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Efficient red-emitting lead-free cesium-scandium halide perovskite

crystals produced via Mn?* doping

Mengyan Cao', Renfu Li*’, Zhilin Li', Xiujian Zhao' and Xiao Gong'"

ABSTRACT Perovskite crystals with high photoluminescence
quantum yields can be rapidly synthesized by doping Mn**
into Cs,ScCls-H,O through a facile wet chemistry approach.
The quantum yield of the Mn**-doped perovskite crystals in
the red light region is over 12 times higher than that of the
host material and nearly 24 times higher than that of pure Mn-
based perovskite CsMnCl;-2H,0. Moreover, density func-
tional theory calculations were used to study the orbital hy-
bridization properties of the materials to further investigate
their optical properties. After Mn** doping, the Mn octahe-
drons separated by the Sc octahedrons can more effectively
restrict excitons, which is conducive to the improvement of
quantum yields. Compared with the original band gap, a new
hybridized orbital attributed to Mn and the host element ap-
pears. The doped sample shows an extended absorption and
excitation range from the original deep-ultraviolet (UV) ab-
sorption to UV and visible absorption. Based on these prop-
erties, the Mn?*-doped perovskites are used to prepare
efficient white light-emitting diodes excited by a blue chip,
showing an excellent color rendering index of 91, which meets
the need for future applications in the field of optoelectronics.

Keywords: PLQY enhancement, Mn** doping, DFT calculation,
white light-emitting diodes

INTRODUCTION

Perovskites have several remarkable physical properties owing to
their highly tunable structure, excellent optoelectronic proper-
ties, magnetic properties, ferroelectricity, and dielectric proper-
ties [1-9]. These diverse physical properties have led to a wide
range of applications of perovskites in the fields of displays, solar
cells [10-12], light-emitting diodes (LEDs) [13-16], photo-
detectors, and lasers. Metal halide perovskites have received
increased attention from researchers in recent decades. To solve
the toxicity and stability problems caused by lead, other metal
elements (such as Zr**, Sn**, In*', Bi**, and Sc**) have been used
to replace lead in perovskite materials [17,18]. These metal
halide perovskites possess advantages such as low cost, adjus-
table spectra, and simple synthesis and exhibit optical properties
that are not identical to those of lead-based perovskites [19,20].
Metal-halide perovskites show specific advantages over lead-
halide perovskites for LEDs and anticounterfeiting applications
owing to their better stability and unique optical properties [21-
23].

However, lead-free metal-halide perovskites often exhibit a
very low photoluminescence quantum yield (PLQY); for exam-
ple, it has been reported that the PLQY of Cs,ScCl3-H,O is less
than 1% [24]. Therefore, effectively enhancing PLQY without
sacrificing stability has become a critical challenge. Some
organic ion substitutions may increase the optical performance,
but often at the cost of loss of stability. Doping atoms into the
lattice structure of the host material is a common method that
can effectively modulate the relevant optical or electrical prop-
erties of the material [25,26]. Several ions (such as Sb*', Bi*",
Mn?*, and Yb*") have been reported to improve the PLQY and
even become new luminescence centers in the matrix, inducing
new optical phenomena in the matrix. The d/d transition within
Mn?* can often be an effective luminescence center, producing
emission that typically leads to a large Stokes shift, wide emis-
sion range, and long lifetime [27-30]. Most studies on
Mn?*-doped perovskites have focused only on colloidal nano-
crystals [31,32]. Therefore, it is important to investigate the
electronic interactions between the host material and the dopant
ions in Mn*'-doped all-organic lead-free perovskites after
excluding the effect of organic ligands. Moreover, the current
research on Cs;ScCls-H,O is scarce, and as an all-inorganic
metal-halide perovskite, its advantages in stability are quite
obvious. The use of ion doping to effectively improve the optical
properties of Cs,ScCls-H,O and study the correlation between
fluorescence and structure is essential for subsequent research
development.

In this study, a novel all-inorganic perovskite structure,
Cs,ScCls-H,0, was used as a substrate material and Mn** doping
was employed to enhance the PLQY and improve the optical
performance using a facile synthesis method. The PLQY of the
perovskite crystals can be remarkably enhanced from less than
1% to 12% in the orange-red luminescent region, resulting in a
more than 12-fold enhancement. We also investigated the
absorption and emission properties. The introduction of Mn**
can increase the absorption in the near-ultraviolet (UV) and
visible (vis) regions of the substrate material, exhibiting the
characteristic emission of Mn?" (orange-red regions) when
excited. In addition, the prepared materials have excellent sta-
bility and the Mn?* ionic compounds have low toxicity. Density
functional theory (DFT) calculations were applied to probe the
substrate-doped band-gap properties of the prepared materials
to have a better understanding of the energy-band structure of
the material itself, which is beneficial for the exploration of
optical properties. Our study may provide some inspiration for
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subsequent novel all-inorganic perovskites and may shed some
light on the study of the optical principles of doped materials.

EXPERIMENTAL SECTION

Materials

Cesium chloride (CsCl, 99.99% metals basis), scandium(III)
oxide (Sc;,03, 99.9% metals basis), and manganese chloride tet-
rahydrate (MnCl,-4H,0, 99.99% metals basis) were taken from
Aladdin Reagent Co. Hydrochloric acid (HCI, 37 wt% analytical
reagents), and ethanol (EtOH, >99.7%) were supplied by Sino-
pharm Chemical Reagent Co., Ltd. The green fluorescence
powder (Y;Al;0,,:Ce**,Ga**) was supported by Yantai Shield
Co., Ltd. The LED chips (450 nm) were supported by Juhoon
Optoelectronics Co., Ltd.

Material characterizations

UV-vis absorption spectra were tested in the UV/VIS/NIR
Spectrometer (Lambda 750 S, PerkinElmer, USA). The PL
spectra were measured by the time-resolved fluorescence spec-
trometer (FL3-22, Jobin-Yvon, USA) at room temperature.
X-ray diffraction (XRD) spectra were characterized by using the
X-ray diffractometer (Empyrean, Holland). The morphologies
and the energy-dispersive X-ray spectroscopy (EDS) mapping
were registered by a field emission scanning electron microscope
(SEM, Zeiss Ultra Plus, Germany). The X-ray photoelectron
spectroscopy (XPS) spectra were characterized by Thermo Fisher
Scientific ESCALAB 250Xi spectrometer (USA). The tempera-
ture-dependent PL spectra were taken by using Edinburgh
Instruments FLS1000 spectrophotometer with a temperature
interval of 80 to 305 K. Excitation light was from the optical
parametric amplifier (Orpheus, Light Conversion, Lithuania)
pumped by the femtosecond laser (Spirit 1040-8W, Spectra-
Physics, USA). The quantum yield was tested by Hamamatsu’s
absolute quantum yield equipment (C9920-02G). The PL spectra
of LED were taken by using HAAS-2000 High Accuracy Array
Spectroradiometer (Everfine).

Preparation of Mn**-doped Cs,ScCls-H,0

Typically, 0.5 mmol Sc;O3 and x mmol (x = 0.005, 0.01, 0.02,
0.03, and 0.05) MnCl,-4H,0 were added in 8 mL hydrochloric
acid and stirred at 90°C for 15 min at atmospheric pressure.
Then, 2 mmol CsCl was added to the solution and kept stirring
for 5 min at 80°C. After the solution was cooled to room tem-
perature, the precipitate was collected and washed three times
using methanol. The final sample was obtained by drying at
80°C for 3 h.

Fabrication of the LED device

Typically, we mixed the phosphor with epoxy glue A, added
epoxy glue B after a period of time, and then set it on a 450-nm
chip. Then the whole LED device was tested after drying at 80°C
for 2h. The WLED powder mixture consists of CsScCl-H,O:
Mn** powder and commercial Y;Al;0:Ce*,Ga** powder
(green phosphor). The commercial green powder and
CsScCl-H,0:Mn** powder were added in a mass ratio of about
1:4. The total mass of phosphor and the mass ratio of UV curing
adhesive was about 1:1.

Computational methods
DFT calculations were performed by using the Castep module in
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the Materials Studio simulation package. The interactions
between ion cores and valence electrons were described by the
Blochl’s all-electron-like projector augmented wave (PAW)
method. The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) functional was adopted for
the exchange-correlation interaction. The kinetic energy cutoft
with 520.0 eV, convergence tolerance with 2.0 x 107° eV/atom,
force tolerance with 0.002 eV A~!, maximum displacement with
0.002 A, and max stress with 0.1 GPa were adopted in the cal-
culation. In addition, the 3 x 3x 6 k-points within the gamma
centered Monkhorst-Pack scheme is used to sample the
Brillouin zone for all the structures. The self-consistent field
convergence is set to 1 x 107® eV/atom.

RESULTS AND DISCUSSION

A facile low temperature (<100°C) preparation method using
toxicity solvents and a short reaction time was chosen for syn-
thesizing of Cs,ScCls-H,O. The synthesis of samples was rapidly
performed within 30 min in an acidic solution and atmospheric
pressure. The preparation of Cs,ScCls-H,O:Mn?* does not
require a very harsh environment, and only the Mn** precursors
are mixed into the raw material. SEM images of the samples
were evaluated to explore the distribution and morphological
characteristics of the material, which was octahedral (Fig. SI).
EDS elemental mapping of the matrix material is shown in
Fig. S2, wherein the distribution of each element is relatively
uniform. The doped material (Fig. la, b) clearly shows the
presence of Cs, Sc, Mn, and Cl, which are also relatively uni-
formly distributed in the sample, further confirming the suc-
cessful doping of Mn?* ions. The crystal structure of
Cs,ScCls-H,O represents a typical Pnma orthorhombic space
group, and the lattice structure model is shown in Fig. 1c [24].
There are isolated metal-halide octahedral structures centered
on Sc**, whereas Cs* separates the isolated octahedral structures.
To further investigate the structure of the synthesized samples,
we conducted XRD and compared the results with the simulated
XRD data, which are presented in Fig. 1d. The samples prepared
by this method exhibited XRD patterns that corresponded one-
to-one with the simulated structures, indicating that the samples
were successfully synthesized and are also similar to those pre-
viously reported [24].

No peaks corresponding to the synthesized raw materials were
found in the XRD patterns, indicating that the washing method
was highly effective. Additionally, no new peaks appeared after
doping with low concentrations of Mn?* (Fig. 2a), which indi-
cated that the Mn** precursors tended to appear in the form of
doping rather than forming new substances when they were
added to the synthesis process in low doses. Compared with the
host material, the full width at half maximum (FWHM) values of
the XRD patterns of the doped samples were not noticeably
reduced, and the corresponding crystallinity was not greatly
reduced. When the doping concentration increased, an angular
shift in the peak value relative to the original sample was found,
which is also due to the smaller ionic radius of Mn** compared
with that of Sc**.

XPS was also used to analyze the constituent elements and
valence information in the samples to determine the form in
which the doping elements entered the matrix material. The XPS
survey spectra of the original and Mn?**-doped samples are
shown in Fig. S3 and Fig. 2b, respectively. The peaks at 642.88
and 654.18 eV in the elemental high-resolution XPS spectrum

1341



ARTICLES

SCIENCE CHINA Materials

Figure 1
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(a) SEM image and (b) EDS elemental mapping of Cs,ScCls-H,0:0.03Mn?*. (c) Crystal structure of Cs,ScCls-H,O (blue, Cs; purple, Sc; green, Cl;
red, O; white, H). (d) XRD patterns of the simulated and experimental Cs,ScCls-H,O material.
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Figure 2 (a) XRD patterns of Cs,ScCls-H,O:xMn?* (x = 0.5%-5%), where x refers to the ratio of the doped material to the host material. (b) XPS survey
spectrum of Cs,ScCls-H,0:3%Mn?". (c) Structure diagram of Mn**-doped host material. (d) Tauc plot of Cs,ScCls-H,O.

1342

© Science China Press 2024

April 2024 | Vol.67 No.4



SCIENCE CHINA Materials

ARTICLES

are attributed to Mn 2ps, and 2py,, respectively, demonstrating
that all Mn ions are present in the sample in the +2 valence form
[33-35]. The results of the elemental analysis further prove the
successful doping of Mn?* in the host material, which corro-
borates with the EDS results. Moreover, comparing the high-
resolution spectra of Cs and Sc for the doped and undoped
samples (Fig. S4), we found that the characteristic peaks of these
elements slightly shift toward the high binding energy in the
doped samples. We speculate that this shift is due to changes in
the corresponding bond lengths after the partial substitution of
Sc** by Mn?*, which can be seen in the subsequent structural
simulations thus affecting the electron distributions. A sche-
matic of the structure before and after doping is shown in
Fig. 2c.

The absorption spectrum of the Cs,ScCls-H,O sample was
evaluated to determine the optical band gap and the corre-
sponding absorption peaks, which are displayed in Fig. S5. Two
broad absorption peaks at 265 and 380 nm were demonstrated
in the absorption of the Cs,ScCls-H,O sample, which are similar
to those reported in previous work [24]. The corresponding
Tauc diagram is shown in Fig. 2d. The optical band gap of the
substrate was calculated to be ~4.15 eV, which can be corrobo-
rated by the subsequently calculated band gap. The UV-vis
absorption spectra of the Mn?'-doped samples show broad
absorption regions at 430 and 500-600 nm, which can be
attributed to the °A; to *A;, “E, and °A; to *T, transitions of the
octahedral Mn**. Cross-referencing the absorption spectra with
the spectra of the PL excitation (PLE) of the samples can be used
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to investigate the excitation properties of the samples.

The optical properties of the samples were assessed to inves-
tigate the origin of the fluorescence. The PL and PLE spectra of
the host material are shown in Fig. S6, which exhibit broad
emission peaks covering almost all the visible regions, similar to
that reported previously [24]. Broadband emission of the sub-
strate material is accompanied by an octahedron of 150 nm and
a corresponding Stokes shift of ~245nm. Such broadband
emissions and large Stokes shifts often originate from self-
trapped exciton (STE) emissions due to strong electron-phonon
coupling in the perovskite structure. The lifetime of the substrate
material at a monitored wavelength of 560 nm is shown to be
6.62 ps in Fig. S7. This long lifetime is considered in conjunction
with the broadband emission and large Stokes shift, indicating
that the source of the luminescence is the STE emission rather
than, for example, the free exciton emission. The PL spectra of
different concentrations are shown in Fig. S8, where the best
intensity was obtained at a dopant concentration of 3%; there-
fore, the sample with 3% dopant concentration was chosen for
the later tests. In contrast, the PL emission spectrum of the
sample doped with Mn?* is shown in Fig. 3a, which exhibits a
quite different emission peak from that of the base material, with
a peak of 648 nm in the red region and an FWHM of ~75 nm.
Meanwhile, the sample’s PLE spectrum was assessed for mon-
itoring the red luminescence (648 nm) to contrast with the
absorption, as shown in Fig. 3b. The excitation broadband at
200-300 nm is considered to be a charge transfer from Cl~ to
Mn?* [35]. The excitation peaks at 300-550 nm correspond to
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Figure 3 (a) PL spectrum of Cs;ScCls-H,0:3%Mn*" with an excitation wavelength of 420 nm (inset: an image of Cs,ScCls-H,O:Mn?* under UV light).
(b) Excitation spectrum (monitored at 650 nm) of Cs,ScCls-H,0:3%Mn?*. (c) Temperature-dependent PL mapping of Cs,;ScCls-H,O:Mn?* microcrystals under
an excitation wavelength of 450 nm. (d) Diagram of energy levels of Cs;ScCls-H,O:Mn?**.
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the electronic transitions from the ground state to the different
excited states due to the six-coordination of Mn**, and the
specific energy levels are shown in the figure [31,36]. The
emission at ~650 nm is from the transition of “T,(*G) to °A,(°S)
from the 6-coordination Mn?*. The wavelength-dependent
fluorescence and PLE spectra of the sample were measured, as
shown in Fig. S9. Because of its constant peak position and
similar peak pattern, it is further demonstrated that the fluor-
escence emission of the sample comes from the excited state of
Mn?* and not from surface or lattice defects [37]. Moreover, we
can clearly observe the emission originating from the matrix
material at ~500 nm when the excitation wavelength is shorter
than 400 nm, whereas similar emissions are not observed at
excitation wavelengths longer than 400 nm, a finding that is
consistent with the absorption in the host material being less
than 400 nm and unable to be excited by longer wavelengths.
We also found weak STE emission belonging to the substrate
material, similar to previous reports [38]. The emission region of
the substrate material and the excitation region of Mn?* were
found to overlap, and an efficient energy transfer from the host
material to the Mn octahedron is highly probable. To further
prove the existence of energy transfer, the lifetime of the 550 nm
emission peak (emission from the substrate material) was eval-
uated at undoped and different Mn®* doping concentrations
(Fig. S10). The emission peak lifetime decreased considerably
from 6.62 to 4.8 us, which also proves the existence of energy
transfer.

Energy (eV)

To further investigate the origin of the optical performance of
the sample, we performed temperature-dependent PL tests in the
range of 80-305 K, as shown in Fig. 3c. Among them, we found
that the intensity of the sample continually decreased with
increasing temperature, which can be attributed to the tem-
perature-quenching phenomenon generated by the pyrolysis of
excitons due to the enhanced interaction between excitons and
phonons caused by high temperature [39,40]. Moreover, with
increasing temperature, there was a blue shift in the fluorescence
peak, which is displayed in Fig. S11. This could be due to the
decrease in the crystal field intensity owing to the lattice
expansion caused by heat [41,42]. By analyzing these optical
properties, the optical function of the host material with the
dopant ions in the sample is depicted in Fig. 3d. The octahedral
Mn?* exists as an important newly introduced emission center
with a *Ty,/°A;, transition, which leads to a strong emission in
the red-light region. Absorption in the host material can further
increase the exciton density of Mn?* through the exciton transfer
process between octahedra, thus enhancing the PLQY. Low
doses of Mn?* doping also effectively solve the low luminescence
problem of the forbidden region transition in pure Mn-based
materials.

To further investigate the band gap and density of states
(DOS) of the material, DFT was applied for calculating
Cs,S¢cCls:H,O and Cs,;ScCls-H,O:Mn?*. The band gaps for the
host material and the doped sample are shown in Fig. 4a, b,
respectively. For the host material, the calculated band gap was

Energy (eV)

Figure 4 Calculated band structures of (a) Cs;ScCls-H,O and (b) Cs,ScCls-H,O:Mn?*. (c) Calculated PDOS of Cs;ScCls-H,0:Mn?*. (d) Charge density

isosurface of Cs,ScCls-H,O:Mn** (gray, Mn; pink, Sc).
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~4.3 eV, which was in good agreement with the optical band gap
obtained from absorption calculations. The band gap of the
doped sample was reduced because of the change in the elec-
tronic structure of the material caused by the entry of Mn®* into
the lattice. The partial DOS (PDOS) of the sample is shown in
Fig. 4c and Fig. S12 for the composition of the valence band
maximum (VBM) and conduction band minimum (CBM) as
well as the orbital hybridization between the atoms. In this case,
the main components of the VBM are the 3d orbitals of Mn, 3d
orbitals of Sc, and 3p orbitals of Cl. There are also orbital
hybridizations based on Mn, Sc, and Cl, which are very favorable
for energy transfer. The CBM primarily consists of the 3p
orbitals of Cl and 3d orbitals of Mn. Moreover, the band-gap
reduction of the doped sample is primarily due to the doping of
Mn?**. The addition of Mn®' leads to the formation of new
hybridized orbitals and a new independent state induced by the
contribution of the Mn 3d orbital. The relatively high charge
density around the host element in the Mn octahedron com-
pared with the Sc octahedron is due to the valence difference
between Mn?* and Sc** (Fig. 4d). With the calculated band gap
and other relevant information, the light-absorbing host mate-
rial can effectively transfer the absorbed excitons into the Mn
octahedron, effectively increasing the exciton density, which can
thus effectively enhance the PLQY.

The stability issue has been one of the biggest obstacles to the
practical application of perovskites. Moreover, the stability of the
structure directly affects the optical properties. Therefore, it is
necessary to study the stability of the material [43-45]. To
explore the stability of the structure at high temperatures, the
temperature-dependent XRD pattern is shown in Fig. S13. All
the XRD spectra corresponded to the simulated XRD patterns,
and there were no new diffraction peaks or notable changes in
intensity, indicating that the structure of the samples had good
stability in the tested interval. The stability of the optical prop-
erties of the sample after high-temperature treatment was also

assessed, as shown in Fig. S14. After the high-temperature
treatment, the peak position and peak shape of the sample did
not change considerably. The intensity decreased relatively, and
there was a minor loss, indicating that the sample has good high-
temperature resistance. It was not enough to discuss the stability
of temperature alone; we also exposed the samples to air to
investigate the response of the samples to atmospheric water and
oxygen. We studied the XRD patterns (Fig. 5a) and fluorescence
spectra (Fig. S15) of samples placed for 1, 3, and 6 months. The
XRD patterns showed no notable changes in the samples and no
new diffraction peaks were observed, indicating that the place-
ment for 6 months did not cause the samples to deteriorate. The
normalized fluorescence spectra profiles show that the emission
peak positions and peak shapes are essentially the same, with no
shifts, and the corresponding intensity reduction is limited, with
~85% of the fluorescence intensity remaining after 6 months.
This indicates that the loss of sample performance is limited and
that the structure remains undamaged after 6 months of expo-
sure to air, demonstrating the excellent stability of the material.
The PLQY of the samples after 6 months of storage was also
assessed to demonstrate the stability of the samples, and the
PLQY values remained almost unchanged (Fig. S16).

The excellent red emission performance and structural stabi-
lity of the material lay a solid foundation for the future appli-
cation of white LEDs (WLEDs). Physical images of the excellent
optical performance are shown in Fig. 5b. The prepared powder
material was mixed with commercial phosphor (Y;Al50,,:Ce*,
Ga*") and fixed on a blue-light chip using UV structural adhe-
sives. A blue-light chip emitting at 450 nm was used as the
excitation source. Under a test current of 20 mA, the fluores-
cence spectrum of the LED and a picture of the object are shown
in Fig. 5¢c, where the peak covers the entire visible light region
from 400 to 800 nm. The CIE color coordinates corresponding
to the luminescence peak of the device are (0.339, 0.351), which
is in the white-light region, as shown in Fig. 5e. The correlated
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Figure 5 (a) Powder XRD patterns of fresh Cs,ScCls-H,0:3%Mn?* and after 1, 3, and 6 months of storage. (b) Physical images under natural light and UV
irradiation at 365 nm. (c) Emission spectrum of a WLED prepared from Cs,;ScCls-H,0:3%Mn*" and commercial phosphor (Y3Al;0,2:Ce**,Ga*") under a test
current of 20 mA. (d) Emission spectra of the WLED at different test currents. (e) CRI and CIE chromaticity coordinates of the WLED under a test current of

20 mA.
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color temperature and the color rendering index (CRI) of LED
devices driven by a 20-mA current are 5207 K and 91, respec-
tively, indicating that the device emits cold white light. More-
over, the excellent CRI proves that the color development of the
device is particularly good, and the color reduction degree of the
object is far higher than the relevant requirements (CRI > 80).
The emission spectrum of the device under different current
drives was also assessed to explore the stability of the device
(Fig. 5d). Because a high current will induce a higher tempera-
ture in the chip, it is a test for the stability of the phosphor.
However, even when the current is six times higher than the
standard current, the emission spectrum of the device does not
collapse, which proves that the device has good stability. These
LED results demonstrate the enormous potential Cs,ScCls-H,O:
Mn?* samples can achieve in the lighting field, making them
favorable candidates for commercial phosphors.

CONCLUSIONS

Herein, we introduced Mn?* into the all-inorganic perovskite
structure of Cs,ScCls-H,O using a facile preparation method that
allows the rapid synthesis of samples in a short time and under
conventional conditions. The QY of the sample (12%) was more
than 12 times higher than that of the base material (less than 1%)
and nearly 24 times higher than that of CsMnCl3-2H,0 (~0.5%).
DFT calculations were applied to study the band-gap properties
of the material. Experiments show that the excitons are more
effectively confined in the [MnCls]*" octahedra, which are
separated by the octahedra of the substrate material, thereby
enhancing the PLQY. Moreover, the doping of Mn?* added new
Mn ion-related hybridized orbitals in the forbidden band region
of the host material, which is favorable for the utilization of
energy. The host material can be excited by the near-UV or even
blue region after doping with Mn?* compared with only
absorbing energy in the deep-UV region, which increases the
range of applications. Thus, Cs,ScCls-H,O:Mn?* and commercial
yellow-green phosphors (Y3;Al;0,,:Ce** and Ga®*) were mixed in
a blue chip (450 nm) to prepare an efficient WLED, demon-
strating an excellent CRI of 91. This study also provides inno-
vative ideas for the subsequent easy preparation of high-
performance all-inorganic perovskites using simple reagents.
Moreover, the combined theoretical and experimental analysis
provides new thinking for the exploration of optical properties,
and it is hoped that all-inorganic perovskites with high stability
and excellent optical properties will have great application
prospects.
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