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Chalcogenide perovskite materials have been shown to exhibit excellent properties for optoelectronics and
photovoltaics. The research, however, has been focused on the II-IV-S; series of compounds. Here, by theoretical
calculation, we predict that in the III-III-S; perovskites, there could exist a transition between the indirect and
direct band gaps induced by the coupling strength of the d orbitals between the A-site and B-site cations. We
validate this prediction by synthesizing LaScS; through solid state reaction from three elemental materials.
Micro-Raman analysis combined with Raman tensor calculations are used to identify the perovskite phase
of micrometer-size grains, from which photoluminescence can be observed. The emitted light peaks at about
519 nm (or 2.39 eV), which corresponds to the largest band gap among the sulfide perovskites. The discovery of
light-emitting LaScS; enriches the family of chalcogenide perovskites for optoelectronic applications.
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Semiconductor light-emitting devices have revolutionized
various aspects of modern life. White light-emitting diodes
(LEDs) [1-3] are rapidly replacing traditional devices like
incandescent lamps, making significant strides in the lighting
market. From mobile devices to theater-size screens, display
technology is also increasingly adopting LEDs [4]. Semicon-
ductor lasers [5], with their compact design, have facilitated a
wide range of applications, including laboratory light sources,
fiber optic communication [6], and autonomous driving [7].
However, despite these successful applications, there are still
unresolved issues in the field of LEDs that necessitate the
development of new optoelectronic materials and devices. For
instance, the next-generation display technology, micro-LED,
experiences efficiency deterioration in the red-color range
when the device size shrinks below 20 um [8]. Green-color
LEDs often suffer from low quantum efficiency, creating what
is commonly known as the “green gap” problem [9] when
compared to blue-color and red-color LEDs. Furthermore, the
long-term stability of recently developed halide perovskite
LEDs, particularly the blue-color ones, remains a challenge
due to the segregation of Cl and Br anions under working
conditions [10-12].

Sulfide perovskites, a new family of optoelectronic ma-
terials, were initially proposed for photovoltaic applications
[13], but they also display appealing luminescent properties.
In a recent study by Kota et al., STHfS; was investigated and
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found to hold great potential as a green-color luminescent
material [14]. In comparison to halide perovskites, sulfide
perovskites possess inherent advantages such as thermal and
environmental stability [15-18], as well as being free from
toxic elements like lead [13]. However, research on sulfide
perovskites has predominantly focused on the II-IV-S; se-
ries, composed of group-II elements (Ca, Sr, and Ba) and
group-IV elements (Zr and Hf) [14-36]. The experimentally
measured and theoretically calculated band gaps of these
materials fall below 2.32 eV [13]. In our recent theoreti-
cal study, we predicted that the III-III-S3 perovskite YScS3
could possess a band gap approaching 3 eV. Unfortunately,
its indirect nature renders it unsuitable for optoelectronic
applications [37].

In this Letter, we draw inspiration from the wide band
gap of YScS; and the recent discovery of LaScSes [38], a
predicted direct-gap selenide perovskite, to investigate the
II-III-S3 perovskite LaScS;. Our objective is to discover
novel optoelectronic materials. Through first-principles cal-
culations, we find that the bottom of the conduction band in
III-III-S3 perovskites is primarily influenced by the d-d cou-
pling between the A-site cation and B-site cation. In YScSs,
the strong coupling between the 4d orbitals of Y and 3d
orbitals of Sc significantly lowers the band at the S point in
the Brillouin zone, resulting in an indirect band gap. However,
in LaScS3, the coupling between the 5d orbitals of La and 3d
orbitals of Sc is weaker than the 4d-3d coupling in YScS;.
As a result, the band at the S point is lifted, leading to a direct
band gap in LaScS3. To validate this theoretical prediction, we
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FIG. 1. (a), (c) show the band structures of YScS; and LaScS; based on HSE06 functional calculations. The inset shows the irreducible
Brillouin zone. (b), (d) show the projection of bottom four conduction bands, as highlighted in (a), (c), on the d orbitals of A-site and B-site

cations along the S-Y-I" path for YScS; and LaScS;, respectively.

synthesize LaScS; by solid-state reaction. Photoluminescence
measurements, assisted by micro-Raman measurements and
DFT calculations on Raman tensors, confirm our prediction
that LaScS3 exhibits a direct band gap. Our work thus expands
the family of chalcogenide perovskites to the III-III-S3 series
for optoelectronic applications.

First-principles calculations in this work were based on
density functional theory (DFT), as implemented in the VASP
program [39]. Projector augmented wave (PAW) potentials
[40] were used to describe the interaction between ion cores
and valence electrons. The wave functions were expanded
by plane-wave basis sets. Hierarchical exchange-correlation
functionals were used in our calculations for different pur-
poses: (1) PBEsol functional [41] was used in calculation of
dielectric tensors; (2) strongly constrained and appropriately
normed (SCAN) functional [42] was used in all structure
relaxations and frequency calculations; (3) hybrid HSE06
functional [43] was used in band structure calculations, where
the screening parameter for range separation was set to
0.2 A~" and the mixing parameter for Hartree-Fock exchange
was set to 0.25. Raman tensors (a,’-‘j) were calculated by the
partial difference of dielectric tensor (¢;;) with respect to the
phonon modes (¢*) at the Brillouin zone center according to

f‘j = giq,j [44]. The dielectric tensors were calculated using
density functional perturbation theory [45]. More calculation
details about Raman intensity, convergence criteria and k-
point sampling in different parts of calculations are listed
in the calculation method part and Tables S1 and S2 in the
Supplementary Material (SM) [46].

Crystal structures of the synthesized samples were eval-
uated using x-ray diffraction (XRD, Bruker D8 Advance)
with Cu K, radiation, a tube current of 40 mA, and a tube
voltage of 40 kV. The surface morphology and chemical
composition were examined by scanning electron microscopy
(SEM, Hitachi S-4800) and energy-dispersive spectroscopy
(EDS, Hitachi S-4800). The photoluminescence and Ra-
man measurements were conducted using three wavelengths
for the excitation light. The system excited by the 360-nm
laser is equipped with a Horiba iHR-550 spectrometer, while

o

the system excited by the 473-nm and 532-nm lasers is
equipped with a Renishaw inVia confocal Raman microscope.

Figure 1 shows the band structures of YScS; and LaScS;
computed using the hybrid HSE06 functional. For compari-
son, Fig. S1 in the SM [46] also shows the band structures
calculated with the SCAN and PBEsol functionals. The
atomic structures, including lattice constants and internal pa-
rameters, were optimized using the SCAN functional (see
Table S3 in the SM [46]). The band structures calculated
with the three functionals exhibit similar features around the
band edges, with YScS; exhibiting indirect bandgaps and
LaScS; exhibiting direct band gaps. We also examine the
effect of spin-orbit coupling (SOC) on the band structure. The
results from calculations using HSE06 functional with SOC
are shown in Fig. S2 in the SM [46]. We found that in LaScSs,
bands located approximately 1.5 eV above the conduction
band minimum exhibit splitting, while the band structure of
YScS; remains largely unchanged. Based on the results above,
we conclude that the direct or indirect nature of LaScS3 and
YScS; is not affected by the exchange-correlation functional
and the SOC effect.

To analyze the origin of the difference between the two
materials, we focus on the bottom four bands along the S-Y-I"
direction, which are highlighted by red and green colors in
Figs. 1(a) and 1(c). Note that from S to Y points, the bands
are doubly degenerate. However, the point group symmetry
cannot afford double degeneracy. As the 20-atom Pnma unit
cell is derived from four five-atom Pm3m unit cells by octa-
hedron rotation, this process could result in legacy degeneracy
from the high-symmetry cubic cell.

In Figs. 1(b) and 1(d), we plot the projections of each state
on the d orbitals of A-site and B-site cations. It is seen that
the green bands are dominated by Sc 3d orbitals. In contrast,
the red bands contain more contributions from the Y 4d and
La 5d orbitals, especially along the S-Y direction. For YScS3,
the projections of Y 4d orbitals on the red bands are 0.31 at
the S point and 0.14 and 0.19 at the " point, respectively.
For LaScSs;, the corresponding projections of La 5d orbitals
are 0.24 at the S point and 0.09 and 0.14 at the I' point,
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respectively. We also examine the effect of using different
functionals on the projection values of the d-orbitals for the
corresponding four bands. As shown in Fig. S3 in the SM
[46], taking the S point as an example, the projection values
of the d-orbitals for the corresponding four bands obtained
using the HSE06, SCAN, and PBEsol functionals exhibit the
same trend. Besides the smaller projections of La 5d orbitals,
it is also expected that the coupling strength between the 5d
and 3d orbitals is weaker than that between the 4d and 3d
orbitals because of the larger energy level difference. The
weaker 5d-3d coupling in LaScS3 render the red bands along
the S-Y direction lifted up so that the band gap becomes direct
at the I" point. According to the HSEO6 calculation, the direct
band gap of LaScS; is 2.81 eV.

Note that the effect of d-d coupling discussed above is en-
tangled with the effect of atomic structure difference between
the two materials, e.g., the octahedral titling. In the case of
cubic LaScS; without any octahedral tilting, its band gap is
indirect and the band gap value is also significantly smaller
(see Fig. S4 in the SM [46]). Table S3 in the SM [46] com-
pares the atomic structures of LaScS3; and YScSs3, including
the octahedral titling angles. It is found that YScS; exhibits
larger titling angles than LaScSs3, which also influence the
band structures. Figure S5 in the SM [46] compares the band
structures of LaScS; with the octahedra in the native tilting
angles and in the angles of YScS;. It is seen that the tilting
angles have a similar effect of shifting the red bands near the
bottom conduction bands. Thus, from the atomic structure
point of view, the octahedral titling contributes to the indirect-
to-direct transition, while from the electronic structure point
of view, the d — d coupling plays an important role in this
transition.

To validate the prediction above, we synthesize LaScS; by
solid-state reaction. Up to date, only two papers reported the
synthesis of LaScS; [47,48], where the binary sulfides were
first synthesized and used as the reactants to obtain the ternary
compound. Here, we use elemental La (purity 99.9% from
Alfa), Sc (purity 99.9% from Alfa), and S (purity 99.998%
from Aldrich) as reactants to obtain LaScS3;. The elemental
reactants were weighed, put in an Al,O3 crucible, and then
sealed in a quartz tube within an Ar-filled glovebox. The mix-
ture was heated in a muffle furnace at 1100° C for 72 hours.
The resulting product was grounded, pressed into a pellet, and
resealed in a quartz tube within the glovebox. Then, the pellet
was heated again at 1100° C for 72 hours.

Figure 2(a) displays the XRD pattern of the obtained
LaScS; powder. We compared the experimental pattern with
that calculated based on the structure optimized using the
SCAN functional. The good agreement between the two pat-
terns indicates the successful synthesis of a pure phase of
LaScS;, up to the detection limit of our XRD equipment.
Moreover, this comparison highlights the high accuracy of the
computationally optimized structure using the SCAN func-
tional. In Fig. 2(a), we also compared the XRD patterns
of our experiment and that from the structure listed in the
ICSD, which is linked to in a previous reference [48]. The
obtained reliability factor R, (0.105) using the ICSD struc-
ture is slightly worse than the R, (0.071) obtained using our
optimized structure. The formula for evaluating R;, [49,50] is
provided in the SM [46].
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FIG. 2. (a) XRD pattern of powder LaScS; sample compared
with calculated patterns using the atomic structures obtained from
the SCAN functional calculation and the ICSD database. The red
and blue lines below the patterns show the differences between the
experimental and calculated patterns. Corresponding reliability fac-
tors (Rp) are also shown together with the lines. The black short lines
at the bottom display the XRD peak positions calculated using the
atomic structure obtained from the SCAN functional. (b) Calculated
total energy of LaScS; with 23 different octahedron rotation patterns
following the Glazer notation based on the SCAN functional, where
the lowest energy patterns are taken as the energy reference. The inset
shows the structure with the lowest total energy, which possesses the
Pnma space-group symmetry (No. 62).

The space group symmetry of LaScSs3 has been labeled as
Pna21 (No. 33) in the ICSD with the Sc atoms displaced away
from the octahedron centers. However, our DFT calculations
using the SCAN functional yielded a higher symmetry with
space group Pnma (No. 62). Additionally, as shown in Fig. S6
in the SM [46], the phonon spectrum of LaScSs calculated
using the SCAN functional did not exhibit any imaginary fre-
quencies, indicating that the Pnma structure is stable. As seen
in Fig. 2(a), our high-symmetry structure also yielded smaller
R, factor, suggesting that the actual structure of LaScS;3 has
the Pnma symmetry. Similar symmetry issue also occurred
for CeScSs, which was reported to have a lower symmetry
and then redetermined to be the Pnma symmetry [51,52]. In
addition, we measured the ferroelectric properties of LaScS;
by fabricating a ceramic plate using spark plasma sintering.
The result is presented in Fig. S7 in the SM [46] and suggests
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FIG. 3. SEM images of the synthesized LaScS; sample magni-
fied by (a) 500 and (b) 5000 times and (c) EDS spectrum acquired
from the sample in (b). The table of the inset lists the atomic ratio of
the La, Sc, and S elements determined from the EDS measurement.

that the material lacks ferroelectricity. Based on the results
above, we conclude that LaScS; has the Pnma perovskite
structure.

We also carried out a systematic determination of the par-
ticular octahedron rotation pattern in the perovskite structure
by employing the Glazer notation [53], which classified the
octahedron rotations into 23 possibilities. The information
on the space groups of the 23 possible structures and their
corresponding rotation modes is displayed in Table S4 in
the SM [46]. In these calculations, we employed a supercell
containing eight octahedra (i.e., a 2x2x2 supercell based on
the nondistorted cubic perovskite unit cell) to accommodate
the alternating octahedron rotations between nearest neigh-
bors. The SCAN functional [42] and a 4x4 x4 k-mesh were
employed in these calculations to ensure computational ac-
curacy. Figure 2(b) shows the calculated total energies with
respect to the most stable rotation pattern. After relaxation,
the patterns from 8 to 11, namely, a*™ b~ ¢, aTa ¢, a™b b,
and ata~a~, all ended up with the Pnma symmetry, which
is the lowest-energy structure. The energy difference among
the four patterns is less than 2 meV per formula of LaScS;.
Additionally, a 6x6x6 k-mesh was used to check the conver-
gence of the energy, and the results are presented in Table S5
in the SM [46]. For comparison, we also performed the above
calculations using the PBEsol functional [41], as shown in
Fig. S8 in the SM [46]. The calculated results are consistent
with the trends based on the SCAN functional, where the
energy of patterns from 8 to 11 is the lowest, exhibiting the
symmetry of Pnma.

Scanning electron microscope (SEM) characterization was
conducted on the as-synthesized LaScS3; powder samples. At
a magnification of 500x, displayed in Fig. 3(a), grains of
various sizes can be observed. At a magnification of 5000x,
displayed in Fig. 3(b), detailed structure of a single grain can
be observed to be polycrystalline with the grain boundaries
clearly seen. By performing selected area electron diffraction
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FIG. 4. (a) Raman spectra of LaScS; obtained using laser wave-
lengths of 532 nm and 473 nm. The calculated Raman peak positions
and intensities, as well as the symmetry labels, are shown for com-
parison. (b) PL spectra of LaScS; using excitation laser wavelengths
of 473 nm and 360 nm. (c) Optical absorption spectra of LaScS; and
BaZrS; from diffuse reflectance spectroscopy.

(SAED) on the grains and calibrating the diffraction pat-
terns, it can be demonstrated that the grains within the grain
boundaries are single crystals. The characterization results
are shown in Fig. S9 in the SM [46]. Energy-dispersive x-
ray spectroscopy (EDS) was used to measure the chemical
composition. An elemental ratio of approximately 1:1:3 was
obtained for La:Sc:S, as shown in Fig. 3(c). The results of the
EDS mapping are presented in Fig. S10 in the SM [46], indi-
cating uniform elemental distribution in the prepared material.
Additionally, a very small amount of black impurity grains
were observed in the SEM analysis. According to the EDS
results, the elemental composition of these impurity grains
is approximately Sc:Si:O = 2:2:7. The results of the EDS
analysis are presented in Fig. S11 in the SM [46].

We performed micro-Raman spectroscopy on individual
polycrystalline grains. Continuous-wave lasers of 473 nm and
532 nm were used as the light source. As shown in Fig. 4(a),
we obtained consistent Raman spectra, with Raman signals
detected even below 110 cm™! for the 532-nm excitation.
To analyze the Raman spectra, we calculated the Raman
tensors of LaScS; using the SCAN functional, from which
the theoretical peak intensity can be estimated. As shown in
Fig. 4(a), the calculated and the experimental spectra are in
good agreement considering possible errors of about 10 cm™!
in the calculated peak positions, and symmetry labels were
assigned to all Raman active peaks, as labeled in red. The
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calculation results of all Raman active modes are provided in
the Table S6 in the SM [46].

The micro-Raman spectroscopy using the 473-nm laser
allows us to measure the Raman and photoluminescence (PL)
spectra on the same grain so that we can exclude the possibil-
ity that the PL signal is from an impurity grain. As shown in
Fig. 4(b), a PL peak at 530 nm was observed. PL spectra of
LaScS; were also measured using a 360-nm laser and a peak
at 519 nm was observed, which corresponds to a band gap of
2.39 eV. We also performed diffuse reflectance spectroscopy
(DRS) measurements. By the Tauc plot of the spectrum, as
shown in Fig. 4(c), the direct band gap is approximately de-
termined to be 2.62 eV. We compared with BaZrS3, for which
the direct band gap is found to be 1.78 eV, consistent with
most reported values in the literature [24,32]. The discrepancy
on the band gap values from our HSEQ6 calculation, PL and
DRS measurements could be originated from the excitonic
effect excluded from our DFT calculation and the inaccurate
treatment of the localized La 4f and Sc 3d orbitals in the
conduction band. The quality of the powder sample may also
contribute the discrepancy, which calls for further study to
investigate.

It is worth noting that the powder samples used in micro-
Raman measurement were dispersed in alcohol using 100-Hz
ultrasonic treatment for 10 minutes, transferred to glass
slides, and then dried before the measurements. The Raman
spectra obtained from alcohol-dispersed samples and those
obtained without alcohol dispersion showed good consistency,

as shown in Fig. S12 in the SM [46]. All measurements were
performed under ambient conditions, demonstrating the good
stability of the LaScS; perovskite.

In summary, by density functional theory calculation
we predicted a light-emitting III-III-S; perovskite material,
LaScS;. The direct band gap can be attributed to the relatively
weak coupling between the La 5d orbitals and Sc 3d orbitals.
We synthesized LaScS; through solid-state reaction from the
three elemental materials. Combining micro-Raman and PL
spectrum measurements, we verified the theoretical prediction
by observing PL spectrum peaking at 519 nm, which is in
reasonable agreement with the theoretical value and indicates
the largest band gap among the chalcogenide perovskites.
As the first light-emitting III-III-S; perovskite, LaScS3 ex-
pands the choices of chalcogenide perovskites and, indeed,
the entire perovskite family, for optoelectronic applications.
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