternary silver bismuth iodides
showed tunable optoelectronic properties upon sulfide modifica-
tion for photovoltaics.2® Therefore, it is worthwhile to explore
non-perovskite ternary structures for searching for alternatives to
lead halide perovskites.

In this work, we have carried out a high-throughput computa-
tional design of novel lead-free organic-inorganic ternary halide
semiconductors for optoelectronic applications using large-scale
first-principles electronic structure calculations and have success-
fully identified 13 candidates for photovoltaic applications and 23
candidates for light-emitting applications. The chemical formu-
las of selected candidates include A;BXy, A3B,X9, and A;BXg, in
which A = MA, FA, or AD, and X=Cl, Br, or I. All these candidates
have robust materials stability, appropriate band gaps, effective
masses, and exciton binding energies for the optoelectronic ap-
plications.

2 Methods

The high-throughput first-principles calculations were performed
using the automatic framework AFLOW?27 based on the Vienna
Ab-initio Simulation Package (VASP).2® The projector augmented
wave potentials, and the generalized gradient approximation
(GGA) of the exchange-correlation functional as parameterized
by Perdew, Burek, and Ernzerholf (PBE) are used in the DFT cal-
culations. 2 To properly describe the long-range dispersion inter-
actions between the organic molecules in the hybrid materials,
two types of van der Waals (vdW) functionals including DFT-
D339 and optB86b3! were carefully assessed for the prototype
compound MASnBr3, along with the standard PBE functional. As
shown in Table S1 of Supporting Information, our test calcula-
tions suggest that both vdW functionals give more accurate equi-
librium lattice parameters than the PBE functional while the DFT-
D3 method shows a better match with the experimental value
than the optB86b and thus is used in our calculations. Structures
are fully relaxed with a convergence tolerance of 0.01 meV/atom.
k-points grid of 0.05 A~! were automatically set for relaxation
of different structures. Accurate charge densities and density of
states are obtained in static calculations with a denser grid of 0.04
A~1. Other computational settings such as cutoff energy are man-
aged by the AFLOW code that also generates appropriate entries
for the structural relaxation, static calculations, and the electronic
band structure calculations sequentially and automatically. 27 The
hybrid DFT calculations within Heyd-Scuseria-Ernzerhof (HSE)
formalism with 25% Hartree-Fock (HF) exchange are employed
to predict accurate band gaps for the candidate compounds. 32-33
The parameter of 25% HF mixing constant was derived from per-
turbation theory, 3%33 which can generally yield close band gaps
to the experiment and is appropriate for a large number and va-
riety of hypothetical compounds. 17-18

2| Journal Name, [year], [vol.],1—11

Table 1 Structural properties of the Cs,B,X. compounds used to extract
prototype structures. Original inorganic compound, space group, ICSD
number, and Pearson symbol. All the prototype structures are available
in the AFLOWLIB and/or Materials Project.

Bn Stoichi-  Original Space ICSD Pearson
ometry  Compound Group Number  Symbol
1:1:2 Cs4AgyBrg Cmcm 150301 0S16
B! Cs,Ag,Cly P4/nmm 150300 tP8
1:2:3 Cs4CugBry» Cmcm 49613 0S24
Cs;Sn;Br3 Pm3m 4071 cP5
Cs1GeBr3 R3m 80317 hR5
Cs3Mn;3Clg R3m 2555 hR15
Cs4Ag4Clin I4/mmm 66067 t120
L3 =55 CdyBrg P6;mc 281176 hP10
Cs,Dy;Brg P4/mbm 300285 tP10
B2 Cs4Crylyn Pben 23383 oP20
Cs4Snylyn P2i/m 14070 mP20
Cs4CryCly; C2/m 41802 mS20
Cs4Pbyly; Pnma 161480 oP20'
Cs4Cd,Clg I14/mmm 16576 tI14
2:1:4 CsgPd,Clyg Cmmm 95812 0S28
CssHgolIg P2,/m 63110 mP14
CsgZnyBryg Pnma 69139 oP28
2:3:8 CssHgelie Cm 4074 mS26
1:2:5 CspHgyBrjo P2,/m 200751 mP16
B 3:2:0 Cs3BiyBry P3m1 1142 hP14
CsgMoyBrig  P63/mmc 26213 hP28
Cs4Pdo 115 [4/mmm 280189 tI118
B 2:1:6 CsgPtyBrag Fm3m 77381 cF36
Cs,CeClg P3m1 14339 hP9

3 Results

3.1 Building Repository

As the first step, we built a quantum materials repository that
contains hybrid halide perovskites and perovskite derivatives. To
do this, we began by identifying all possible prototype structures
based on existing ternary metal halide compounds with a for-
mula of Cs,B,X, from the online quantum materials databases
AFLOWLIB34 and Materials Project.3> The reason for selecting
Cs-contained compounds is as follows. The Cs cation has a large
ionic radius that is comparable with that of the organic cations
such as MA, and thus it can be readily substituted by organic
cations to form organic-inorganic hybrid compounds. Note that
one chemical formula may correspond to different crystal struc-
tures, and only the most stable one was selected as a prototype
structure. As shown in Fig. S1 of the Supporting Information, a
total number of 24 unique prototype structures were identified.
Their complete structural information is listed in Table 1, includ-
ing space group, ICSD number, and Pearson symbol. The unique
Pearson symbol is used to denote these prototype structures. For
example, the structure generated from the compound CsSnBr;
with a space group of Pm3m and an ICSD number of 4071 (iden-
tifed as CsSnBr;_ICSD_4071 in AFLOWLIB) is denoted using its
Pearson symbol of cP5. The prototype structures cP5 and tI20
(tP10) are the cubic and tetragonal perovskites, respectively, and

This journal is © The Royal Society of Chemistry [year]
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Quantum Materials Repository Electronic Structure Stability Other Descriptors
Prototvpe Structures Light- Em|tt|ng AHIt competing phases Non-Toxicity
;?‘ 0.015 not synthesizable Remove compounds with toxic
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#001 #002 #003 #023 #024 . -
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y
MA AD FA EA DMA A ,\%{’ )/ /
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Eg 0 8-22eV
65 BY/B'/B"/BV I/Br/Cl
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Building High-Throughput Screening Final
Repository DFT Calculations Process Candidates

Fig. 1 Schematic diagram of the high-throughput screening process. A total number of 4507 compounds (A,B,X., A = MA/FA/AD/EA/DMA, X =

I/Br/Cl)

were generated from 65 kinds of B-site elements in 24 different crystal structures. Compounds with direct band gaps in the visible spectrum range
are kept for light-emitting materials, and compounds with band gaps in 0.8-2.2 eV are kept for solar-cell materials. Compounds with effective masses
greater than 1.5mq are excluded. Compounds with a formation enthalpy higher than its most energetically favorable competing phase by a value greater
than 0.015 eV/atom are excluded. Compounds containing toxic B-site elements are also excluded. Compounds that cannot maintain structural integrity
at room temperature are excluded. The selected candidates are all stable with respect to decomposition by at least 0.03 eV/formula unit. Compounds
with exciton binding energy greater than 130 meV are excluded for solar-cell materials. 23 candidates for light-emitting materials and 13 candidates for

solar-cell materials were selected.

the others are perovskite derivatives. Note that two prototypes,
CsCrl;_ICSD_23383 and CsPbl;_ICSD_161480, share the same
Pearson symbol of oP20, and to distinguish them, we denote the
former with oP20, and the later with oP20'.

After identifying the structure prototypes, we next generate hy-
pothetical compounds by placing various elements in the A;B,X,
formula. At A site, we put relatively small organic cations, includ-
ing MA (CH3;NH3), FA (CH(NH,),), AD ((CH,),NH,)3¢, DMA
(NH,(CHj3)»), and EA (C,HsNH3). At B site, we select elements
with different valence states according to the different stoichiom-
etry of A;B,X;. As shown in Table 1, there are three structure pro-
totypes for Bt, 16 prototypes for B>+, two prototypes for B>*, and
three prototypes for B**. B*-based prototypes have two different
stoichiometries (A:B:X=1:1:2 and 1:2:3); B%*-based prototypes
have four different stoichiometries (A:B:X=1:1:3, 2:1:4, 2:3:8,
and 1:2:5); B**-based prototypes only have one stoichiometry
(A:B:X=3:2:9); and B**-based prototypes also only have one sto-
ichiometry (A:B:X=2:1:6). A total number of 65 possible B-site
elements with common valence states from +1 to +4 were placed
in the corresponding prototypes. The X site is occupied by I, Br,
or Cl ions. With the three sites combined in the 24 prototypes,
a total number of 4507 hypothetical compounds were generated.
The electronic structure of all the compounds is computed in a
high-throughput fashion.

3.2 Screening Process

In terms of optoelectronic applications like solar cells and light
emitters, there are several common descriptors often used for
high-throughput screening of target materials. These descriptors

This journal is © The Royal Society of Chemistry [year]

include band gap, charge carrier effective masses, and decom-
position enthalpy. Our detailed criteria for each descriptor are
discussed as below:

(i) Band gap (E,). We obtained band gaps using DFT calcu-
lations with two different types of functionals: One is calculated
with the standard GGA functional (EgGGA), and the other is cal-
culated with the hybrid functionals (ESF) 32 This is because
the GGA functional often underestimate band gaps, thus EgGGA
can only serve as a rough reference for screening; while E?SE
is much closer to the experimental value, as shown from previ-
ous calculations on halide perovskites, 17-18-37 and thus it can be
used to select promising compounds more accurately. For com-
pounds that contain heavy elements with atomic number > 72,
we also incorporated spin-orbit coupling (SOC) to get more accu-
rate E,.3® Note that requirements for Eg are different in solar-cell
and light-emitter applications. For solar cells, the light-absorbing
materials can have either direct or indirect band gaps. The op-
timal band gap energy should be in the range from 0.8 to 2.2
eV. This range is selected according to the relationship between
Shockley-Queisser efficiency limit and band gap energy.3® For
light emitters, the energy of photons emitted by a light-emitting
material is approximately equal to the band gap energy of the
material (Epjo0n = Eg +kpT /2, kpT is thermal energy). There-
fore, for visible-light emission excluding short-wavelength violet
light, we selected materials with EZS¢ in the range from 1.65
to 3.0 eV. Note that this range partially overlap with the range
required for solar cell materials. The overlap demands discrimi-
nation in exciton binding energy of the materials with E, in 1.65
- 2.2 €V to decide their proper applications, which will be dis-
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cussed in (vii). In terms of band gap type, direct band gaps
are required for a high photon-emission efficiency.? This is be-
cause a direct band gap greatly promotes radiative recombina-
tion of electron-hole pairs, which results in more photons emit-
ted. In contrast, for an indirect-band gap material, radiative re-
combination is much less likely because phonons are required in
the process. 4041 Therefore, indirect transition is detrimental to
light-emitting materials. As the opposite process to the carrier-
recombination and photon-emission in light-emitting materials,
the light-absorption and electron-excitation process in solar-cell
materials is also adversely affected by indirect transition with the
same mechanism. However, the poor absorption and excitation
can be compensated by increasing the thickness of absorbing layer
made of indirect-band gap material, as long as the material has a
long minority carrier diffusion length to guarantee carrier separa-
tion and collection across the solar cell device.#1=43 For example,
silicon (indirect band gap) absorbers are made much thicker than
GaAs (direct band gap) absorbers to absorb more light, and long
minority diffusion length of Si ensures photogenerated carriers to
cross the device before recombination.

(ii) Electron and hole effective masses (m} and mj). Small and
balanced carrier effective masses are required for both solar cells
and light emitters. This is because the photovoltaic and electro-
luminescence processes both require efficient carrier transport,
which is beneficial for charge separation in solar cells and charge
recombination in light emitters.** m} and m; are calculated by
fitting band structures near the band edges according to the equa-
tions: % = h% aasz , and mih = hiz 8;52". That is, m} is derived from
the curvature of the bottom conduction bands near the conduc-
tion band minimum (CBM) and my is derived from the curvature
of the top valence bands near the valence band maximum (VBM).
Note that the CBM (VBM) involves two reciprocal paths in the
high-throughput electronic structure calculations, and only the
smaller value of m; (mj) is used as the materials descriptor for
the anisotropic materials. This is because the such values can best
represent the charge transport potential that can be utilized in
experiments. 10 Meanwhile, to provide more detailed information
on the effective masses near the band edges, we also listed effec-
tive masses along the major directions for the anisotropic candi-
dates in Table S2 of the Supporting Information. In addition, to
obtain more accurate m; and mj, for compounds containing heavy
elements (atomic number > 72), the spin-orbit-coupling was in-
cluded in our electronic structure calculations. In this work, a
common upper limit of 1.5my was used as the screening criterion
(m; < 1.5mg, m; < 1.5mg).1?

(iii) Formation enthalpy difference (AHJ‘fif f ). As shown in Ta-
ble 1, one stoichiometry may correspond to several different pro-
totype structures. This means that there might exist several com-
peting phases for the same composition in the same stoichiom-
etry. For example, the well-known MAPbI; corresponds to 10
hypothetical compounds as competing phases of each other. To
select compounds that can be synthesized in experiments, we de-
fine AH;”f /" as the calculated formation enthalpy difference be-
tween each compound and its most energetically favorable com-
peting phase of the same composition and stoichiometry. This
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Fig. 2 Total energy during 5ps ab-initio molecular dynamics (AIMD) sim-
ulations at 300K for two representative hybrid materials: (a) (MA);In;lo
(hP14) and (b) (MA),Zrlg (t118).

is because different stoichiometries can usually be achieved by
using precursors of different molar ratios when synthesizing com-
pounds .4~48 For example, both MACdBr; and MA,CdBr4 have
been synthesized via an appropriate control of stoichiometry. 4?
All compounds with AH}JW ' < 0.015 eV/atom were selected as
synthesizable compounds. This criterion comes from the MAPbI;
example. For MAPbI3, the tetragonal perovskite (t120) phase is of-
ten synthesized in experiments >°, while our calculations show
that oP20' is the structure with the lowest energy instead of t120.
tI20 for MAPDI; has a AH higher than the most stable oP20' by
AH?if /= 0.015 eV/atom. This indicates that compounds with

such a small AH_?.if ! can be experimentally synthesized.

(iv) Decomposition enthalpy (AH;). To ensure stability of se-
lected compounds with respect to decomposition, AH; should be
positive for all possible decomposition pathways. In this work, we
calculated phase separation of compounds into binary products
(AsB,X, — AX + BX,), as well as redox decomposition pathways.
The pathway with the lowest AH,; for each compound is used to
determine its stability. We set the criterion as AH; > 0.03 eV/f.u.
to ensure relatively high stability of selected compounds.

(v) Compounds with toxic B-site elements (As, Cd, Hg, T1, Pb)
were removed. In addition, because the compositions of our se-
lected perovskite compounds (B = Ge/Sn/Au/Ag/Cu) have all
been discovered in prior studies, we excluded all perovskites in
the final list.

(vi) Structural integrity at room temperature. To evaluate
room-temperature structural stability of candidate materials, ab-
initio molecular dynamics (AIMD) calculations were carried out
at 300K within the van der Waals correction using DFT-D3
method. 30 The entire molecular dynamics simulation lasted 5 ps
with a time step of 1 fs using the Nosé-Hoover method. The su-
percells of 2x2x1 unit cell for the tI14, tI18, hP14, and hP28
structures and the conventional unit cell for cF36 structure were
used. As shown in Figure 2 for two representative compounds
(MA)3In;Ig and (MA),Zrle, the calculated total energies as a func-

This journal is © The Royal Society of Chemistry [year]
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Table 2 Properties of selected hybrid halide compounds for light-emitting materials: compound, Pearson symbol of the prototype structures, equilibrium
lattice parameters (in A), calculated band gaps (in eV) from GGA-PBE (E{4) and HSE (EX*%) approaches, band gap type and -point position from
VBM to CBM, electron (hole) effective masses m,* (m;*) near the CBM (VBM), reduced effective mass (u), average of exciton binding energies on xx,
yy, and zz directions (Ep), and decomposition enthalpy (AH,, in eV/f.u.). In this and next Table, 1 denotes the calculations with spin orbit coupling;
denotes compounds that are suitable for both light-emitting and solar-cell materials; and * indicates experimental validation of the hybrid compound or

its inorganic analogue for optoelectronics.

Compound Pearson Lattice Parameters EgGG A EgSE E, kyey — - m;; u Eg AH,
Symbol a b c Type kcam
(MA),GeBry4 tl14 5.54 5.54 19.02 1.40 1.99 D S-S 0.06 0.12 0.04 31.47 0.33
F(MA),Gely tI14 5.94 5.87 20.11 1.21 1.66 D S-S 0.11 0.11 0.06 35.22 0.24
(MA),SnCly tI14 5.56 5.48 18.35 1.80 2.49 D S-S 0.55 0.19 0.14 157.62 0.25
#(MA),SnBry tI14 5.72 5.74 19.08 1.11 1.67 D S-S 0.11 0.10 0.05 37.33 0.23
(MA)3In,Io hP14 8.23 8.31 11.00 1.34 2.18 D r-r 0.40 0.61 0.24 200.96 0.93
(MA)3Sb;Brg hP14 7.71 7.71 10.37 2.07 2.70 D r-r 0.33 0.41 0.18 126.79 1.04
$£(MA)3Sb,Io* 1 hP14 8.26 8.26 10.91 1.52 2.02 D r-r 0.21 0.31 0.13 53.67 0.75
(MA),ZrIg tI18 8.18 8.19 12.37 1.68 2.60 D r-r 0.74 0.98 0.42 306.27 0.77
+(FA),SnBry tI14 5.64 5.71 20.60 1.15 1.69 D S-S 0.61 0.09 0.08 57.66 0.03
(FA)3Gaylg hP14 7.94 8.25 11.83 1.27 2.17 D A-A 0.61 1.17 0.40 374.59 0.90
(FA)3InyBrg hP14 7.38 7.83 11.17 1.79 291 D r-r 0.52 0.60 0.28 351.69 0.69
(FA)3InyIg hP14 8.04 8.30 11.67 1.06 1.90 D r-r 0.40 0.38 0.19 156.31 0.71
£(FA)3Biplo* 52 hP14 8.06 8.36 11.60 1.79 1.807F D r-r 0.287 0.587 0.19¢ 96.88 0.56
(FA)3SbyIg* >3 hP28 8.02 8.32 23.18 1.97 2.54 D M-M 0.39 0.68 0.25 155.23 0.79
(AD),Gely tI14 6.14 6.16 18.97 1.74 2.30 D S-S 0.14 0.45 0.11 71.77 0.12
(AD),SnBr4 tI14 5.87 5.86 18.09 1.78 2.51 D S-S 0.43 0.34 0.19 150.24 0.22
#(AD),Snly tI14 6.22 6.21 19.17 1.33 1.87 D S-S 0.15 0.25 0.09 48.21 0.30
(AD)3Sb;,Brg hP14 8.30 8.36 9.55 1.90 2.52 D r-r 0.39 0.43 0.20 151.96 1.43
$£(AD)3Sb;ly hP14 8.69 8.77 10.20 1.43 1.91 D r-r 0.26 0.31 0.14 61.17 1.06
(AD)3In;Iy hP28 8.61 8.71 20.54 1.13 2.00 D r-r 0.50 1.11 0.34 270.00 0.94
(AD),Hflg tI18 8.47 8.46 12.17 2.07 2.89¢ D r-r 1.287 0.807 0.497 431.53 0.93
(AD),SnBrg tI18 8.13 8.12 11.56 1.36 2.42 D r-r 0.51 1.24 0.36 483.68 0.90
(AD),TeBrg tI18 8.29 8.30 11.18 2.14 2.71 D r-r 1.14 0.97 0.52 533.26 0.99

tion of time during the 5ps simulation time are oscillating within
a rather narrow energy range and the selected geometrical struc-
tures at 2, 3, and 4ps all exhibit an ordered crystalline phase,
indicating their structural integrity at room temperature.”> Oth-
erwise, the candidate materials are not stable at room tempera-
ture and will be excluded from the final list. The calculated time-
dependent total energies for all the final candidate materials are
shown in the Supplementary Fig. S2-S6.

(vii) Exciton binding energy (Ep). Ep is the energy required
to separate electron-hole pairs (excitons) into free carriers. It is
critical to the electron-hole separation and recombination pro-
cesses in solar cells and light emitters, respectively. A small Ep is
beneficial for separation of photogenerated electron-hole pairs in
solar cells, but detrimental to charge recombination in light emit-
ters; while a large Ep inhibits separation but promotes recombi-
nation. Therefore, Eg discriminates photovoltaic and electrolumi-
nescence applications for our final candidates. In this study, we
use the hydrogen-like Wannier-Mott model to calculate Eg as an
effective Rydberg:® .

Ep= P
myé&;

€3]

It is dependent on effective mass (2‘1—;) and screening effect on

This journal is © The Royal Society of Chemistry [year]

Coulomb interaction between electrons and holes (represented
by relative dielectric constant, &). The high-frequency limit
of dielectric constant (e.), which is solely contributed by elec-
tronic polarization, is adopted as &,, and it is obtained by finite-
electric field and Berry-phase calculations. The calculated exci-
ton binding energy of some compounds are anisotropic depend-
ing on their crystal structures. We take averaged value of ex-
citon binding energies along three directions as the descriptor
(Ep = %(ng +Ey +EF)). Our calculations for tetragonal MAPbI3
(tI20) with spin-orbit-coupling interactions yield an Ez about 72
meV, which is comparable to the experimental value (50 meV). 56
In this work, we set the criterion at Ez < 130 meV for solar-cell
materials to include more promising candidates. Such relatively
small Ep values are comparable to thermal energy (kgT) at solar-
cell operating temperatures and are beneficial for easy dissocia-
tion of photogenerated electron-hole pairs before they recombine.
For light-emitting materials, we use intrinsic Eg of our candidates
as a reference instead of a selection criterion. This is because
light-emitting materials like perovskites are usually prepared in
nanocrystals to enlarge Eg,2 and materials with intrinsic small Eg
can also be utilized in actual applications.

The above screening process is summarized in Figure 1. The
screening gives us 23 final candidates for light emitters (Table 2)
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Table 3 Properties of selected hybrid halide compounds for solar-cell materials.

Compound Pearson Lattice Parameters EgG n B fSE Eg kvey — e mt u Ep AH,
Symbol a b c Type keam
+(MA),Gely tI14 5.94 587 2011 1.21 1.66 D S-S 0.11 0.11 0.06 3522  0.24
+(MA),SnBr; tI14 5.72 5.74  19.08 1.11 1.67 D S-S 0.11 0.10 0.05 3733 0.23
(MA),Snl, tI14 6.12 6.11  20.00 0.97 1.42 D S-S 0.18 0.10 0.06 33.81  0.30
$£(MA)3Sb,Ig* 1 hP14 8.26 8.26 1091  1.52 2.02 D r-r 0.21 0.31 0.13 53.67  0.75
(MA);3Bis o hP14 8.35 8.35 11.00 1.85  1.827 I A-T 0.417  0.62f  0.25f 124.88  0.59
(MA),Snlg* >4 cF36 11.61 11.44 1255  0.09 0.80 D r-r 0.22 1.16 0.18 94.82  0.43
(MA), Telg* >* cF36 11.67 11.51 12,58 1.27 1.77 I r-L 0.25 1.24 0.21 10421 0.78
+(FA),SnBry tI14 5.64 571  20.60 1.15 1.69 D S-S 0.61 0.09 0.08 57.66  0.03
+(FA)3Biylo* 52 hP14 8.06 836 11.60 1.79  1.807 D r-r 0.28f 0.58f 0.19Ff 96.88  0.56
$(AD),Snl4 tI14 6.22 6.21 19.17  1.33 1.87 D S-S 0.15 0.25 0.09 48.21  0.30
+(AD)3Sbsly hP14 8.69 8.77 1020 1.43 1.91 D r-r 0.26 0.31 0.14 61.17  1.06
(AD)3Bi, Iy hP14 8.78 884 1026 1.79  1.807 I M-T 0.381  0.48F 0.21f 109.24 0.94
(AD),Telg cF36 12.54 11.63 1217 1.24 1.87 I r-L 0.27 1.09 0.22  120.85 0.93

and 13 final candidates for solar cells (Table 3). Among these
final candidates, 7 compounds are suitable for both applications.

Besides the seven materials descriptors discussed above, some
other materials parameters such as defect tolerance and light ab-
sorption are also closely related to the optoelectronic properties.
An ideal defect tolerance should have following property: intrin-
sic defects with low formation energies do not induce deep gap
states, while those creating deep gap states have high formation
energies. 7% Such defect tolerance prevents the undesired re-
combination of photoexcited electrons and holes. A complete
defect property study requires considerations of all the possible
defects, such as various types of anionic and cationic vacancies,
anti-sites defects, and interstitial defects, and even charged de-
fects, in each candidate, which is beyond the scope of this high-
throughput screening study. Moreover, our screening process al-
ready limits the final candidates to a very small and specific struc-
tural and compositional space out of the comprehensive materials
repository of over 4500 compounds, and some predicted materi-
als (including their inorganic analogues) have been demonstrated
in recent experiments for optoelectronic applications (see Table
2 and 3), indicating a robust credibility of our high-throughput
screening approach. As for the light absorption property, as dis-
cussed in previous studies, it is largely dependent on the bond-
ing characteristic, band-gap type and values, and band disper-
sion, 17:60 which have been partially addressed in the screening
process and will be discussed later with the electronic structures
for the final candidates.

4 Discussion

4.1 Composition and Structure

In this section, we discuss crystal structure and composition of
the selected compounds. Table 2 and Table 3 show all the final
candidates for light-emitting and photovoltaic materials, respec-
tively. The final candidates based on different organic A cations
take the same structures and contain similar B and X elements.
Note that EA- and DMA-based compounds are not included in the
final lists, because they show relatively low decomposition en-

6| Journal Name, [year], [vol.],1—11

thalpy compared to their MA/FA/AD analogues according to our
calculations. All the final candidates adopt five out of the 23 pro-
totype structures, with their Pearson numbers being tI14, hP14,
hP28, 118, and cF36, see their structural illustrations in Figure
3a-d and Figure S1 of Supporting Information. The B sites in the
five structures correspond to ions of different valence states from
+2 to +4, and they greatly determine the compositions of the fi-
nal candidates. Below we discuss the selected compounds in the
order of their B-site valence states.

The B2t candidates all take the tI14 structure (Figure 3a) with
a chemical formula of AyBXy. tI14 consists of corner-sharing oc-
tahedra in a two-dimensional (2D) arrangement. B-site elements
of selected tI14 compounds include Ge and Sn. Note that Sn>*
or Ge* oxidation states are metastable and are prone to be ox-
idized to +4, which could raise concerns about their oxidation
stability. However, recent experimental1° and computational3”
studies both indicate that the 2D hybrid perovskites based on
Sn*t or Ge?* show enhanced materials stability compared to
the 3D perovskites because of their low-dimensional structural
feature, and the low-dimensional structure effectively prevents
the oxidation of Sn?* during the film fabrication. !° Interestingly,
unlike traditional perovskites, crystal structure of screened tI14
compounds resemble that of the 2D hybrid perovskites, implying
a robust stability of these candidate materials. Moreover, even
for traditional perovskites containing Sn*t or Ge?t, some experi-
mental techniques are actively proposed to improve their stability
and to prevent the oxidation, such as using encapsulation of de-
vices, 1! and the solar cells based on MASnI; perovskites have
been demonstrated with an efficiency around 6%.%1:62 In addi-
ation, it is worth mentioning that some other tI14 compounds
have been synthesized and proposed for solar cells in prior ex-
periments, including MA,CuX, % and MA,PdCI(Br)4*%47. Our
calculations show that these compounds have large mj, and we
excluded them according to the mj < 1.5my criterion. Our cal-
culation results of large mj are also in good agreement with the
reduced charge mobility and very low device efficiency observed
in the above experimental studies. Notably, Zn and Mg-based

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Representative candidates and their prototype structures: (a) (MA),Gel, in tI14, a tetragonal structure consisting of layers of corner-sharing
B’X4 octahedra, (b) (MA)sInlg in hP14, a hexagonal structure consisting of corrugated layers of corner-sharing B/ X octahedra, (c) (FA);Shsly in
hP28, a hexagonal structure consisting of dimers of face-sharing B///X4 octahedra, and (d) (MA),Zrls in tl18, a tetragonal structure consisting of isolated
BV X4 octahedra. Their calculated electronic band structures are shown in (a’-d’) and atomic orbital projected density of states with HSE06 correction

are shown in (a”-d”).

tI14 compounds show excellent optoelectronic properties in our
calculations, but they were excluded due to large Ml}lif 12

The B3>* candidates take two different crystal structures, hP14
and hP28, both with the formula of A3B,X¢ (Figure 3b and
3c, respectively). Their difference lies in microscopic structure
units. hP14 consists of corner-sharing octahedra in 2D corrugated
layers, while hP28 consists of face-sharing octahedra in zero-
dimensional (OD) dimers. As competing phases of each other,
hP14 and hP28 for the same composition usually have pretty close
total energies. To decide which structure stays in the final list, we
first followed our criterion for selecting stable competing phases
(Al-{?if f < 0.015 eV/atom), and then kept the one with more suit-
able electronic properties for light-emitter or solar-cell applica-
tions. hP14 is usually more favorable due to higher electronic
dimensionality®4, but hP28 gives more appropriate properties for
some compositions according to our calculations. For example,
hP28 MA;Scy]g yields a direct band gap of proper energy, while
hP14 yields an indirect band gap out of the optimal range. In
fact, halogen substitution has been demonstrated to lead to phase
transition between hP14 and hP28 for A3B,Xy compounds2®. The

This journal is © The Royal Society of Chemistry [year]

B3+ elements of the selected compounds contain Ga, In, Sb, and
Bi. Interestingly, some compounds in hP28 (Cs3Biylg, MA3Bi Iy,
and MA3Sb;Iy) and hP14 (Cs3SbyIy and RbsSb;Ig) have been fab-
ricated for photovoltaic applications in prior experiments.24 Ac-
cordingly, this class of materials, particularly the new compounds
discovered in this work, hold great promise with intrinsic high
stability and non-toxicity for the optoelectronic applications.

The B** candidates adopt two very similar structures, tetrago-
nal tI18 and cubic cF36 (Figure 3d and Figure S1p, respectively).
These two structures have the same formula of A;BXg and can
convert to each other through phase transition. ®> They both con-
sist of OD isolated BXq4 octahedra. According to our screening,
promising B-site elements in these structures include Zr, Hf, Sn,
and Te. Cs,Snlg and Cs;Telg (cF36) have been incorporated in so-
lar cell devices.>* These compounds were demonstrated to have
high air and moisture stability, proper band gaps, and good elec-
tron conductivity. Interestingly, it is noted that Cs,PdBrg (cF36)
has also been synthesized and shows promising properties and
high stability;*8 its hybrid analogue MA,PdBrs (cF36) was not
selected in our list because of a large mj of 1.98my.

Journal Name, [year], [vol.], 1-11 |7
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4.2 Electronic Structures

In this section, we discuss electronic band structures and atomic
orbital projected density of states (PDOS) of representative can-
didates to reveal electronic properties of all selected compounds.
This is because compounds of each prototype structure have com-
mon attributes in electronic structures. We selected (MA),Gely,
(MA)3Inylg, (FA)3Sbylg, and (MA),Zrlg to represent selected
compounds of the prototype structures tI14, hP14, hP28, and
tI18, respectively. Note that example of cF36 compounds is not
shown here because cF36 is very similar to tI18. Figure 3a’-d’ and
3a”-d” show the band structures and PDOS of the four represen-
tative candidates. The calculated band gap and effective masses
data for all final candidates is listed in Table 2 and Table 3.

(MA),Gely, representing the tI14 candidates with B?t cations,
shows a direct band gap of 1.66 €V at S point (Figure 3a”). Bands
near the conduction band minimum (CBM) and valence band
maximum (VBM) are very dispersive, yielding small m} and mj,
of both 0.11mg. Its PDOS shows that conduction band (CB) is
mainly contributed by Ge 4p orbitals while valence band (VB) is
mostly derived from I 5p and Ge 4s orbitals (Figure 3a”).

(MA)3In;Ig, as an example of the hP14 candidates, shows a di-
rect band gap of 2.18 eV at I point (Figure 3b’). Near the band
edges, it has a m} of 0.40my, and a mj, of 0.61my. Its VB is de-
rived from In 4d and I 5p orbitals, and the CB is derived from In
5s and I 5p orbitals (Figure 3b”). (FA)3Sb,lg, as an example of
hP28 candidates, shows a direct band gap of 2.54 eV at M point
(Figure 3c’). The m; and mj were calculated to be 0.39m( and
0.68my, respectively. Its VB consists of Sb 5s and I 5p orbitals,
and the CB consists of Sb 5p and I 5p orbitals (Figure 3¢”). These
two candidates both contain B>* cations but adopt different pro-
totype structures. To discuss dependence of electronic structures
on crystal structures, we compare the two candidates’ valence
bands on two parts of the hexagonal k-path. On the I'-A k-path,
both the hP14 and hP28 candidates show non-dispersive valence
bands and large mj. I'-A corresponds to [001] direction for the
hexagonal lattice in real space, and large calculated mj on I'-A
indicates poor hole transport along [001]. This agrees well with
poor octahedral connectivity along [001] in the hP14 and hP28
structures (Figure 3b and 3c). On the M-K k-path, valence bands
of the hP14 candidate is much more dispersive than those of hP28
candidate. This is because M-K corresponds to real-space direc-
tion in (001) plane, and the 2D connectivity in hP14 is much more
beneficial for hole transport than the OD connectivity in hP28. No-
tably, compounds in both of these structures have rather indistinct
VBMs, making the band gap types ambiguous. For light-emitting
applications, the band gaps become more distinctly direct due to
quantum confinement when the compounds are synthesized as
nanocrystals. 66:67

(MA),Zrlg, representing the tI18 candidates with B** cations,
shows a distinct direct band gap of 2.60 eV at I point, with very
dispersive bands near the band edges (Figure 3d’). Its PDOS
shows that both VB and CB are mainly contributed by Zr 4d and
I 5p orbitals (Figure 3d”). As mentioned, B**-based compounds
in the tI18 and cF36 structures consist of isolated octahedra, and
their B-X bonds are not well connected in a 3D manner. However,

8| Journal Name, [year], [vol.],1—11

the BXg octahedra are in close proximity to each other, making
it possible for tI18 and cF36 compounds to possess appropriate
band gaps and effective masses for the optoelectronic applica-
tions2*. Interestingly, the previously synthesized Cs,Snlg (cF36)
shows large m7, which is not suitable for photovoltaics.>* Our
screening results of novel tI18 and cF36 compounds show more
suitable properties, especially small and balanced carrier effective
masses, and hold great promise for applications in light emitters
and solar cells.

5 Conclusion

In summary, we have demonstrated a high-throughput approach
to the discovery of hybrid halide compounds beyond perovskites
for optoelectronic applications. The discovery process has
screened a comprehensive quantum materials repository contain-
ing 4507 hybrid compounds using a series of electronic and ener-
getic descriptors including difference of formation enthalpy, de-
composition enthalpy, band gap, charge carrier effective masses,
and exciton binding energy to select promising candidates for op-
toelectronic applications. A total number of 23 candidates for
light-emitting diodes and 13 candidates for solar energy conver-
sion were selected. These candidates adopt five prototype struc-
tures, including tetragonal structure consisting of layers of cor-
ner sharing B/Xy (t114), hexagonal structure consisting of cor-
rugated layers of corner-sharing B/X4 (hP14), hexagonal struc-
ture consisting of dimers of face-sharing B'//X (hP28), tetragonal
structure consisting of isolated BV Xy (t118), and cubic structure
consisiting of isolated B/ Xy (cF36). The tI14 candidates contain
B/’=Ge, Sn; the hP14 and hP28 candidates contain B//=Ga, In,
Sb, Bi; and the tI18 and cF36 candidates contain B’V =Zr, Te, Sn,
and Hf. It is important to note that this approach is transformative
to the discovery of other types of functional materials.
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Broader context:

Organic-inorganic lead halide perovskites are promising for the next-generation solar cells and
light-emitting applications because of their exceptional optoelectronic properties and low-
temperature solution processability. However, this class of materials are facing two major
challenges including intrinsic poor stability and the presence of toxic lead for their practical
applications. To overcome these challenges, great efforts are being devoted to the development of
tin-based perovskites and double perovskites, as well as new approaches to protect devices like
using encapsulation. In this work, instead of focusing on perovskites, we present a powerful
approach to search for novel lead-free hybrid halide semiconductors beyond perovskites from a
large variety of prototype structures using high-throughput computations and data-mining
techniques. 23 candidates for light-emitting diodes and 13 candidates for solar cells were rapidly
identified. All these candidates show appropriate electronic properties and robust stability from
ab-initio molecular dynamics simulations. This work demonstrates a new pathway for the large-
scale design of novel organic-inorganic optoelectronic materials at a high speed by exploring a
large variety of prototype structures. It is important to highlight that this approach is transformative
to the discovery of other types of functional materials.
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