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The development of perovskite light-emitting diodes (PeLEDs) has
progressed rapidly over the past several years, with high external
quantum efficiencies exceeding 20%. However, the deployment of
PeLEDs in commercial devices still faces severe challenges, such as
environmental pollution, instability and low photoluminescence
quantum yields (PLQYs). In this work, we perform high-throughput
calculations to exhaustively search the unexplored and eco-friendly
novel antiperovskite space (formula: X3B[MN,], with octahedron [BXe]
and tetrahedron [MN4]). The novel antiperovskites have a unique
structure whereby a tetrahedron can be embedded into an octahedral
skeleton as a light-emitting center causing a space confinement effect,
leading to the characteristics of a low-dimensional electronic structure,
which then makes these materials potential light-emitting material
candidates with a high PLQY and light-emitting stability. Under the
guidance of newly derived tolerance, octahedral, and tetrahedral
factors, 266 stable candidates are successfully screened out from
6320 compounds. Moreover, the antiperovskite materials BazlysFos-
(SbS,), Caz0(Sn0y,), BazFgslgs(InSey), BazOg 5S0.5(ZrS4), CazO(TiO,), and
Rb3Clg slg.5(Znl,) possess an appropriate bandgap, thermodynamic and
kinetic stability, and excellent electronic and optical properties, making
them promising light-emitting materials.

1. Introduction

Metal halide perovskites (MHPs) have gained extensive atten-
tion because of their rapid progress in the photovoltaic field.">
In a short period, perovskite solar cells have exceeded a power
conversion efficiency of 25%.>" In addition to their superior
photovoltaic properties, halide perovskites also exhibit excellent
optoelectronic properties suitable for light-emitting diodes
(LEDs),”> such as high PLQYs, a tunable bandgap, a narrow
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New concepts

Metal halide perovskites (MHPs) have proved to be promising candidates
for light-emitting application, while the development of perovskite light-
emitting diodes (PeLEDs) has progressed rapidly over the past several
years, reaching high external quantum efficiencies of over 20%. However,
the large-scale commercial applications of perovskites are impeded by
low stability and toxicity. Novel antiperovskites (X;B[MN,]) are actually
electronically inverted perovskite derivatives, inheriting the flexible
structural features of perovskites while being rich in cations at the X
and [MN,] sites, and exhibiting a diverse array of subtle physical and
chemical properties. This work proposes a series of lead-free
antiperovskites (LFAPs) with versatile inorganic molecules in the
cuboctahedral spaces, producing a unique structure whereby a
tetrahedron can be embedded into an octahedral skeleton as a light-
emitting center causing a space confinement effect, leading to the
characteristics of a low-dimensional electronic structure, which then
makes these materials potential light-emitting material candidates.
Furthermore, the dominating colour gamut of the LFAPs can be tuned
over the visible light range with respect to the composition change caused
by engineering of the octahedra and tetrahedra. On the basis of these
advantages, LFAPs may serve as a highly efficient and stable light-
emitting material, while overcoming some known challenging issues
inherent in PeLEDs.

emission width, and high carrier mobility. Notably, the perovskite
light-emitting diodes (PeLEDs) reported in recent years have
undergone vigorous development, especially in the green and
near-infrared regions.”™ To gain these desired red and blue
colors, the halogens of the perovskites are mixed to well-adjust
the bandgaps of perovskite emissive layers, causing the instability
problem of phase segregation. Additionally, the large-scale com-
mercialization of PeLEDs is still impeded by toxicity originating
from the heavy metal lead."*" Recent reports have indicated that
the toxicity of lead has significant negative effects on the popula-
tion growth of worldwide wild animals, being a developmental
neurotoxicant, and the average lead-linked loss in cognitive ability
was 2.6 IQ points per person exposed to high-lead levels in early
childhood."®"” To address these concerns of toxicity, post-
conduction metal ions with similar valence electron configura-
tions (ns®np?) to those of lead have attracted extensive attention in
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the perovskite community, leading to the discovery of several
candidates as light-emitting materials, such as ASnl; (A = methyl-
ammonium (MA), formamidinium (FA), Cs) and Cs,BB'X, (B = In,
Tl, Ag, Sn; B’ = Sb, Bi, Ge; X = Cl, Br, 1).>'® Chao et al. reported
CsSnlz-based efficient low-temperature solution-processed lead-
free PeLEDs.'® Tang et al. described the efficient and stable
emission of warm-white light from the lead-free perovskites
Cs5(Ago.60Na 40)InClg."* Despite rapid development in lead-free
PeLEDs, there are still various crucial challenges, such as oxida-
tion, device degradation, large indirect bandgaps, poor visible
absorption, and low PLQYs.

To overcome the current limitations, their counterpart,
antiperovskites,'® with the chemical formula X;BA as actually
electronically inverted perovskite derivatives, provide another
interesting material design strategy.'®*° Analogous to the pro-
totype perovskite, the advantage of antiperovskites is their
flexible structural features. The compositions can vary with
the X-site cations, and B- and A-site anions, using different
simple ions or complex molecular ions. The structure can also
be deformed, through displacements and rotations of the
atomic building blocks, which leads to an extended family of
lower-symmetry polymorphs. Han et al. reported an excellent
design of antiperovskites, leading to a series of potential
antiperovskite photovoltaic materials.>* In addition, some
interesting designs of antiperovskites have also undergone
rapid development in related fields.'****?

The A cation in ABX; perovskites occupying the cuboctahe-
dral spaces is conventionally believed to hardly affect their
optoelectronic properties. However, recent developments have
uncovered that the versatility of the A cation enables regulation
of the physicochemical and optoelectronic properties of
perovskites.> The critical role of the A cation in perovskites
has been rethought in the perovskite community. These works
also inspired reconsideration of the role of the A anion in X;BA
antiperovskites. Furthermore, the A site can be filled by
complex inorganic molecular anions such as [MN,], which
could significantly expand the compositional space and
improve tunability. Interestingly, Wang et al. recently reported
LEDs based on antiperovskites with [MnX,] (X = Cl, Br, I)
anions, demonstrating the promising potential of this class of
materials for light-emitting application.”> How does the versa-
tility of the A anion influence the optoelectronic properties of
antiperovskites? Another very interesting question is whether
antiperovskites, as a derivative of electron reverse perovskites,
also have potential applications as PeLEDs. Due to their local
carriers and soft lattices, low dimensional perovskites generally
exhibit broadband and white light emissions usually originat-
ing from self-trapped excitons (STEs).>'**®*” Compared with
the typical perovskite, despite the three-dimensional crystal
structure of the novel antiperovskites X;B[MN,], [MN,] anions
are separated by a three-dimensional octahedral skeleton [BXe],
leading to low electronic dimensionality.'®?®2° The octahedron
of one dimensional perovskites is often separated by a large
organic spacer,’*?! leading to strong dielectronic and quantum
confinement effects.>® The electronic structure of antiperovs-
kites X3;B[MN,] exhibits a similar dispersion profile around the
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band edges with respect to that of a one dimensional perovs-
kite, demonstrating that the space separated luminescence
center [MN,] contributes to the flat bands around the band
edges and that novel antiperovskites X;B[MN,] possess low
electronic dimensionality due to a similar confinement effect.
Owing to the space confinement effect, these unique structures
can show significantly improved exciton binding energies and
the localized formation of electron-hole pair, endowing these
materials with higher PLQYs and light-emitting color stability.

In this study, we exhaustively search the unexplored and eco-
friendly novel antiperovskite space and identify 49 stable novel
lead-free antiperovskites (LFAPs) that have potential applica-
tion in PeLEDs. We focus on two new classes of inorganic
molecular antiperovskites with the formulas of X;B[MN,] and
X3By 5By s[MNy]. On the basis of the perovskite network and
A-site inorganic molecule of antiperovskites, the tetrahedral
factor, octahedral factor and Goldschmidt tolerance factor are
deduced to estimate the formability of the inorganic molecular
antiperovskites so that 266 LFAP compounds are screened
out from 6320 compounds. Then, through a series of high-
throughput first-principles calculations, the bandgaps of the
corresponding compounds are gained, leading to 49 inorganic
molecular antiperovskites with criteria targeting specific photo-
electric properties. Moreover, based on the thermodynamic and
kinetic stability and properties of excited states, we have pre-
dicted that Bajl,sFo5(SbSs), CazO(SnO,4), BazF, sy s(InSe,),
Baz0y 5S0.5(ZrS,), CazO(TiO,), and Rb;Cly 51, 5(Znl,) LFAPs are
promising light-emitting materials.

2. Results and discussion

2.1. Design strategy of LFAPs with formulas of X;B[MN,] and
X;3B0.5Bo/s[MN,]

The crystal structures of the LFAPs with a chemical formula of
X3B[MN,] were considered, where X;B is the octahedral part
(X is the octahedral vertex cation, B is the octahedral central
anion) and MN, is the tetrahedral part (M is the tetrahedral
central cation, N is the tetrahedral vertex anion) (Fig. 1(a)).
These crystal structures are capable of forming a tetragonal
phase with space group I4/mcm symmetry. The corner-sharing
octahedral cells comprise a B-site central anion surrounded by
six X-site cations twisted along the (001) direction to form a 3D
twisted network structure at the molecular level. Meanwhile,
analogous to the mixed perovskites, mixed LFAPs with a

chemical formula of X3B, 5B, s[MNy] were also considered in
this study, where B — B’ + B”. Since the cuboctahedral spaces
of LFAPs are occupied by a tetrahedron instead of the single
anion in the traditional antiperovskites, the versatility of the
tetrahedron can improve the tunability of the related antiper-
ovskite material.

As well as the significant transfer of knowledge from con-
ventional perovskites, LFAPs are capable of their own peculia-
rities and complexities. In this study, there are four classes of
combinations of formal oxidation states of the constituent ions,
as shown in Table S1 (ESIT). For instance, when a metal cation
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with a +1 oxidation state occupies the M-site, there are anions
with —1 and —3 oxidation states, and a metal cation with a +2
oxidation state respectively occupying the corners of the tetra-
hedron (N-site), the corners of the octahedron (X-site) and the
center of the octahedron (B-site), to maintain the electronic
neutrality of the compound. Considering the environmental
eco-friendliness of the compounds, the corresponding elements
in the periodic table are displayed in Fig. 1(b).

An empirical method to assess the formability of perovskite
ABX; was proposed by Goldschmidt about a century ago.*® In
this approach, the perovskite structure is described as a collection
of rigid spheres whose size is determined by the constituent ionic
radii. These radii can be combined into two dimensionless
descriptors, the Goldschmidt tolerance factor ¢, and octahedral
factor u,. Based on Pauling’s rules, perovskites should be
arranged in such a way that “the number of anions around the
cation tends to be as large as possible under the condition that all
anions are in contact with the cation”. This statement constitutes
the “no microperturbation” principle and limits the range of
values for ¢, and y, that can be used to empirically assess the
formability of perovskites.>**® Analogously, antiperovskites

View Article Online
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Fig. 1 (a) Structural diagrams of the new antiperovskites. (b) Element selection in structural design strategy.

possess the same crystal structure as perovskites,'?” therefore

owing to the principle of maximum contact and no small dis-
turbance principle, the tolerance factor ¢, octahedral factor y; and
tetrahedral factor u, are also suitable to assess the formability
of antiperovskites.” According to the rigid sphere model, the
constraint ranges of the related factors are ¢t < 1, u; > v2 — 1,
and u, > 0.225, and 1218 compounds were extracted from a
candidate space of 6320 compounds complying with the electro-
nic neutrality of LFAPs. To further improve the reliability of the
rigid sphere model, the constraint ranges were strengthened by
the experimental parameters (0.811 < ¢t < 0.899, 1.040 < y; <
1.265 and 0.263 < u, < 0.5321 (see ESIT for details). Therefore,
266 compounds were predicted as potential stable compounds
based on the more accurate constraints originating from experi-
mental data (Fig. 2).

2.2. High throughput calculations and screening with
bandgaps

The bandgap distribution of all 266 candidates (see ESIf for
details, datal) is displayed according to their combination of

Model 1

Model 2

Design Strategy Tolerance Model Constraint High-Throughput Calculations

6320 compounds

formula: g # 5 gﬁ‘g{?& 266 Cal}didales

t=(r+ Tx)/\/i(rs +1x) i e A :;;? g&
( | g d
M Iy =Tg/Tx Il =Tyn/TN ——
B rigid sphere model: t=1
Hy My Iy =0.414 luminescence
1218 compounds 1y = 0.225
B ouEz W DF
it o e o i
[ ]
main:
experimental model: 1.5 <Eg<33eV
0.811 <t < 0.899 transition:

266 Candidates
) 1.040 < p, < 1.265

y. 4 g 0.263 < i, < 0.531

2.0 < Eg < 3.8eV
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Fig. 2 The screening framework of the LFAP materials with the rigid sphere model and bandgaps of these compounds.
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tetrahedron and octahedron in Fig. 3(a). It can be seen that
most of the squares are white in color, implying that these
compounds consisting of the corresponding octahedrons and
tetrahedrons are unstable due to the aforementioned empirical
factors. The rest of the squares stem from the stable com-
pounds according to the constraint ranges, exhibiting gradual
color changes from pale yellow to dark blue and indicating the
flexible tunability of bandgaps of these compounds in the range
of 0-6 eV. Especially, the octahedron centers are occupied by
elements in the main groups VA, VIA and VIIA, while the
corners of the octahedron are occupied by alkali metal and
alkaline earth elements. In contrast, the elements of the tetra-
hedral center are widely distributed, including main group
elements and transition metal elements and the corners of
tetrahedron are mostly occupied with halogens and chalcogens.
Owing to the diversity of constituent elements of the tetra-
hedron, the bandgaps of these compounds gradually increase,
whereas the bandgaps are only slightly affected by changes in

(a) [FCas] { =n

View Article Online

Materials Horizons

the octahedra, implying that the band-edge states of the
compounds are mostly contributed by the tetrahedrons, rather
than the octahedrons (see Fig. 3(a)).

According to the formal oxidation state of the M-site cation
at the tetrahedral centers, we can divide these compounds into
four categories, and the corresponding distributions of band-
gaps are shown in Fig. 3(b). There are only 4 compounds with
M(1) at the tetrahedral centers and their bandgaps are in the
range of 1-2 eV. Interestingly, owing to the stable +2 valence
states of most of the metal ions, there are 227 compounds with
the M(u) cation at the tetrahedral centers, resulting in a wide
distribution of bandgaps between 0 and 5.5 eV. When the M
cation has +3 and +4 valence states, there are 14 and 21
compounds with the respective M(ur) and M(v) cation at the
tetrahedral centers. The bandgap distribution of the com-
pounds with M(m) is discrete and most of the compounds with
wide bandgaps exhibit electronic properties of insulators,
whereas the bandgap distribution of compounds with M(w) is
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Fig. 3 (a) The bandgap (obtained using the SCAN functional) distribution of all 266 candidates composed of a tetrahedron and octahedron. (b) Band gap
distributions of the 266 candidates classified according to the valence states of the tetrahedral center M ions. M(1), M(i), M(in), and M(v) represent the +1,
+2, +3, and +4 valence states of the M cations, respectively. (c) The band gap distribution of the 266 candidates; red and purple represent the tetrahedral

center M of main group metals and transition metal elements, respectively.
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mostly below 3.5 eV, leading to electronic properties of semi-
conductors. Notably, most compounds contain transition metal
elements (245) and only 21 compounds contain main group
elements. It can be seen that the compounds containing main
group elements only exhibit properties of semiconductors and
insulators, whereas compounds containing transition metal
elements, exhibit electronic properties of metals, semiconduc-
tors, and insulators. The transition metal compounds with
bandgaps in the range of 2.0-3.8 eV were further assessed as
potential light-emitting materials. Due to the underestimation
(about 20%, see Table S3, ESIf) of bandgaps between the
strongly constrained and appropriately normed (SCAN) and
Perdew-Burke-Ernzerhof (PBE) functionals, compounds com-
prising only main group elements with bandgaps in the range
of 1.5-3.3 eV were selected as potential light-emitting materials
(see Fig. 3(c)). Preliminarily, based on the empirical formability
and bandgaps, 49 LFAPs were screened as candidates for light-
emitting application (see Table S4, ESIt). It can be seen that
there are only 9 different metal ions at the tetrahedral centers
in the 49 candidates, including 4 main group elements, Sn, Sb,
Li, and In, and 5 transition elements, Ti, Zr, Hf, Zn, and Mn.
Among the candidates, the compounds with Mn exhibit similar
crystal structures with a reported light-emitting material from
previous experimental work,*® and they are not further dis-
cussed in this study. In the novel antiperovskites, due to the
spatial restriction effect caused by the octahedral skeleton, the
tetrahedrons are separated to form benign luminous centers.
Note that the metal elements at the tetrahedral center mostly
contribute the band edge states, thereby dominating the opto-
electronic properties of the antiperovskites. 8 candidates,
(CasN(LiF,), BagFys5ly5(SbSs), CasO(Sn0,), BasF,slys(InSe,), Bas-
00.550.5(Z1Sy4), BazOy 5S0.5(HIS4), CazO(TiO,), and RbsCly 51 5(Znly)),
which contain all the different metal ions at the tetrahedral
centers, were selected to further estimate their stability and
optoelectronic properties.

2.3. Stability and electronic properties of LFAPs with suitable
bandgaps

To accurately estimate the thermodynamic and kinetic stabilities,
we performed ab initio molecular dynamics (AIMD) simulations
and calculations of phonon dispersion along the high-symmetry
lines in the first Brillouin zone of these 8 candidates. From Fig. S2
(ESIt), it can be seen that the eight candidates exhibit different
kinetic stabilities. There is no appreciable imaginary frequency in
the phonon spectra of BasF, 1y s(InSe,), BazOp 5S0.5(ZrS,), and
Ba;z0y.550.5(HfS,), suggesting excellent kinetic stabilities of the
three materials. In addition, note that some small virtual modes
are a common feature of the perovskite structure,*®?° and this
has been confirmed by both experiments*® and theoretical
calculations.** Although Ca;O(TiO4), BasF,slos(SbS), and
CazO(Ti0,) have very small imaginary modes (< 0.3 THz), these
candidates are considered as kinetically stable materials. The
temperature-dependent phonon spectra of BazF, sy 5(InSe,)
were computed and the imaginary frequency was effectively
eliminated with increasing temperature (see Fig. S3a and b,
ESIt). However, for the candidates Ca;O(Sn0O,) and CazO(TiO,),
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though the imaginary frequency was not effectively eliminated
with temperature, stable phases of Ca;O(SnO,) and CazO(TiO,)
are still expected to exist due to the stable region of related
compounds in their phase diagrams (see Fig. S3c and d, ESIY).
Unfortunately, due to a very large number of imaginary frequen-
cies, CazN(LiF,) was excluded. The AIMD simulations revealed
that the seven candidates with kinetic stabilities reached ther-
modynamically stable states after 0.5 ps (see Fig. S2, ESIt). Along
with the evolution of temperature and total energy, the inorganic
frameworks of these candidates were well sustained in the final
configuration with the network of corner-sharing octahedrons,
suggesting that these candidates have robust thermodynamic
stability.

To get insight into the optoelectronic properties, we further
computed the band structures and projected density of states
(PDOS) of the seven candidates (Fig. 4, 5 and Fig. S6, ESIT). Note
that there are four transition metal compounds, while three
candidates are only composed of main group elements.
Ba;l, 5Fy 5(SbS,), BasFy sl s(InSey), and CazO(SnO,) were first
considered in this study. It can be seen that, analogous to double
perovskites,"> both BasF, 5I, 5(SbS,) and BasF, sl 5(InSe4) possess
similar double perovskite crystal structures and constituting ions,
except for the different metal ions at the tetrahedral centers,
implying a certain similarity of their electronic properties.
Ba;F 515.5(SbS,) has an indirect bandgap of 1.96 €V according to
the Heyd-Scuseria-Ernzerhof 06 (HSE06) functional (see Fig. S4,
ESIt), in which the valence band maximum (VBM) is located at
the I' point and the conduction band minimum (CBM) is located
between the I' point and M point (see Fig. 4(b)). From the PDOS
and spatial distribution of charge density of the VBM and CBM, it
is clear that the VBM of Ba;F, 51, 5(SbS,) is contributed by S p and
Sb s orbitals of the SbS, tetrahedron, while the CBM is contrib-
uted by S p and Sb p orbitals of the SbS, tetrahedron (see Fig. S5,
ESIt). BasF, 51y 5(InSe,4) has a direct bandgap of 3.31 eV according
to the HSEO06 functional (see Fig. S4, ESIt), in which the VBM and
the CBM are located at the I' point (Fig. 4(c)). Analogous to
Ba;F, 51.5(SbS,), both the VBM and CBM are mostly contributed
by tetrahedrons, respectively contributed by the Se p orbitals and
hybrid orbital of In s and Se p orbitals of the InSe4 tetrahedron
(see Fig. S5, ESIT). For BasF, 51, 5(SbSs) and BasF, 51, 5(InSe,), the
band edge states mostly originate from separated tetrahedrons
embedded in the corner-sharing octahedral network, leading to a
flat band dispersion and exhibiting a low-dimensional electronic
property, which is beneficial for exciton binding and lumines-
cence. Interestingly, Ca;O(SnO,) has a direct bandgap of 2.55 eV
according to the HSE06 functional (see Fig. S4, ESIT), in which the
VBM and the CBM are located at the I' point, as shown in
Fig. 4(d). The VBM is mostly contributed by the O p orbitals of
the octahedral center, while the CBM is contributed by the O p
and Sn s orbitals of the tetrahedron (see Fig. S5, ESIt). The band
edge states of CazO(SnO,) are contributed by different compo-
nents, implying that the LFAPs have more flexible tunability than
the traditional perovskite compounds, in which the band edge
states are only contributed by the octahedron. This shows that a
synergy of the tetrahedron and octahedron can have a certain
effect on the optoelectronic properties of LFAP materials.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) The gray area is the Brillouin zone and the band structure of the majority of candidates was computed along the red path. Band structures and
PDOS obtained by using the SCAN functional for the 3 candidates of (b) Baslg 5Fo.5(S0S4). (C) BazFoslos(InSes), and (d) CazO(SnOy).

Note that the metal elements at the tetrahedral centers in
the transition metal compounds, CazO(TiO,), Baz0g.5S0.5(ZrS,)
and Baz0, 5S,.5(HfS,), are localized in the IVB group. Among
them, it is obvious that Ca;O(TiO,) exhibits different electronic
properties from BazOy 5So.5(ZrS,) and BazOy 5S0.5(HfS,), which
possess similar double perovskite crystal structures and con-
stituting ions. CazO(TiO,) has a direct bandgap of 3.306 eV
according to the SCAN functional, in which the VBM and the
CBM are located at the I' point (see Fig. 5(a)) and the VBM is
contributed by the O p orbitals of the octahedral center,
whereas the CBM is contributed by O p orbitals of the TiO,
tetrahedron. Interestingly, both Ba;Oy 5S0.5(ZrSs) and BazOg 5
So.5(HfS4) exhibit direct bandgaps of about 2 eV, according to
the SCAN functional, and their VBM and CBM are located at the
I point (see Fig. 5(b) and (c)). The VBMs are contributed by the
O p and S p orbitals of the octahedral center, while the CBM is
contributed by S p orbitals of the MS, (M = Zr or Hf) tetrahe-
dron (see Fig. S5, ESIT). It can be seen that Ba;Oy 5S¢.5(ZrS4) and
Baz0y 5S¢.5(HfS,) exhibit similar electronic structures, due to Zr
and Hf having a similar valence electron configuration.
Rb;Cly 51p.5(Znl,) has a direct bandgap of 3.653 eV according
to the SCAN functional and the VBM and the CBM are located

This journal is © The Royal Society of Chemistry 2023

at the I' point (see Fig. 5(d)). The VBM is contributed by the I p
orbitals of the octahedral center and the CBM is contributed by
the Zn s and I p orbitals of the Znl, tetrahedron (see Fig. S5,
ESIt). Though the candidates have three dimensional crystal
structures, their electronic structures with flat valence bands
inevitably exhibit certain low-dimensional properties, leading
to a strong space confinement effect and strong binding of
excitons, implying that they are ideal candidates for light-
emitting application.

For metal halide perovskites, radiative recombination can be
bimolecular or excitonic. Owing to the small exciton binding
energies close to the room-temperature thermal energy, exci-
tons in three-dimensional perovskites readily dissociate into
free charge carriers, therefore bimolecular recombination dom-
inates in radiative recombination. In this study, the exciton
binding energies were calculated to assess the mechanisms of
radiative recombination for these candidates (Table 1). The
binding strength of excitons in semiconductors is evaluated
using the binding energy of excitons, and the binding energy of
excitons for the 7 candidate materials was calculated according
to the Wannier model.*’ Exciton binding energy is defined
as Ey, = ue*/2i%..>, where ¢,, and pu are the high frequency
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Fig. 5 Band structures and PDOS obtained using the SCAN functional of the 4 candidates of (a) CazO(TiO4), (b) Ba3sOq.5S0.5(ZrS4), (c) BazOp 5S0.5(HfS4),

and (d) RbsClo slg 5(Znly).

dielectric constant and reduced effective mass, respectively.
w=nimj /(m;+mj;).** The average effective mass and the
three tensors related to the three orientations are shown in
Table 1 and Table S5 (ESIT), respectively. It is obvious that the
exciton binding energies of these candidates are significantly
larger than the room-temperature thermal energy, implying

Table 1 Computed bandgap (Eg) values of BazFoslos(SbSa),
BaszFg5lo5(InSey), and CazO(SnO4) with the HSE06 functional and CasO
(T|O4), Ba300_5So_5(ZrS4), Ba300_5$0v5(HfS4), and Rb3Clo_5|o_5(Zn|4) with the
SCAN functional. Computed electron (m.) and hole (m),) effective masses
(averaged quantity) with the SCAN function. mg stands for electron rest
mass. Computed exciton binding energy (E,,), optical bandgap (Eqg), and
emission energy (Ep). Wavelength corresponds to the emission energy (Ep|)

E;, m. my Ep Eopt Ep

System (eV) (mo) (my) (meV) (eV) (eV) Wavelength (nm)

BayFy s 5(SbS,) 1.96 0.78 2.18 144.63 1.82 1.77 690.3 (red)

BasFo sIo5(InSe;) 3.31 0.56 0.47 80.65 3.23 3.16 392.5 (blue-violet)
Ca;0(Sn0,) 2.55 0.41 1.97 226.00 2.32 2.16 572.9 (yellow)
Ca,0(Ti0,) 3.31 1.73 1.32 487.71 2.82 2.67 464.7 (blue)
Ba;0,.550.5(ZrS;) 2.02 1.70 1.56 259.52 1.76 1.67 744.6 (red)
Ba;0,.5S0.5(HfS,) 2.02 1.33 1.50 244.20 1.78 — —

Rb5Cly 5lo.5(Znl,) 3.65 0.47 5.77 402.95 3.25 3.12 397.3 (blue-violet)

1684 | Mater. Horiz., 2023, 10, 1678-1688

that excitonic recombination may be dominant in the radiative
recombination processes of the LFAPs, in which excitons can
undergo radiative decay to emit relatively broadband and white
light emission. Furthermore, our simulations of the excited
states show a strong spatial localization of electron-hole pairs.
The distributions of the electron-hole pairs are localized in the
same polyhedron in Fig. S7a and b (ESIt) or concentrated on
the adjacent tetrahedrons and octahedrons in Fig. S7c-e, g
(ESIT). Candidates with localized excitons and low electronic
dimensionality are expected to have similar luminescence
properties with respect to low-dimensional perovskites, instead
of directly forming STE. Unfortunately, due to the delocalized
excitons, which suppress luminescence for BazOy 5So.5(HfS,),
we excluded this candidate (Fig. S7f, ESIY).

2.4. Excited state properties of LFAPs as light-emitting materials

Considering the excitonic radiative recombination, we estimated
the dominant color of emission light based on the emission
energies of these candidates. By linear interpolation between the
equilibrium structures of the ground state and the excited state,
and calculating the two state energies of each obtained structure,
we constructed a configuration coordinate diagram (CCD), as

This journal is © The Royal Society of Chemistry 2023
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shown in Fig. 6. The initial energy of the excited state of each
structure is the optical band gap.>” We estimated the emission
energy Ep;, (Table 1) for each candidate. It can be seen that
Ba;l, sF(5(SbS,) with an Ep; of 1.769 eV and wavelength of
690.3 nm emits red light (Fig. 6(a)). The excited state electrons
and holes are both localized on the SbS, tetrahedron (Fig. S7a,
ESIt). The tetrahedron is isolated by the larger octahedron,
which significantly enhances the electron-hole interaction.
Therefore, BaslysFo5(SbS;) with a three-dimensional crystal
structure possesses zero-dimensional electronic properties, simi-
lar to a zero-dimensional perovskite with Sb as the light-emitting
center, which has been reported to emit red light with a
wavelength of about 710 nm,*® demonstrating their intrinsic
similarity in electronic structures. Analogously, Ba;F, 51, 5(InSe,)
with an Ep;, of 3.159 eV and wavelength of 392.5 nm emits blue-
violet light (Fig. 6(b)), exhibiting similar optoelectronic proper-
ties and origin of the emission center (Fig. S7b, ESIt), because of
the similar valence configuration of Sb and In. Ca;O(SnO,) with
an Epp, of 2.164 eV and wavelength of 572.9 nm emits yellow light
(Fig. 6(c)). Its distributions of excited state electrons and holes
are respectively localized on an adjacent [CagO] octahedron and
[SnO,] tetrahedron, resulting in strong coupling of electrons and
holes (Fig. S7c, ESIt). The electron-phonon coupling caused by
structural distortion will promote the formation of an effective
recombination center. Interestingly, Ca;O(TiO,), with an Ep, of
2.668 eV and wavelength of 464.7 nm, emits blue light (Fig. 6(d)),

View Article Online
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with excited state electrons and holes localized on an adjacent
[CagO] octahedron and [TiO,] tetrahedron (Fig. S7d, ESIY),
leading to similar excited state characteristics to those of
Caz0(Sn0,). Baz0y5S,5(ZrS,), with an Epy of 1.665 eV and
wavelength of 744.6 nm, emits red light (Fig. 6(e)), with excited
state electrons localized on the [ZrS,] tetrahedron and excited
state holes localized on [BagO] octahedrons (Fig. S7e, ESIT).
Rb;Cly 51y 5(Znl,), with an Ep;, of 3.121 eV and wavelength of
397.3 nm, emits blue-violet light (Fig. 6(f)), exhibiting zero-
dimensional electronic properties because its excited state elec-
trons and holes are both localized on the [Znl,] tetrahedron
(Fig. S7g, ESIt). It should be noted that some zero-dimensional
perovskites with Zn as the blue luminescence center have been
reported.*>*® The candidate materials with a low self-trapping
energy are not involved in the direct formation of STEs, which
are generally observed in low dimensional perovskites. However,
owing to the low electronic dimensionality and strongly localized
excitons in these novel antiperovskites, the candidate materials
exhibit benign light-emitting properties. The transition from the
excited state to the ground state could emit light of the corres-
ponding wavelength.

In addition, through high-throughput calculations, we also
obtained some candidates whose tetrahedral center is a Mn
ion. For example, the optoelectronic properties of Rb;Clg 51o 5-
(MnBr,) were investigated for comparison (see Fig. S8, ESIt).
These results showed that the highest valence band and lowest
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Fig. 6 Configuration coordinate diagram (CCD) for the excited states of (a) BaslgsFo5(SbS4), (b) BazFoslos(InSes), () CazO(SNOy), (d) CazO(TiOy), (e)
BazO0.550.5(ZrS4), and (f) RbsClg slo.5(Znly). Ep is the energy of emission. The insets display an enlarged view of the potential energy surface (PES) obtained
by linear interpolation. In the insets, the blue line represents the PES of the ground state, while the red line represents the PES of the excited state.
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conduction band are particularly flat, related to the character-
istics of a low-dimensional electronic structure. The distribu-
tions of electrons and holes in the excited state are also both
localized on the MnBr, tetrahedron. Rb;Cl, 51, 5(MnBr,) with an
Epp, of 2.385 eV and wavelength of 519.8 nm emits green light,
consistent with the emission of green light in most tetrahedral
light-emitting compounds with Mn.*>*” Therefore, these can-
didates have strong local excitons and suitable light-emitting band
gaps, making them potential light-emitting friendly materials.

3. Conclusions

In summary, we have predicted a series of LFAP materials for light-
emitting application. By combining the empirical formation
descriptors of perovskite structures, ie. the tolerance factor ¢,
octahedral factor p,, and tetrahedral factor u,, 266 LFAPs have
been screened out from 6320 compounds. Considering environ-
mental friendliness and suitable bandgaps, 49 LFAPs have been
preliminarily identified to possess promising potential for light-
emitting applications. Among them, eight materials with different
tetrahedral central elements were selected for further comprehen-
sive exploration. Based on the thermodynamic and kinetic stabi-
lities, electronic structures, exciton binding energies and excited
states of these compounds, Basl,sFy5(SbS,), BasFyslys(InSey),
Caz0(Sn0,), CazO(TiO,), BazOgs5S05(ZrSs), and RbzCly sl 5(Znly)
were identified as promising light-emitting materials. Moreover,
though six candidates have three-dimensional crystal structures,
their electronic structures with characteristics of a flat band around
the band edge inevitably exhibit certain low-dimensional proper-
ties, leading to a strong space confinement effect and strong
binding of excitons, which is beneficial for excitonic radiative
recombination. Most importantly, through the study of excited
states, the emission wavelengths of six candidates have been
predicted, namely, Basl,sFo5(SbS,): 690.3 nm (red), CazO(SnO,):
572.9 nm (yellow), BazF,sly5(InSe,): 392.5 nm (blue-violet),
Ba3005S0.5(ZrSy): 744.6 nm (red), CazO(TiO,): 464.7 nm (blue),
and Rb;Cly sIy 5(Znl): 397.3 nm (blue-violet). The dominant colors
of light emission can be tuned over a wide range (about 390-
745 nm) with respect to the composition change involved in the
engineering of octahedra and tetrahedra. If confirmed by experi-
ments, these LFAPs may serve as highly efficient and stable light-
emitting materials, while addressing some known challenging
issues inherent in PeLEDs.

4. Computational methods

All first-principles computations were performed based on
density functional theory (DFT) methods as implemented in
the Vienna Ab initio Simulation Package.*® The projector-
augmented wave method*® with the generalized gradient
approximation (GGA) of the PBEsol exchange-correlation
functional®® and Meta-GGA of the SCAN exchange-correlation
functional®'*? were used for structure optimization and elec-
tronic structure calculations, respectively. The cut-off energy of
the plane wave was set as 520 eV. The threshold for energy
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convergence and force was 10" eV and 0.01 eV A™*, respectively.
Monkhorst-Pack k-point meshes of 3 x 3 x 3 and 5 x 5 x 5 were
adopted for Brillouin zone integration for structure optimization
and electronic structure calculations, respectively. For the three
candidates composed of main group elements, the HSE06
functional®® was adopted to compute the electronic structure.
The compounds with transition metals, such as Chromium,
Manganese, iron, cobalt, nickel, Palladium, and Platinum, were
computed by using SCAN functionals with spin. The primitive
cells of antiperovskites are about 8 A x 8 A x 15 A and contain
36 atoms. A 2 x 2 x 1 supercell containing 144 atoms was
adopted in the simulations of AIMD. The AIMD simulations
adopted the NVT ensemble at constant temperature. A Nosé-
Hoover thermostat was used to set the temperature to 300 K, and
simulation of each structure based on the I' point lasted 5 ps
with a time step of 1.0 fs. The phonon dispersions were
calculated by the finite-difference method with the 2 x 2 x 1
supercell approach at 0 K. The temperature-dependent phonon
with anharmonic effects was computed using the DynaPhopPy>*
package.

To study the excited state properties, we adopted the
restricted open-shell Kohn-Sham (ROKS) theory,> ™ as imple-
mented in the cp2k code by Wang X et al™>® Supercells
(of about 15 x 15 x 16 A®) were used in the calculation with a
single I' point, the double-zeta valence polarization molecularly
optimized basis sets,”® PBE exchange-correlation functional,
Goedecker-Teter-Hutter pseudopotentials®® and an energy cut-
off of 600 Ry (1 Rydberg, 1 Ry = 13.605 eV). The delocalization
error of the PBE functional was removed using the scaled
Perdew-Zunger self-interaction correction®"**> (PZ-SIC) only on
the unpaired electrons.®” The cc diagrams were constructed by
linear interpolation of coordinates between free exciton and
excited state configurations, then the ground state and excited
state energies were calculated at each coordinate. The coordinate
difference between the free exciton and excited state configu-

2
ration is AQ =, (Y. m, (Rf“.fRﬁ,) ,%% where « is the atom
ic,i ' ’

label, i = (x, y, 2), m is the atomic mass, and R is the atomic
coordinates with e and g representing the excited and ground
state, respectively.
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