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Mn-based zero-dimensional metal halide perovskites have attracted much attention in the field of lead-
free optical materials due to their rich manganese reserves, environmental friendliness, and the unique
d-d transition characteristics of Mn®*. However, the poor water and oxygen stability and single lu-
minous color of the intrinsic material severely limit the practical applications. In this paper, high-
quality all-inorganic zero-dimensional perovskite CssMnCls single crystals were successfully prepared
by the vacuum solid-state reaction method, and the regulation mechanism of heterovalent ions (Ag™,
Ce®t, Sb3T) on the stability and luminescence properties of the materials was studied by B-site doping.
X-ray diffraction and X-ray photoelectron spectroscopy analysis confirm that the doped ions success-
fully enter the Cs3MnCls lattice and occupy the Mn®" sites, resulting in lattice expansion. Optical
characterization shows that the intrinsic CssMnCls exhibits a bright green emission at 520 nm derived
from the *T,-%A; transition of the Mn?" tetrahedral coordination. Ag™ doping significantly improves
the environmental stability of the material, and the maintenance time of green fluorescence in a high-
humidity environment increases by more than ten times compared with the intrinsic material. Ce>*
doping induces the dual luminescence of violet (~ 420 nm) derived from the Ce®t 5d-4f transition
and green emission from Mn?", and the dual intensity ratio can be flexibly adjusted by excitation
wavelength to achieve cold white light emission at 365 nm excitation. Sb®>* doping introduces orange
emission (~ 585 nm), derived from the Sb3T 3PSy transition, resulting in yellow-green fluorescence.

(2026)

This work provides a new design idea for the application of Mn-based zero-dimensional halides.
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1. Introduction

Metal halide perovskites ABX3 (A = Na™, KT,
CsT, Rbt, etc.; B = Pb?t, Sn?*, etc.; X = Cl—,
Br—, I7) exhibit unique properties useful in photo-
voltaic devices, light-emitting diodes (LEDs), laser
systems, and scintillator materials [1-3]. Their ad-
vantages lie in the tunable bandgap and ease of
preparation, which makes metal halide perovskites
a novel and efficient material for photoelectric con-
version [4, 5]. Compared to three-dimensional (3D)
halide perovskites with a continuous octahedral
framework, zero-dimensional (0D) metal halide per-
ovskites consist of isolated and separated lumines-
cent centers, offering significant advantages in lu-
minescent performance [6-8]. Thanks to the strong
quantum confinement effect and efficient exciton
localization effect, zero-dimensional perovskites ex-
hibit large exciton binding energy, which can greatly
suppress non-radiative recombination processes,
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thereby achieving high photoluminescence quantum
yield (PLQY) close to 100% [9-11]. Meanwhile,
their structural feature in the form of separated
luminescent centers effectively blocks ion migra-
tion and phase decomposition pathways, making
these systems far superior to 3D perovskites in
terms of environmental and thermal stability, as
well as photostability [9, 12]. In addition, the
highly localized electronic structure facilitates the
generation of self-trapped excitons, enabling wide-
spectrum emission with a large Stokes shift, thus
allowing the material to exhibit tunable lumines-
cence across the ultraviolet to near-infrared wave-
length range [13, 14]. These advantages make
0D metal halide perovskites ideal candidates for
high-performance light-emitting devices.

In recent years, all-inorganic zero-dimensional
metal halide perovskites have quickly become a
research hotspot in the field of optoelectronic mate-
rials due to their unique crystal structure, which is
characterized by advantages such as large exciton
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binding energy, high luminescence efficiency, and
solution processing [15-17]. Due to the strong
spin—orbit coupling, the radiation recombination
rate of lead-based zero-dimensional Cs,PbXg is
fast, but the thermal quenching effect causes its
PLQY to be less than 0.1%, and the inherent tox-
icity of Pb also seriously limits the practical ap-
plication of this system [18, 19]. In the Cs;GeXg
system, although a large Stokes shift and strong
exciton—phonon coupling are observed, the lumi-
nescence is severely quenched at room temperature
due to excessive structural relaxation, rendering the
material almost non-luminescent [18]. In tin-based
zero-dimensional metal halide perovskite materi-
als, such as CsySnXg, efficient photoluminescence
with a PLQY close to 100% can be achieved by
enhancing the rigidity of the octahedra. However,
Sn?t is prone to oxidation, resulting in poor sta-
bility of the intrinsic material [20, 21]. Mean-
while, copper-based zero-dimensional metal halide
perovskites, such as Cs3Cusl; and CsCusls, ex-
hibit efficient blue or yellow light emission orig-
inating from self-trapped exciton emission. The
PLQY of Cs3Cusls single crystals can reach
up to 90%, but their emission color tunability
is limited [22]. Compared to these materials,
Mn-based all-inorganic zero-dimensional metal
halide perovskites have garnered significant atten-
tion in recent years as an ideal system for lead-
free luminescent materials, owing to the abundant
reserves of manganese, environmental friendliness,
and the unique d—d transition characteristics of
Mn?* [23-25]. By regulating the coordination en-
vironment of [MnX4|?~ tetrahedra or [MnXg]*~
octahedra, tunable luminescence from green to
red can be achieved. Furthermore, modulation
of the Mn—Mn distance can effectively tune the
emission characteristics, making Mn-based metal
halide perovskites highly attractive for applica-
tions in scintillators, light-emitting diodes, and
sensing devices [26-28]. However, despite the sig-
nificant advantages of such systems in lighting
and anti-counterfeiting applications, the instabil-
ity of the Mn?T oxidation state, limited color tun-
ability, and poor water—oxygen stability of Mn-
based materials have restricted their practical im-
plementation [29-31]. Element doping is an effective
method to expand the emission spectrum of per-
ovskites [32-36]. Owing to the isolated octahedral
structure of 0D metal halide perovskite, where inter-
actions between units are minimized, the properties
of a single octahedron significantly determine the
overall material characteristics. Partial substitution
of elements within the polyhedral center can greatly
alter the properties of 0D metal halides [32-35].

In this work, we focus on the preparation and
regulation of the stability and optical properties
of Cs3sMnCls single crystals of all-inorganic zero-
dimensional metal halide perovskite. High-quality
Cs3MnCl; single crystals were successfully pre-
pared by the vacuum solid-state reaction method,
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and X-ray diffraction (XRD) analysis confirmed
their high phase purity and good -crystallinity.
Photoluminescence tests reveal that the mate-
rial exhibits a broad-spectrum green emission
at 520 nm, originating from the 4*77-6A4; transi-
tion of tetrahedrally coordinated Mn2?*. Further-
more, the solid-state reaction method demonstrates
significant advantages over traditional liquid-phase
methods in terms of synthesis convenience and
sample purity. Given the ubiquitous moisture and
stability issues in Mn-based systems, we system-
atically investigated the regulation mechanism of
the material stability and luminescence properties
through B-site doping engineering by introducing
heterovalent ions. The study found that Ag™ doping
can effectively inhibit the hydration transforma-
tion of Cs3MnCls in high-humidity environments,
significantly extending the stability. The success-
ful doping of Ce®* and Sb3* allows for tuning of
the luminescent color of CszMnCls. Ce?t doping
induces dual-peak emission in purple and green,
and the intensity ratio of the dual peaks can be
flexibly adjusted by excitation wavelength, provid-
ing a feasible approach to achieving single-matrix
white light emission. This study not only demon-
strates an efficient solid-state synthesis method for
preparing Cs3MnCls luminescent single crystals but
also presents a method for enhancing the stabil-
ity of the material and tuning its optical properties
through doping, achieving multicolor luminescence.
It provides new design ideas for the exploration of
Mn-based zero-dimensional halide perovskite mate-
rials in white light-emitting diodes and multicolor
anti-counterfeiting applications.

2. Experimental methods

2.1. Chemicals

All materials were used directly without further
purification. They are as follows: CsCl (Aladdin,
99.9%), MnCls (Aladdin, 99.99%), SbCls (Aladdin,
99.8%), AgCl (Aladdin, 99.9%), CeCls (Aladdin,
99.8%).

2.2. Preparation of single crystals

The preparation of metal halide perovskite
Cs3MnClj single crystals was performed by the vac-
uum solid-phase method. In the glove box with ar-
gon gas circulation purification, the moisture and
oxygen levels were kept below 0.01 ppm, and ce-
sium chloride and manganese chloride were weighed
using an electronic balance, carefully poured into
an agate mortar, and mixed. Immediately after, the
mixture was carefully ground for 1 h and loaded
into a 9 mm quartz tube with a joint. Then the
sealed joint was connected to the double-row pipe,
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Fig. 1. Structural transition of B-doped CssMnCls; (a) changes in the crystal structure; (b) XRD of

Cs3MnCls; (c) XRD of 5% Ag™-doped CszMnCls; (d) XRD of 5% Ce®*t-doped Cs3MnCls; (e) XRD of 5%

Sb3*+-doped CssMnCls.

and the pumping was repeated 4 times in an
atmosphere of argon gas. The first three times
were to ensure the vacuum level in the quartz
tube was 20-25 Pa, and the fourth time was to
ensure the vacuum level in the quartz tube was
16-18 Pa, ensuring an oxygen-free and waterless
atmosphere in the quartz tube. Subsequently, a
hydrogen—oxygen flame was used for sealing. The
sealed quartz capsules were placed in a muffle fur-
nace at room temperature and heated to 800°C at
a rate of 5°C/min. It was kept for 24 h and then
cooled to room temperature at a rate of 0.2°C/min.
Finally, CssMnCl; single crystals were obtained.
The preparation of B-doped CssMnCls was similar
to the above method, with the addition of 5% sil-
ver chloride, 5% cerium chloride, and 5% antimony
chloride.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns were
recorded on a Rigaku Ultima IV diffractometer
using Cu K, radiation (\=1.5418 A). X-ray
photoelectron spectroscopy (XPS) measurements
were carried out by an ultra-high vacuum sur-
face analysis system (Thermo Scientific ESCALAB
250Xi). Scanning electron microscopy (SEM) and
corresponding energy-dispersive X-ray spectroscopy
(EDS) measurements were performed using a Tes-
can MIRA3 field-emission scanning electron mi-
croscope. The steady-state photoluminescence (PL)
was collected by a fluorescence spectrometer (Zolix
OmniFluo-900).
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3. Results and discussion

As shown in Fig. 1, the purpose of this pa-
per is to regulate the stability and optical prop-
erties of Csz3MnCl; by introducing heterovalent
B elements (B = Ag™, Ce3T, Sb3") to replace
Mn?*. In recent years, most reported synthetic
routes for Cs3MnCl; single crystals rely on liquid-
phase methods, which generally yield the target
phase through indirect structural transformation
rather than direct one-step crystallization. Xiao et
al. [37] indirectly prepared a one-dimensional (1D)
CsMnCl3(H50) single crystal with light emission
by the liquid-phase method, and then, after con-
tact with dimethylacetamide (DMAC) or dimethyl-
formamide (DMF), its crystal structure can be
changed from CsMnCl3(H20) to 0D CszMnCls,
emitting a faint green light. The loss of crys-
talline water is mainly induced by solvents, and 0D
Cs3MnClj; single crystals were obtained. Yang et
al. [38] prepared CssMnCls single crystals by the
hydrothermal method. When no doped ions were
introduced, the crystal powder only emitted ex-
tremely faint green fluorescence. With the introduc-
tion of Zn?T, the green fluorescence gradually in-
tensified. When zinc : manganese = 4 : 1, the green
fluorescence intensity was the highest. The analy-
sis found that in the absence of zinc chloride, the
sample was mainly composed of cesium chloride
and a small amount of CsaMnCly(H20), which in-
dicates that CssMnCls cannot be directly formed
by the aqueous synthesis method [38]. None of
these methods can directly obtain Csz3MnCly single
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crystals, and CssMnCls is indirectly synthesized by
the liquid-phase method, which increases the cost
and difficulty of preparation.

In this paper, CssMnClj; single crystals were pre-
pared by the solid-state reaction method. XRD
test analysis found that the diffraction data of the
sample was consistent with the standard spectrum
PDF# (04-008-8598) of Cs3MnCls, indicating that
Cs3MnCl5 prepared in this study has a higher pu-
rity (Fig. 1b). All the main diffraction peaks of
the sample (red dotted lines) are well aligned with
the standard peaks, and a tiny residual peak of
the raw material CsCl is observed at 20 = 21.5°
in addition to the standard diffraction peaks of
Cs3MnCls, which is attributed to the loss during
the weighing and grinding of the product, result-
ing in an uneven reaction [39]. Consistent with the
above observations, the XRD pattern of the as-
synthesized Cs3MnCl; also matches well with that
of the Shb3*-doped Cs3MnCls system reported by
Wang et al. [40], collectively confirming the success-
ful synthesis of the target CssMnCls material. XRD
patterns of the other doped samples are presented
in Fig. 1c—e. All diffraction peaks of Agt-, Ce3t-,
and Sb3*-doped CssMnCl;s shift systematically to
lower 20 angles relative to the pristine sample. The
magnified views of the strongest (112) diffraction
peak at 28.07° in the insets clearly demonstrate
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SEM images and corresponding EDS elemental mappings of CssMnCls and doped samples; (a) pristine
CssMnCls; (b) 5% AgT-doped CssMnCls; (c) 5% Ce®*t-doped CssMnCls; (d) 5% Sb3t-doped CssMnCls.

that the magnitude of the peak shift follows the
order: Agt-doped > Ce3T-doped > Sb3t-doped
Cs3MnCls. This regular peak shift can be well
explained by Bragg’s law (2d sin(f) = nA). The
ionic radii of Ag* (0.115 nm), Ce3* (0.101 nm),
and Sb3T (0.076 nm) are all larger than that of the
host Mn?* (0.067 nm). The partial substitution of
larger dopant cations for Mn?* induces lattice ex-
pansion, which increases the interplanar spacing d.
According to Bragg’s law, an increase in d will re-
sult in a decrease in the diffraction angle 6, which
is consistent with our experimental observations.
The morphology and elemental distribution of
the as-prepared samples were characterized by SEM
and EDS, as shown in Fig. 2. All samples exhibit
irregular block-like crystal morphology with parti-
cle sizes ranging from 20 to 100 um. The crystal
surfaces are covered with a small amount of fine
attached particles, consistent with the residual un-
reacted CsCl phase detected by XRD. The overall
block-like crystal morphology is maintained after
Agt, Ce3T, or Sb3* doping, indicating that the in-
troduction of dopant ions does not fundamentally
alter the crystal growth habit of CssMnCl;. The
EDS elemental mapping images clearly demonstrate
that Cs, Mn, Cl, and the corresponding dopant ele-
ments (Ag*, Ce3, Sb31) are uniformly distributed
throughout the entire crystal particles, without
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TABLE I

The atomic composition of Cs3MnCls and B-doped CssMnCls (where B = Ag™, Ce®™, Sb*") determined by EDS.

Element Line type K Factor ‘ Wit% ‘ Wt% Sigma ‘ Atomic %
CssMnCls
Cl K series 0.07651 23.58 0.28 50.98
Mn K series 0.02249 6.39 0.33 8.92
Cs L series 0.21570 69.53 0.39 40.10
Total 100.00 100.00
Ag'-doped CszMnCls
Cl K series 0.08230 19.38 0.38 35.1
Mn K series 0.01889 7.90 0.41 12.1
Cs L series 0.24470 71.91 0.39 51.9
Ag L series 0.00374 0.81 0.58 0.9
Total 100.00 100.00
Ce3+-d0ped Cs3MnCls
Cl K series 0.09862 15.38 0.30 35.8
Mn K series 0.02848 13.25 0.29 19.9
Cs L series 0.25411 71.03 0.51 44.1
Ce L series 0.00173 0.34 0.55 0.2
Total 100.00 100.00
Sb3*-doped Cs3MnCls
Cl K series 0.08763 15.08 0.31 35.3
Mn K series 0.02767 13.18 0.38 19.9
Cs L series 0.25712 71.45 0.53 44.6
Sb L series 0.00187 0.29 0.51 0.2
Total 100.00 100.00

obvious phase separation or dopant aggregation,
providing direct evidence of the homogeneous dop-
ing of the guest ions into the Cs3MnCls host lattice.

Quantitative EDS results obtained at an acceler-
ation voltage of 20 kV are summarized in Table I.
Based on EDS results, the actual doping concen-
trations relative to Mn are approximately 7.4% for
Agt, 1.0% for Ce3*, and 1.0% for Sb3+. When nor-
malized to the Mn content, the measured atomic
ratios of Cs : Mn : Cl are 4.49 : 1 : 5.72 for pristine
CssMnCls, 4.29 : 1 : 2.90 for Ag*-doped Cs3MnCls,
2.22 : 1 : 1.80 for Ce3*-doped CszMnCls, and
2.24 : 1 : 1.77 for Sb3*-doped Cs3MnCls, respec-
tively. Although these values deviate from the ideal
stoichiometric ratio of CssMnCls (3 : 1 : 5), the
overall elemental composition confirms the forma-
tion of the target phase. All samples exhibit a con-
sistent systematic deviation, i.e., generally higher
Cs contents and significantly lower Cl contents. This
systematic deviation can be mainly attributed to
two factors:

(i) The inherent limitation of EDS technique un-
der 20 kV — the Cl K, line (2.6 keV) is a soft
X-ray that is easily absorbed by the sample

149

surface and the beryllium window of the in-
strument, leading to severe underestimation
of the Cl content [41, 42|, while the Cs L,
line (4.2 keV) has a much higher excitation ef-
ficiency, resulting in an overestimation of the
Cs content;

(ii) The heterogeneous distribution of residual
CsCl phase — as detected by XRD, a small
amount, of unreacted CsCl is unevenly dis-
tributed on the crystal surface. The measured
atomic percentages of Ce and Sb are all lower
than the nominal doping level of 5 at.%. For
Ce3*- and Sb3*-doped samples, the large de-
viation is additionally caused by their con-
tents being close to the detection limit of EDS,
leading to large counting errors.

It should be noted that EDS is essentially a semi-
quantitative surface analysis technique, and its core
value lies in verifying the uniform distribution of el-
ements rather than providing precise stoichiometric
data. Combined with the systematic lattice expan-
sion observed in XRD patterns and the uniform ele-
mental distribution shown in EDS mappings, it can
be conclusively demonstrated that the Ag™, Ce3t,
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Fig. 3. XPS spectra of pristine Cs3MnCls (black lines) and 5% Ag"-doped CszMnCls (red lines); (a) full
survey spectrum; (b) high-resolution Cs 3d spectra; (c) high-resolution Mn 2p spectra; (d) high-resolution
Cl 2p spectra; (e) high-resolution Ag 3d spectrum; (f) C 1s reference spectrum for binding energy calibration.
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Fig. 4. XPS spectra of pristine Cs3sMnCls (black lines) and 5% Ce®"-doped CszMnCls (red lines); (a) full
survey spectrum; (b) high-resolution Cs 3d spectra; (c) high-resolution Mn 2p spectra; (d) high-resolution
Cl 2p spectra; (e) high-resolution Ce 3d spectrum; (f) C 1s reference spectrum for binding energy calibration.

and Sb3* ions have been successfully incorporated To further confirm the successful incorporation
into the Csg3MnCl; crystal lattice by substituting of B-site dopants and investigate their influence on
Mn2* ions. the local electronic environment of the host lattice,
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Fig. 5. XPS spectra of pristine CszMnCls (black lines) and 5% Sb3T-doped CssMnCls (red lines); (a) full
survey spectrum; (b) high-resolution Cs 3d spectra; (c) high-resolution Mn 2p spectra; (d) high-resolution

Cl 2p spectra; (e) high-resolution Sb 3d spectrum; (f) C

XPS measurements were carried out to characterize
the elemental composition, valence states, and core-
level binding energy shifts of all samples. All bind-
ing energies were calibrated using the C 1s reference
peak at 284.80 eV. The pristine Cs3MnCls sample
(black curves in Figs. 3-5) was used as the ref-
erence sample for peak shift comparison, exhibit-
ing characteristic peaks at 724.10 eV (Cs 3d5/2),
737.81 eV (CS 3d3/2), 641.68 eV (Mn 2p3/2),
653.21 eV (Mn 2p;/5), 198.15 eV (Cl 2p3/2), and
200.09 eV (CI 2p; /). XPS survey spectra confirm
the presence of characteristic Cs 3d, Mn 2p, and
Cl 2p signals in all B-doped CssMnCl; samples
(B = Ag*t, Ce?t, Sb3*), along with faint but de-
tectable signals corresponding to Ag 3d (Fig. 3a),
Ce 3d (Fig. 4a), and Sb 3d (Fig. 5a), respectively.
High-resolution XPS analysis consistently reveals
that Mn ions remain in the 42 oxidation state in all
doped samples, as evidenced by the distinct satellite
peaks between the Mn 2p3,5 and Mn 2p; /5 peaks,
while Cs ions maintain their monovalent oxidation
state throughout the doping process. Notably, the
core-level binding energies of Cs 3d, Mn 2p, and
Cl 2p all exhibit positive shifts relative to the pris-
tine sample, with a clear magnitude trend, namely
Ce3* doping induces the largest shift, while Ag™
and Sb3t doping result in similar small shifts.
Specifically, the Cs 3ds,, peaks shift by ~ 0.56 eV
(Agt), ~ 1.86 eV (Ce3"), and ~ 0.44 eV (Sb3*); the
Mn 2p3 /5 peaks shift by ~ 0.32 eV (Agt), ~ 1.83 eV
(Ce*), and ~ 0.37 eV (Sb*"); and the Cl 2ps3/o
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1s reference spectrum for binding energy calibration.

peaks shift by ~ 0.53 eV (Ag™), ~ 1.57 eV (Ce37),
and ~ —0.09 eV (Sb3T). This difference in bind-
ing energy shift magnitude can be attributed to
the combined effects of dopant electronegativity,
ionic radius, and oxidation state. On one hand, all
dopant ions possess higher electronegativity than
Mn2*+ (Sb3+ > Agt > Ce3t > Mn?*), which with-
draws electron density from adjacent host ions and
increases the core-level binding energy. On the other
hand, larger dopant ionic radii cause more signifi-
cant lattice distortion, which changes the overlap
of electron clouds between adjacent atoms and fur-
ther modulates the binding energy. Ce3* shows the
largest shift due to its +3 oxidation state (higher
than Mn?") and relatively large ionic radius, which
together exert the strongest perturbation on the lo-
cal electronic environment. In contrast, the smaller
shift of Ag™ is partially offset by the charge compen-
sation effect introduced by its +1 oxidation state,
while Sb3* exhibits minimal lattice distortion as its
ionic radius is closest to that of Mn%* [43].

In summary, these systematic binding energy
changes, combined with the consistent lattice ex-
pansion trends observed in XRD, provide strong ev-
idence for the successful substitution of B-site Mn?*
by Agt, Ce3t, and Sb3* ions in the Cs3MnCls
lattice.

As shown in the fluorescence spectrum in Fig. 6a,
at the optimal excitation wavelength of 365 nm,
the sample exhibits broad-spectrum green emission
at 520 nm, with corresponding CIE color space
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coordinates (0.2603, 0.6948) (see Fig. 7a, d). This
is attributed to the fact that the luminescence of
Mn?* depends on the ligand field around it, typ-
ically emitting green light in a four-coordination
state and orange-red light in an eight-coordination
state. The optical properties are consistent with
those of the CssMnCl; single crystal prepared by
the previously reported liquid-phase method [40].
Therefore, it can be determined by XRD and opti-
cal characterization that CssMnCly single crystals
can be successfully prepared by the vacuum solid-
state method, and the obtained luminescence prop-
erties are better than those of liquid-phase method.
Intrinsic Cs3MnCl; exhibits a 520 nm green emis-
sion originating from the #T7-%A4; transition of
tetrahedrally coordinated Mn?*, which is consis-
tent with the result of XPS, as shown in Figs. 3-5.
The bright green fluorescence of Cs3MnCls single
crystals holds great potential in the field of light-
ing. However, its stability in the environment is
not good. It is prone to combine with moisture in
the air and transform into the dark red-emitting
CsoMnCly(H2O)s phase containing crystal water,
which undoubtedly affects its application in white
LEDs and pure color emission. Therefore, improving
its stability in the air is urgent. Doping is a power-
ful means to enhance the stability of materials. We
selected Mg?t, Agt, Ga’™, In3T, and InT as the
elements for B-site doping. The first reason is that
they cover the cases of low-valent, high-valent, and
isovalent elements. The second reason is that they
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are common elements used to alter properties in 0D
metal halides, which may greatly enhance material
stability.

In a high-humidity environment, the green flu-
orescence of the original CszMnCls single crystal
begins to decrease after just 15 min. Among the
other doped samples, the most stable is AgT-doped
Cs3MnCls, which maintains its green fluorescence
for 36 h in a high-humidity environment before
completely disappearing. Compared to the original
sample, its stability has been improved by more
than 10 times (Fig. 8a—f). Green fluorescence, as
one of the three optical primary colors, plays an im-
portant role in white LEDs. To obtain white light
from Cs3MnClj single crystals emitting green fluo-
rescence, one approach is to mix it with blue and
red fluorescence to achieve the three primary colors
of light. The other approach is to mix it with purple
fluorescence, using the purple fluorescence to simu-
late the mixed result of blue and red fluorescence.
Therefore, if cations capable of inducing purple fluo-
rescence emission are doped into the B site, it is pos-
sible to directly obtain white light. Ce3* typically
induces the emission of purple fluorescence. Intro-
ducing Ce37 ions into the CszMnCljs lattice results
in the sample exhibiting dual-peak emission of pur-
ple and green, laying the foundation for adjusting
white light. As shown in Fig. 6e, f, after the incorpo-
ration of Ce3t into the CszMnCl; lattice, a bright
purple fluorescence emission is observed at 420nm,
and a bright green fluorescence emission is observed



B-Site Doping Engineering of Zero-Dimensional Perovskite. . .

(b)
084 4 0.8 4 f\ 08
2" x=0208

0.6 0.6 4 Yea.2007 06
> \ > | 58 > \
w ) w1 w
O 044! O o4 \ O 4

024 0.2 4 02

0.0 v 0.0 B 0.0 — ——r———r——r—

00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08 00 01 02 03 04 05 06 07 08
CIEX CIEX CIE X

(e)

Fig. 7. Optical properties of B-doped CssMnCls; (a) CIE coordinates of CssMnCls; (b) CIE coordinates of
Ce®*T-doped Cs3MnCls; (c) CIE coordinates of Sb3t-doped CszMnCls; (d) physical diagram of CszMnCls at
365 nm excitation; (e) physical diagram of Ce®*-doped Cs3MnCls at 365 nm excitation; (f) physical diagram

of Sb3*-doped CssMnCls at 365 nm excitation.

1004 (a) v 2"::2" e Cs;MnCl; Cs;MnCl;
« Cs,MnCl,:Mn™
i\ ~— Cs,MnClgAg"
S 80 “ Cs,MnC1,:Ga™
o \ Cs,MnCl:in*
‘S Cs,MnClIn" Cs;MnCls:Ag* Cs;MnCl;:Ag*
60+ ‘
5 _ S B * B ¢
O 404 |\
] “ \ Cs;MnCl;:Mg?* Cs;MnCly:Ga® Cs;MnCl;:Mg?* " Cs;MnCl;:Ga®*
-l
o 204
\ i
I - Cs;MnClg:In®* Cs;MnCl:In* Cs;MnClg:in*  CsyMnClg:In*

0 5 10 15 20 25 30 35 40
Times [h]

Cs;MnCl;
-

Cs;MnCl;:Ag*

Cs;MnCl;:Mg?* ’ Cs;MnCl;:Ga

%

Cs;MnCls:in3*  Cs;MnCl;:In*

3h

15 min 1h

Cs;MnCl;

Cs;MnCls:Ag*

s;MnClg:Mg2* '

Cs3;MnCls:In®*  Cs;MnClg:In*

Cs;MnClg

Cs;MnCl;:Ag*

Cs;MnCl;:Mg?*

Cs;MnClg:Ga¥* Cs;MnCl;:Ga?

Cs3;MnClg:In?*  Cs;MnClg:In*

6h 36 h

Fig. 8. Stability test of B-doped Cs3MnCls; (a) PL intensity decay curve of B-doped Cs3sMnCls over time
(B = Ag™t, Mg®", Ga®**, In®**, In™); (b-f) physical image of the decay of PL intensity of B-doped Cs3MnCls

with time at 365 nm excitation.

at 520 nm. Meanwhile, according to the photolumi-
nescence excitation (PLE) spectrum (Fig. 6d), it is
found that compared to the original PLE spectrum
of Cs3MnCl; (Fig. 6a), the optimal excitation peak
at 365 nm is significantly reduced, and instead, an
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additional strongest excitation peak at 340 nm ap-
pears. The excitation peak of 340 nm is derived from
the d—f transition emission caused by Ce3* incor-
poration, and the excitation peak of 365 nm is the
d—d transition emission caused by Mn?' inherent
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in the material. The increase in the excitation peak
at 340 nm and the decrease in the excitation peak
at 365 nm indicate that after the sample is excited
by ultraviolet light, energy is effectively transferred
from the host to Ce3T. Therefore, under 340 nm
excitation, the purple fluorescence peak is higher
than the green fluorescence peak, while un-
der 365 nm excitation, the opposite is true, with
the green fluorescence peak being higher than the
purple fluorescence peak (Fig. 6e, f). This means
that the ratio of the purple to green fluorescence
peaks can be controlled by adjusting the excitation
wavelength, thereby achieving white light under ap-
propriate excitation, as shown in Fig. 7e. Under
the irradiation of a 365 nm ultraviolet flashlight,
the sample emits cool white light, with the cor-
responding CIE coordinates being (0.2952, 0.2877)
(see Fig. 7b). After successfully achieving dual-
peak emission of cool white light by doping with
Ce3* ions, Sb3*t ions, which are commonly used
to break parity-forbidden transitions and introduce
additional luminescent centers, are introduced in an
attempt to broaden the spectrum of CssMnCls. Op-
tical characterization was performed on the doped
sample. As shown in Fig.7f, after the addition of
Sb3+ ions, the sample under ultraviolet irradiation
changes from its original bright green color to yel-
low fluorescence, and the crystallization is signif-
icantly enhanced without any crystals adhering to
the quartz tube wall. According to the PL spectrum
(Fig. 6¢), the introduction of Sb** ions brings about
a broad orange emission at 585 nm, attributed to
the 3PS, transition of Sb37.

The obtained fluorescence spectrum data are
processed in CIE software, resulting in CIE co-
ordinates of (0.4210, 0.5154) (see Fig. 7c), corre-
sponding to yellow—green fluorescence dominated
by yellow color (Fig. 7f). Upon comparing the PL
spectra of CssMnCls, Ce3t-doped CssMnCls, and
Sb3*+-doped CszMnCls, it was observed that the
inherent green fluorescence undergoes a slight red
shift after doping. This may be attributed to the
fact that the radii of the chosen doping ions are
all larger than that of Mn?* ions, which leads to
an increase in the distance between atoms in the
crystal lattice, thereby reducing the interaction be-
tween electrons. Consequently, the energy difference
between the conduction band and the valence band
decreases. Therefore, upon photoexcitation, the re-
leased energy is also relatively reduced, resulting in
a red shift of the inherent luminescence peak [40].

4. Conclusions

In this study, high-quality all-inorganic zero-
dimensional perovskite CsgMnCls single crystals
were successfully synthesized using the vacuum
solid-state reaction method. This method shows
significant advantages over traditional liquid-phase
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methods in terms of synthesis convenience and
product purity. Through the B-site doping engi-
neering system, Agt, Ce3T, and Sh3T ions were
introduced. XRD and XPS analyses confirm that
all three heterovalent ions successfully enter the
crystal lattice and replace some Mn?* sites. Due
to the larger radii of the doping ions, the crystal
lattice expands. Optical performance studies reveal
that intrinsic Cs3MnCl; exhibits a 520 nm green
emission originating from the 47,94, transition
of tetrahedrally coordinated Mn?*. Ce3T doping
induces dual-peak luminescence, originating from
the 5d-4f transition of Ce®* and the green emission
of Mn2*. The intensity ratio of the dual peaks can
be flexibly tuned by excitation wavelength, achiev-
ing cool white light emission under 365 nm excita-
tion (CIE coordinates being 0.2952, 0.2877). Sb3+
doping introduces an orange emission at 585 nm,
originating from the 3P,—1S, transition of Sbh3*,
resulting in yellow—green fluorescence (CIE coordi-
nates being 0.4210, 0.5154). At the same time, the
observed surface chlorine enrichment contributes to
defect passivation. The slight red shift of the in-
trinsic emission peak of Mn?*t after doping is at-
tributed to the reduction in the bandgap caused
by lattice expansion. Through a strategy combin-
ing solid-state synthesis and doping engineering,
this study successfully achieves the synergistic reg-
ulation of the stability and luminescent color of
Cs3MnClj5 single crystals, providing an important
material basis and design idea for the application
of Mn-based zero-dimensional metal halide per-
ovskites in white light-emitting diodes and multi-
color anti-counterfeiting fields.
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