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Studies on the optical stability of CsPbBrz with
different dimensions (0D, 1D, 2D, 3D) under
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The thermal stability of phosphor materials had long been a bottleneck in their commercialization.
Nowadays, cesium lead halide perovskite CsPbBrz has been considered a potential replacement for the
next generation of optoelectronic devices due to its excellent optical and electronic properties, however,
the devices inevitably generate high temperatures on the surface under prolonged energization con-
ditions in practical applications, which can be fatal to CsPbBrz. Despite the various strategies that have
been employed to improve the thermal stability of CsPbBrs, systematic studies of the thermal stability of
the basis CsPbBrsz are lacking. In this study, CsPbBrsz with different dimensions (0D quantum dots (QDs),
1D nanowires (NWs), 2D nanoplate (NPs), 3D micron crystals (MCs)) was prepared by traditional high-
temperature thermal injection, and a systematic study was carried out on their optical properties and
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thermal stability. The results revealed that the dimensional change will directly influence the optical pro-
perties as well as the thermal stability of CsPbBrs. In particular, 3D CsPbBr; MCs maintained relatively high
thermal stability under high-temperature environments, which will bring interest for the commercializa-
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Introduction

In recent years, cesium lead halide perovskite materials CsPbBr;
have received widespread attention for their excellent optical
and electronic properties, which have been successfully applied
in the fields of light-emitting diodes, solar cells, and
photodetectors."™ Unfortunately, the instability of CsPbBr;
under multiple environments (thermal, moisture, light) pre-
vented their further commercial development, significantly lim-
iting practical applications.*” Especially, the optical stability of
CsPbBr; under thermal environment has been most important,
which mainly stemmed from the fact that optoelectronic devices
inevitably generated high temperatures on the device surface
during long-term energized conditions, thereby placing a high
demand on the optical stability of CsPbBr;.>"> However, the
soft matter structure of CsPbBr; enables them to exhibit a
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tion of next-generation perovskite optoelectronic devices.

strong response to small perturbations of the external thermal
environment,'® which would be highly unfavorable to the devel-
opment of perovskite optoelectronic devices; thus, it is urgent to
systematically investigate the optical stability of CsPbBr; under
thermal environments.

Currently, the research on the thermal stability of CsPbBr;
is mainly concentrated on surface modification and ion
doping strategies to enhance its optical stability under a
thermal environment."*™*® For example, the surface encapsula-
tion of CsPbBr; nanocrystals (NCs) by an organic polymer ther-
moplastic polyurethane (TPU) lowered the fluorescence loss
ratio of CsPbBr; NCs under a high-temperature environment.®
Highly stable ZrO, was employed to provide a surface coating
on CsPbBr; NCs, enhancing their thermal stability and ensur-
ing their luminescent efficiency under high temperatures.'”
Moreover, the F ion doping effectively suppressed the fluo-
rescence quenching of CsPbBr; NCs under high temperatures,
thereby guaranteeing the stable operation of the optoelectronic
device.'® It can be seen that thermal stability studies for
CsPbBr; have been carried out mainly around post-treatment
strategies, with little research on the key material CsPbBr;,
which would be not conducive to subsequent selection for
commercial preparation.’®>!

Herein, CsPbBr; with different macroscopic dimensions
(0D quantum dots (QDs), 1D nanowires (NWs), 2D nanoplate
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Fig. 1 Schematic representation of the preparation for CsPbBrs with
different dimensions (0D, 1D, 2D, 3D).

(NPs), 3D micron crystals (MCs)) was prepared to investigate
their optical stability under high-temperature environments
(Fig. 1), thereby, selecting the stable core material CsPbBr;
from the source. Firstly, the traditional thermal injection
method was applied to obtain CsPbBr; with different dimen-
sions by adjusting the ratio of precursors and controlling the
reaction temperature and time. Subsequently, the optical pro-
perties of CsPbBr; with different dimensions and their stabi-
lity under thermal environments were thoroughly investigated.
The results show that 0D CsPbBr; QDs have the highest photo-
luminescence quantum yields (PLQYs) at room temperature,
but they are most unstable at high temperatures, with rapid
fluorescence quenching. In contrast, the larger volume of 3D
CsPbBr; MCs allowed them to exhibit more stable optical
emission when exposed to external thermal environments,
although their optical properties at room temperature were
slightly inferior, which does not hinder the prospects for appli-
cations in optoelectronics. Therefore, CsPbBr; with different
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dimensions has its own advantages and disadvantages, which
need to be selected according to the different application
environments. This report will contribute to a systematic refer-
ence for the commercial selection in the preparation of
CsPbBr; optoelectronic devices, thereby, further broadening
the sustainable development of perovskites in the future opto-
electronic market.

Results and discussion

0D CsPbBr; QDs, 1D CsPbBr; NWs, 2D CsPbBr; NPs, and 3D
CsPbBr; MCs were prepared by tightly controlling the pro-
portion of the reaction precursors as well as the reaction con-
ditions during high-temperature thermal injection. The TEM
image (Fig. 2a) showed that the average particle size of the
CsPbBr; QDs was 8 nm, which is approximately equal to its
excitonic Bohr radius (7 nm) and belongs to a typical macro-
scopic 0D structure that will exhibit strong quantum confine-
ment effects.>® Clear lattice stripes were observed on the
corresponding HRTEM image (Fig. 2e), indicating that the 0D
CsPbBr; QDs possess a decent crystallinity and that the lattice
spacing on the crystal surface was 0.42 nm, which corre-
sponded exactly to the (020) crystal plane of orthorhombic
CsPbBr;. Furthermore, the energy dispersive spectroscopy
(EDS) elemental mapping spectrum (Fig. Sla and ef}) was ana-
lyzed for their corresponding elemental distribution and the
results showed that Cs, Pb, and Br presented a uniform distri-
bution in the crystals. Finally, the crystal structure of 0D
CsPbBr; QDs was further studied by XRD (Fig. 2i), and the
pattern showed that all the diffraction peaks of CsPbBr; QDs
matched perfectly with the bottom reference orthorhombic
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Fig. 2 TEM (transmission electron microscope) image of 0-dimensional (0 D) CsPbBrz QDs (a), scanning electron microscope (SEM) images of 1D
CsPbBr; NWs (b), 2D CsPbBrs NPs (c), and 3D CsPbBr; MCs (d). Corresponding high-resolution transmission electron microscope (HRTEM) images

(e—h) and X-ray diffraction (XRD) patterns (i—1) of different samples.
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CsPbBr; (Powder Diffraction File (PDF): 01-072-7929, space
group: Pbnm (62)) and no other impurity phases were
detected,”® indicating that pure phases of 0D CsPbBr; QDs
were obtained. In some previous studies, it was found that 2D
NPs were easily generated during the synthesis of 0D CsPbBr;
QDs,** which was completely overcome in this report by
adjusting the ratio of the reaction precursors, thereby ensur-
ing the purity of 0D CsPbBr; QDs. As can be seen from the
SEM image of CsPbBr; NWs (Fig. 2b), the obtained CsPbBr;
NWs exhibited an extremely high aspect ratio, with the
average diameter of the crystal being only 18 nm, but the
corresponding lengths are in the micrometer scale, which
belongs to a typical 1D wire structure, and the three elements
(Cs, Pb, Br) were uniformly distributed in the wires (Fig. S1b
and ft). The lattice stripes of each NWs are clearly visible
(Fig. 2f), with the middle CsPbBr; NWs having a lattice
spacing of 0.39 nm, corresponding to the (021) crystal plane
of the orthorhombic CsPbBr;. The XRD pattern showed that
the crystal structure corresponding to CsPbBr; NWs remained
in the orthorhombic phase as the dimensions changed
(Fig. 2j). Additionally, 2D CsPbBr; NPs with an average size of
250 nm (Fig. 2¢) and a thickness of about 40-70 nm (Fig. S27)
were obtained by adjusting the reaction conditions, and all
elements are neatly distributed on the plate (Fig. Sic and gT).
The perfect crystallinity of the NPs was facilitated by the pro-
longed reaction time at high temperatures, and the lattice
striations on the crystal surface are obvious, corresponding to
the (110) crystal plane of orthorhombic CsPbBr; (Fig. 2g),
which also belongs to the space group Pbnm (62). The XRD
pattern reveals no appearance of an additional second phase
in the 2D CsPbBr; NPs, matching it exactly to the reference
orthorhombic CsPbBr; (PDF: 01-072-7929) below (Fig. 2k),
which means that the pure phase of CsPbBr; NPs was success-
fully prepared. Meanwhile, the 3D CsPbBr; MCs were already
grown to the micron scale, which is inextricably linked to the
controlled reaction conditions, and its average size was main-
tained at around 1 pm (Fig. 2d). Similarly, the well-defined
lattice striations on the surface reflect its excellent crystallinity
and the lattice spacing is 0.52 nm, corresponding to the (111)
crystal plane of orthorhombic CsPbBr; (Fig. 2h). As can be
seen from the elemental mapping spectrum (Fig. S1d and hf),
the distribution of elements Cs, Pb and Br was detected in
CsPbBr; MCs, which further confirmed the fact that 3D
CsPbBr; MCs were synthesized. The detected XRD diffraction
peaks (Fig. 21) indicate that the 3D MCs are also ortho-
rhombic structures and belong to the space group Pbnm
(62).*® The analysis of the results indicated that the macro-
scopic dimensional changes in the CsPbBr; crystals did not
induce a transformation of the crystal structure, which
remained in the orthorhombic phase, a similar phenomenon
also observed in previous reports.”® It has been demonstrated
that the modulation of the morphology of CsPbBr; crystals
can be achieved by a simple high-temperature thermal injec-
tion method, laying the foundation for subsequent research
into the link between their morphology and optical
properties.
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The optical properties of CsPbBr; with different dimensions
(0D, 1D, 2D, and 3D) were further investigated to analyze the
impact of their macroscopic morphology on the optical beha-
viors. The PL spectra of CsPbBr; with different dimensions
(0D, 1D, 2D, and 3D) showed that all the fluorescence emis-
sion peaks were concentrated at 510-530 nm (Fig. 3a), which
belonged to the green region of visible light, indicating that
they could be applied as green light sources in photoelectric
devices. In particular, the corresponding PL emission peaks
displayed a red-shift as the macroscopic dimension of CsPbBr;
increased, which was attributed to the quantum confinement
effect of CsPbBr;, with the energy band gap following the
change in volume, as has been reported in other materials.*”*®
Subsequently, the absorbance spectra of CsPbBr; with
different dimensions displayed their absorption edge concen-
trated in the region of 500-530 nm, as well as a red shift with
increasing volume, corresponding exactly to their PL emission
peaks (Fig. 3b). From the band gap fitting of the samples, it
can be seen that the energy band gap gradually narrowed from
2.39 eV of 0D CsPbBr; QDs to 2.37 of 3D CsPbBr; MCs, which
again confirmed that the optical properties of CsPbBr; were
modulated by the macroscopic dimension. However, the small
range of variation in the band gap can be attributed mainly to
the fact that the size of the samples was larger than the exci-
tonic Bohr radius of CsPbBr;, resulting in a weaker quantum
confinement effect on the band structure.’® Moreover, the
time-resolved PL decay behavior of CsPbBr; with different
dimensions was recorded, allowing for deeper insight into the
influence of dimensional changes on the carrier dynamics of
CsPbBr; powder (Fig. 3c). The fitting results indicated that the
PL decay curves of all samples followed a double exponential
decay function (Table S1}), where the fast decay lifetime (z)
was associated with trap-assisted recombination within
CsPbBr;, and the slow decay lifetime (z,) was derived from the
radiative recombination of excitons.*®*! On the other hand,
the radiative recombination ratio (4,) in 0D CsPbBr; QDs was
up to 61.5%, implying that more excitons undergo radiative
recombination, thereby releasing more photons. In contrast,
the trap-assisted recombination ratio (4,) of 3D CsPbBr; MCs
reached 57.2%, which can be attributed to the slow crystalliza-
tion process of MCs under a high-temperature environment,
increasing its internal defective states.’’”*® Meanwhile, the
radiative recombination ratios (4,) for 1D CsPbBr; NWs and
2D CsPbBr; NPs were 58.7% and 53.9% respectively, which
were positively correlated with their crystallization times.
Finally, the CsPbBr; with different dimensions emitted bright
green light under a 365 nm UV light (Fig. 3d), which corre-
sponded to the results shown in their PL spectra.
Unfortunately, the PLQY values of CsPbBr; varied with their
macroscopic dimensions, which can mainly stem from differ-
ences in the radiative recombination ratios of their internal
excitons,** in addition to the reabsorption of the emitted light
by large-sized crystals, such that 0D CsPbBr; QDs exhibited the
strongest fluorescence emission (PLQYs of 86%), while 3D
CsPbBr; MCs had the weakest fluorescence emission (PLQYs
of 72%). Based on the above comparison, it can be concluded

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Normalized PL spectra (a), absorption spectra (b), and time-resolved PL spectra (c) of CsPbBrs with different dimensions (0D, 1D, 2D, and
3D). Photographs and PLQYS values (d) of samples under daylight (top) and 365 nm UV light (bottom). Insets in (b) show the corresponding (ahv)?

vs. photon energy (eV) curves of different samples.

that the macroscopic dimensional variations of CsPbBr; can
directly affect their optical properties, but the optical stability
of CsPbBr; under high-temperature environments will be more
important in practical applications, as optoelectronic devices
will inevitably generate high temperatures after prolonged
energization, which can be fatal to the loss of fluorescent
materials. At the same time, the large particle size of 3D
CsPbBr; MCs resulted in the inability to form high-quality and
uniform films. In the subsequent study, the focus was on the
optical stability of CsPbBr; powder with different dimensions
under different thermal environments.

It is well known that metal halide perovskites belong struc-
turally to the class of soft matter systems and therefore
CsPbBr; will exhibit a large response in dealing with changes
in ambient temperature,®> which has become a stumbling
block in its practical applications.'* Subsequently, heating-
cooling cycle tests at 373 K were carried out separately for
CsPbBr; with different dimensions (0D, 1D, 2D, and 3D) in
order to analyze the relationship between the macroscopic
dimensions and their thermal stability. It can be clearly seen
that all CsPbBr; exhibited varying degrees of fluorescence
quenching with increasing ambient temperature (Fig. 4a-d),

This journal is © The Royal Society of Chemistry 2023

followed by a gradual recovery of fluorescence intensity as the
temperature decreases to room temperature (Fig. 4e-h). Not
only that, all samples showed a blue shift in the position of
the PL emission peak when the ambient temperature was
increased and gradually returned to the initial position during
the subsequent cooling down. This blueshift of the PL emis-
sion peak was caused by the out-of-phase band-edge states
stabilized as lattice dilation at the Brillouin zone boundary,
and has been reported previously in organometal halide per-
ovskite materials.>*3® It is pleasing to note that the exciton
binding energy (E,) of inorganic materials has become a stan-
dard for assessing the thermal stability of materials, and the
Arrhenius equation was proposed to be applied to fit the
relationship between PL intensity and temperature change to
determine E, values for CsPbBr; with different dimensions
(insets in Fig. 4a-d).>"®

= i AeE /(<)

1(T) (1)

where I(T) and I, are the PL intensity at different temperatures

and the initial PL intensity, respectively, A is a constant para-
meter, and « is the Boltzmann constant (8.629 x 107> eV K™ *).
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As can be seen from the results, the E, value of CsPbBr; gradu-
ally improves as the dimensionality increases, with 0D, 1D, 2D,
and 3D corresponding to 1.60 eV, 2.08 eV, 2.32 eV, and 3.10 eV,
respectively. The analysis of the results leads to the conclusion
that the boost in exciton energy is inextricably linked to the
shift in the macroscopic dimension of CsPbBr;. In particular,
the larger surface area of the 0D CsPbBr; QDs allows for an
elevated rate of heat exchange with them under high-tempera-
ture conditions, resulting in lower thermal resistance, while
the 3D CsPbBr; MCs benefits from their large volume and
small surface area, allowing them to show a smaller response
in dealing with the external thermal environment.
Unfortunately, the PL intensities of CsPbBr; with different
dimensions could not be restored to their initial intensities
during the subsequent cooling down, although the tempera-
ture had by then returned to room temperature. Where the
part of the PL intensity recovered during the cooling process
was defined as reversible fluorescence quenching, and the
difference between the final state and the initial PL intensity
was defined as irreversible fluorescence quenching, the two
thermal behaviors are related to the two different types of trap
states produced by thermal activation. Especially, thermally-
induced permanent crystal structure changes produce trap
states that cannot be eliminated, thereby triggering irreversible
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Fig. 5 Mechanisms of irreversible (left) and reversible (right) fluor-
escence quenching.

fluorescence quenching (Fig. 5 left). At the same time, the
“soft” lattice and lower defect formation energy of cesium lead
halide perovskites can introduce relatively large defect concen-
trations, and imperfect lattices such as point defects will
induce pre-existing trap states.’®*° Therefore, reversible fluo-
rescence quenching can be attributed to either the thermally
activated escape of carriers to pre-existing (surface) trap states
and/or the thermally activated creation of temporary trap
states, which relax upon cooling (Fig. 5 right).*! It is striking
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that the CsPbBr; with different dimensions also show signifi-
cant differences in PL intensity recovery during cooling, with
3D CsPbBr; MCs showing higher PL intensity recovery, which
also implies that it produces fewer permanent defects under
thermal conditions, 0D CsPbBr; QDs doing exactly the oppo-
site, and 1D CsPbBr; NWs and 2D CsPbBr; NPs being in the
middle of the range. Lastly, the reversible and irreversible PL
quenching ratios were introduced to further analyze the defect
generation modes of CsPbBr; with different dimensions
during the heating-cooling cycle (Fig. 4i-1)."

Irreversible PL quenching ratio = Ii Ir (2)
i —In

Reversible PL quenching ratio =

1 — irreversible PL quenching ratio ®)
where I, I;, and I;, are the PL intensity at initial room tempera-
ture, the PL intensity after cycling back to room temperature,
and the PL intensity when heated to the maximum tempera-
ture (373 K), respectively. It was calculated that when the
macroscopic morphology of CsPbBr; was changed from 0D to
3D, the irreversible PL quenching ratio of the corresponding
sample decreased from 67% to 22% and the reversible fluo-
rescence quenching ratio showed a corresponding improve-
ment (from 33% to 78%), which again indicated that only a
small percentage of permanent defect states were produced in
the 3D CsPbBr; MCs during the heating process. From the
above analysis of the PL intensity changes during the heating
and cooling cycles of CsPbBr; with different dimensions (0D,
1D, 2D, and 3D), it is clear that 3D CsPbBr; MCs exhibit excel-
lent thermal stability, which is particularly important in the
commercial development process of CsPbBr;.
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For insight into the thermal environmental influences on
the stability of CsPbBr; with different dimensions (0D, 1D, 2D,
and 3D), the variations in their structural and optical behavior
over time under different annealing temperatures (333 K and
373 K) were investigated. The results showed that CsPbBr; with
different dimensions exhibited secondary growth after being
stored at high temperatures for 20 min, and the signal of
maturation was more intensified as the temperature increased
(Fig. 6). This phenomenon was attributed to oleic acid (OA)
and oleyl amine (OAm) ligands on the surface of CsPbBr;
being mixed to form new ammonium carboxylate ligands
under a high-temperature environment, which induced
different intensities of Ostwald ripening effect at different
temperatures (333 K and 373 K),** so that the regrowth of
CsPbBr; particle size was observed (Fig. 6a-h), corresponding
to an improvement in crystalline intensity (Fig. 6i-1). At the
same time, the optical properties of CsPbBr; with different
dimensions (0D, 1D, 2D, and 3D) were noticeably affected,
with all samples displaying a red shift in the PL emission
peaks, which were directly associated with the grain size being
increased. Especially, the PL emission peak of 0D CsPbBr;
QDs showed the broadest red-shifted range, with 1D CsPbBr;
NWs and 2D CsPbBr; NPs being relatively smaller, and the
corresponding absorption peaks also exhibited different levels
of shift, while their energy band gap also shrank with the
temperature increasing. In striking contrast, the PL emission
peak of 3D CsPbBr; MCs had a very minimal red shift with
increasing temperature, and the corresponding absorption
peak and energy band gap remained almost unchanged. The
variations of optical behaviors mentioned above were inextric-
ably linked to the quantum size effect of CsPbBr;. When the
particle sizes of CsPbBr; were smaller, the slight alteration in
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Fig. 6 TEM images of OD CsPbBrz QDs after annealing at 333 K (a) and 373 K (e) for 20 min. SEM images of 1D CsPbBrz NWs (b and f), 2D CsPbBr3
NPs (c and g), and 3D CsPbBrz MCs (d and h) after annealing at 333 K and 373 K for 20 min. XRD patterns of CsPbBrsz QDs (i), CsPbBr; NWs (j),

CsPbBr3 NPs (k), and CsPbBr; MCs (1) at different annealing temperatures.
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Fig. 7 (a) The fluorescence photographs and PLQYs of CsPbBr; with different dimensions (0D, 1D, 2D and 3D) after annealing at 363 K and 373 K
for 20 min, respectively. (b) Time-resolved PL spectra of CsPbBr3; with different dimensions (0D, 1D, 2D, and 3D) after annealing at 373 K for 20 min.

their size would directly contribute to a substantial shift in
their optical behavior, resulting from the increase (or decrease)
in the grain size caused the shrinkage (or broadness) of the
energy band gap, corresponding to the simultaneous red-shift
(or blue-shift) of PL and absorption peaks.****

Unfortunately, the PLQYs of CsPbBr; with different dimen-
sions (0D, 1D, 2D, and 3D) decayed accompanied by increased
annealing temperature, and the loss of PL intensity at this
point was permanent, with no tendency for the fluorescence
intensity of CsPbBr; to recover, despite the temperature has
returned to room temperature (Fig. 7a). This phenomenon was
associated with the two different types of trap states generated
by thermal activation mentioned above, where prolonged
storage of CsPbBr; in a high thermal environment resulted in
aggravated thermally induced permanent crystal structure
changes, which produced more permanent defect states that
could not be eliminated. Of these, 0D CsPbBr; QDs showed
the most marked fluorescence decay, corresponding to a
reduction in PLQYs from the initial 86% to 37%. Meanwhile,
1D CsPbBr; NWs and 2D CsPbBr; NPs also exhibited varying
degrees of loss of PLQYs, eventually remaining at 45% and
56%, respectively. Conversely, the performance of 3D CsPbBr;
MCs was most remarkable, retaining 68% of the PLQYs after
being stored at 373 K for 20 min. Subsequently, to investigate
the effect of the thermal environment on the carrier dynamics
of CsPbBr; with different dimensions (0D, 1D, 2D, and 3D),
the time-resolved PL decay behavior of the samples was
recorded separately after being stored at 373 K for 20 min
(Fig. 7b). The fitting results indicated that long-term thermal
environmental storage increased the ratio of non-radiative
recombination in CsPbBr;, which was associated with the ther-
mally-induced generation of additional permanent trap states,
making increased trap-assisted recombination, directly
reflected in the fluorescence intensity decay of CsPbBrs;.
Strikingly, the carrier radiative recombination rate of 3D

M96 | Nanoscale, 2023, 15, 190-11198

CsPbBr; MCs showed little variation, keeping it at 39.3% (com-
pared to an initial 42.8%). However, the radiative recombina-
tion rate for 0D CsPbBr; QDs decayed devastatingly from an
initial 61.5% to 29.1%, and for 1D CsPbBr; NWs and 2D
CsPbBr; NPs, it dropped to 33.1% and 37.3% respectively. At
the same time, the corresponding z,. of CsPbBr; with
different dimensions (0D, 1D, 2D, and 3D) also attenuated,
which followed the same trend as its PLQYs, of which 0D
CsPbBr; MCs exhibited the highest fluorescence lifetime and
PLQY. The above results revealed that the changes in the
optical properties of CsPbBr; under thermal environments
were all inextricably linked to the macroscopic scale, the larger
surface area of the 0D QDs being more likely to be contacted
with the thermal source, thereby generating more trap states,
and resulting in the sacrifice of their fluorescence emission.
The smaller surface area of 3D MCs demonstrated greater
structural stability in responding to variations in the external
thermal environment, thus maintaining a stable and efficient
green fluorescence emission. Obviously, the 3D CsPbBr; MCs
with large volumes maintained high structural stability under
thermal environments, thereby effectively overcoming the fluo-
rescence decay phenomenon, greatly enhancing its future com-
petitiveness in the perovskite lighting market. Despite the
poor film-forming properties of 3D CsPbBrz MCs, it can be
mixed with the polymer in practice to obtain the uniform
film,"” which can be assembled with InGaN chips to form
stable optoelectronic devices.

Conclusions

In summary, CsPbBr; with different dimensions (0D, 1D, 2D,
3D) were prepared by adjusting the ratio of precursors, control-
ling the reaction time and temperature, then their optical pro-
perties, as well as their optical stability under a high-tempera-
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ture environment, were investigated. Unfortunately, 0D
CsPbBr; QDs generated a large number of permanent trap
states within them under a high-temperature environment that
could not be eliminated, resulting in irreversible quenching of
their optical properties. The improved thermal stability of 1D
CsPbBr; NWs and 2D CsPbBr; NPs were closely related to the
change in their dimensions, where the decreased relative
surface area allowed for a reduced probability of interaction
with the external thermal environment, thereby preserving the
optical stability. In stark contrast, 3D CsPbBr; MCs showed
excellent optical stability under a high-temperature thermal
environment, which was attributed to their smallest relative
surface area, and the disturbance of the external thermal
environment did not induce the generation of massive trap
states, ensuring the stability of the PL emission. In addition,
the film formation technology of 3D CsPbBr; MCs also needs
to be further explored to ensure that it would serve opto-
electronic devices well. We believe that the outstanding
thermal stability of 3D CsPbBr; MCs will provide an option for
the development of stability enhancement strategies in perovs-
kite materials, which will further widen the development path
for the commercial optoelectronics market.
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