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ABSTRACT
Cesium leadhalide perovskites (CsPbX3) have emerged as promisingmaterials for optoelectronic applications due to their excellent
solution processability, tunable broadband bandgap, and superior charge carrier transport properties. However, bandgap tunability
is typically achieved through halide ion exchange, which often introduces defects, leading to decreased luminescence efficiency
and limiting practical applications. Here, we demonstrate anion-position-driven lattice reconfiguration strategy as a simple yet
effective strategy to optimize the optical properties of perovskite alloy microwires. The PL intensity increases by 2–3 orders of
magnitude, demonstrating exceptional stimulated emission characteristics. Theoretical simulations, supported by temperature-
dependent photoluminescence (PL) spectroscopy, reveal that halide ion migration during annealing facilitates defect passivation,
significantly enhancing radiative recombination efficiency. Additionally, the lasing threshold of the annealed alloy microwires
decreases dramatically from an initial 62.82 to 11.8 µJ/cm2, representing an over 80% reduction. This study highlights the critical
role of high-temperature annealing in optimizing the optoelectronic properties of perovskites and underscores its potential for
enabling low-threshold, high-efficiency perovskite micro-lasers for next-generation photonic devices.
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Introduction

ead halide perovskites (LHPs) have rapidly emerged as a
esearch focus in optoelectronics and photonics due to their
nique crystal structure and outstanding optoelectronic prop-
rties. These materials exhibit exceptional photoluminescence
uantum efficiency [1, 2], high charge carrier mobility, tunable
roadband bandgap [3–10]and long carrier lifetimes [11, 12],
aking them highly promising for applications in light-emitting
iodes (LEDs) [13–18], photodetectors [19–28], solar cells [29,
0], and low-threshold lasers [31–35]. Among them, cesium lead
alide perovskites (CsPbX3, X = Cl, Br, I) have garnered signifi-
ant interest as a representative class of all-inorganic perovskites,
wing to their superior thermal stability and environmental
2026 Wiley-VCH GmbH
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robustness. These properties render them highly advantageous
for the design and fabrication of micro/nano-photonics devices
[36, 37].

Furthermore, owing to its soft-lattice structural characteristics
[38], anion exchange has been widely employed as an effective
strategy for bandgap tuning [39–41]. For instance, Lu synthesized
a CsPbClxBr3-x perovskite microwire with a continuously tunable
bandgap gradient ranging from 2.33 to 2.83 eV along its axial
direction using a vapor-phase anion exchange method, thereby
realizing a continuously tunable single-mode laser [7]. Li et al.
fabricated CsPbClxBr3-x (0< x < 2) microwire alloys via a vapor-
phase anion exchange method, achieving wavelength-tunable
single-mode lasing from 546.8 to 468.0 nm [39]. Fu successfully
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abricated compositionally tunable perovskite nanowires via a
apor-phase halide anion exchange reaction, achieving broad-
and wavelength-tunable lasing emission spanning from 420
o 710 nm [42]. Despite the tremendous potential of CsPbX3
aterials in the field of wavelength tunable lasers, achieving
igh-quality CsPbClxBr3-x alloyed perovskite microwires remains
significant technological challenge. These challenges primarily
tem from non-radiative recombination centers and surface
efects, which limit both luminescence efficiency and optical
ain. Particularly, these anion exchange processes inherently rely
n ion interdiffusion, inevitably introducing point defects and
alide vacancies. These defects act as non-radiative recombi-
ation centers, significantly suppressing the photoluminescence
fficiency of perovskite alloys [9, 43, 44]. Therefore, the devel-
pment of effective post-treatment strategies to mitigate defect
ormation and enhance the optical properties of CsPbX3 materials
s of critical importance.

ere, we successfully synthesized high-quality CsPbClxBr3-x
icrowires using an anion-position-driven lattice engineering
trategy and systematically investigated the impact of halide
xchange and intrinsic lattice reconfiguration on their optical
roperties and lasing characteristics via first-principles calcu-
ations. Distinct from conventional thermal treatments that
ocus on extrinsic morphology optimization, this strategy iden-
ifies high-temperature annealing as a vital kinetic pathway to
elocate halide ions from disordered, high-energy interstitial
ites inherent to the vapor-phase exchange process back to
heir thermodynamically stable, regular lattice positions. First-
rinciples calculations validate the energetic favorability of this
attice reconfiguration, providing a theoretical foundation for
he transition from a defect-dominated state to a stable exci-
onic state as anions occupy their thermodynamic equilibrium
ositions. Experimental results show that after annealing, the
hotoluminescence intensity is significantly enhanced by two to
hree orders of magnitude. Simultaneously, the lasing threshold
s substantially reduced, demonstrating excellent optical gain
erformance. This study not only highlights the crucial role of
nion-position-driven lattice engineering strategy in optimizing
he optical properties of perovskite micro- and nanostructures
ut also provides valuable insights for their application in
ow-threshold lasers and high-performance photonic devices.

Results and Discussion

o prepare the CsPbClxBr3-x perovskite microwires, CsPbBr3
icrowires were first fabricated using a solution-based method.
igure 1a displays a typical scanning electron microscope (SEM)
mage of a CsPbBr3 microwire with a width of 4.8 µm, including
oth the overall morphology and a localized view of the central
egion. The inset in the lower-right corner shows a fluorescence
apping image of an individual CsPbBr3 microwire. (Additional
EM and fluorescence mapping images of the microwire’s tip
nd larger regions are provided in Figure S1). The smooth
urface and rectangular cross-section of the microwire suggest
hat it can function as a natural optical resonator, supporting
hispering-gallery mode (WGM) oscillations by enabling full
nternal light confinement and total internal reflection along
ts four inner walls. Figure 1b presents the energy dispersive
-ray spectroscopy (EDS) map of Cs, Pb, and Br elements at
of 9
the tip of the microwire, confirming the uniform distribution
of elements throughout the microwire. The structure of the
microwire was further characterized by X-ray diffraction (XRD)
analysis, as shown in Figure 1c. The XRD results indicate that the
CsPbBr3 microwires possess an orthorhombic phase (space group
Pbnm), consistent with ICSD #97851. Six primary diffraction
peaks are observed at 15.03◦, 15.19◦, 21.44◦, 21.62◦, 30.35◦, and
30.68◦, corresponding to the (002), (110), (112), (200), (004), and
(220) crystal planes, respectively. Additionally, the characteristic
splitting of diffraction peaks near 15◦ and 30◦ further confirms
the presence of the orthorhombic phase at room temperature.
Steady-state photoluminescence (PL) and absorption spectra
of an individual CsPbBr3 microwire were also measured and
are shown in Figure 1d. A strong spontaneous emission peak
at 524 nm was observed, aligning with the absorption edge,
which indicates that the emission arises from intrinsic radiative
recombination between conduction band electrons and valence
band holes. Notably, a weak excitonic absorption peak is observed
near the absorption edge at room temperature, which is attributed
to the bound exciton states in the material. As illustrated in the
figures, the excitonic features are scarcely discernible to the naked
eye due to the significantly attenuated absorption at the band
edge.

The CsPbBr3 perovskite microwires were fabricated using a
Vapor-phase halide exchange method to obtain CsPbClxBr3-x
perovskite microwires. As shown in Figure 2a, the vapor-phase
halogen exchange system was designed to ensure a controlled
exchange environment. Anhydrous calcium chloride pellets were
placed in the petri dish to act as a desiccant, absorbing the
water vapor evaporated from the concentrated HCl solution.
This ensured a dry reaction environment, which is critical
to preventing moisture-induced degradation of the perovskite
microwires while allowing the gaseous HCl to facilitate the
anion exchange process. To verify the wide applicability of the
vapor-phase anion exchange method, Figure 2b presents the X-
ray diffraction (XRD) patterns, revealing significant structural
changes in the perovskite microwires before and after exchange.
The original CsPbBr3 microwires exhibited two main diffraction
peaks at 15.20◦ and 30.68◦, corresponding to the (110) and
(220) planes of the orthorhombic perovskite structure (space
group Pbnm). Additionally, the noticeable splitting of the (002)
and (110) diffraction peaks further confirmed the tilting and
distortion of the PbX6 octahedra at room temperature. After a
6 h chloride ion exchange, the (110) and (220) diffraction peaks
significantly shifted to 15.44◦ and 31.18◦, respectively. This peak
shift indicates the successful incorporation of Cl−, and leading
to a reduction in lattice spacing as per Bragg’s law (2dsinθ =
nλ). To quantitatively justify the lattice contraction, the lattice
parameters were extracted from the XRD patterns. For the (110)
plane, the 2θ angle shifted from 15.186◦ to 15.448◦, corresponding
to a decrease in the interplanar d-spacing from 5.8294 to 5.7313
Å. Similarly, the d-spacing for the (220) plane reduced from
2.9118 to 2.8662 Å. These results provide conclusive evidence of
structural contraction following the incorporation of smaller Cl−
ions into the CsPbBr3 framework. Furthermore, the introduction
of Cl− resulted in lattice distortion or additional crystal defects,
such as dislocations or vacancies, which introduce non-radiative
recombination centers, causing the excited electrons and holes
to dissipate through non-radiative pathways and reducing the
PL intensity. These findings suggest that vapor-phase anion
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FIGURE 1 Morphological, structural, and optical characterization. (a) Scanning electron microscope (SEM) image of a single CsPbBr3 microwire.
(b) Energy dispersive X-ray spectroscopy (EDS) elemental mapping of a single CsPbBr3 perovskite microwire. (c) X-ray diffraction (XRD) pattern of
orthorhombic-phase CsPbBr3 microwire, compared with the standard reference (ICSD #97851). (d) Steady-state micro-photoluminescence (µ-PL) and
absorption spectra of a single CsPbBr3 perovskite microwire, with the fluorescence mapping of a single CsPbBr3 perovskite microwire shown in the
lower-right inset.

FIGURE 2 Device structure, elemental, and optical characterization. (a) Schematic diagram of the vapor-phase halogen exchange system used. (b)
X-ray diffraction (XRD) pattern of CsPbClxBr3-x perovskite microwires. (c) Photoluminescence (PL) intensity of a single CsPbBr3 perovskite microwire
before (left) and after (right) halogen exchange. (d) Scanning electronmicroscope (SEM) image and energy dispersiveX-ray spectroscopy (EDS) elemental
mapping of a single CsPbClxBr3-x perovskite alloy microwire. (e) Photoluminescence (PL) mapping of a single CsPbBr3 perovskite microwire before and
after halogen exchange. (f) Changes in the photoluminescence (PL) center wavelength and intensity at different locations on the CsPbBr3 perovskite
microwire before and after halogen exchange.

Advanced Functional Materials, 2026 3 of 9
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xchange not only effectively tunes the composition of the
erovskite alloy but also profoundly impacts its crystal structure.

nergy dispersive X-ray spectroscopy (EDS) was used to analyze
he elemental distribution in a single CsPbClxBr3-x microwire
Figure 2d), which revealed a uniform distribution of Cl, Br,
s, and Pb, confirming the successful incorporation of halogens
uring the exchange process. The quantitative elemental compo-
itions and the corresponding stoichiometric ratios are detailed
n Figure S3. Photoluminescence (PL) spectra further revealed
hanges in the optical properties of a single microwire before
nd after halogen exchange. As shown in Figure 2c, the PL
pectra at four different locations along the microwire exhibited
hifts in the PL center wavelength and intensity, reflecting
ignificant changes in composition and optical performance. PL
apping (Figure 2e) revealed a pronounced blueshift in the
mission wavelength across nearly the entire microwire after
alogen exchange, indicating an effective enlargement of the
andgap of CsPbClxBr3-x compared to pristine CsPbBr3, which is
urther confirmed by our first-principles calculations. As shown
n Figure S2c, the calculated bandgap of pristine CsPbBr3 is
.112 eV. While for CsPbCl0.25Br2.75 (x = 0.25), the calculated
andgap increased to 2.148 eV (Figure S2d), in agreement with
he blueshift of PL spectra. (It should be noted that we selected
= 0.25 as a representative composition and employed DFT at
he GGA-PBE level (which tends to underestimate the bandgap).
herefore, the calculated results are intended to qualitatively
xplain the bandgap enlargement and PL blueshift induced by
alide substitution, and are not strictly quantitative.) Bandgap
f CsPbClxBr3-x behaves in a monotonic way as a function of
[7]. (Note that while the 450 nm light effectively excites the
aterial, the resulting PL emission near 470 nm could no longer
e captured by the fluorescence imaging system due to the cutoff
f the optical filters used to block the excitation source. This,
ombined with the decreased luminescence efficiency caused by
xchange-induced defects, results in the microwire appearing
lack in the mapping images. However, the actual emission
emains clearly detectable via spectroscopic measurements (as
hown in Figure 2c,f), which utilize a spectrometer to resolve
he signal.). Bright-field optical images of CsPbBr3 microwires
efore and after exchange are shown in Figure S2a,b. After
hloride ion incorporation, Cl− occupy the lattice interstitials,
isplacing Br−, during the vapor-phase anion exchange process,
he incorporation of Cl− into the CsPbBr3 lattice is not always
niform. In some cases, excessive Cl− incorporation may occur,
esulting in the simultaneous presence of both Cl− and Br−in
attice interstitial positions. This leads to lattice distortion and
he formation of defect states near the band edge. These defect
tates act as nonradiative recombination centers, thereby reduc-
ng the effective carrier population available for optical gain,
hich is the main reason for the significant reduction in the
mission intensity of the exchanged material. Furthermore, the
on-uniform incorporation of Cl− may lead to Cl−-rich regions
n the surface of the microwires. These regions are unable
o effectively passivate surface defects and instead introduce
dditional nonradiative recombination centers. In addition, the
ubstitution of Br− by the smaller Cl− ions modifies the lattice
arameters and induces localized tensile strain in the lattice due
o lattice contraction. This strain further alters the carrier recom-
ination pathways and increases the proportion of nonradiative
ecombination.
of 9
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Figure 3a presents the PL spectra of a single CsPbClxBr3-x
microwire at four different locations after various annealing times
(30, 60, 90, 120, 150, and 180 min), revealing the influence of ther-
mal treatment on the luminescent properties. Figure 3b further
quantifies the evolution of PL intensity and center wavelength
with respect to annealing time, showing that the PL intensity
gradually increases as annealing time increases, while the emis-
sion peak exhibits a significant redshift during the initial stage
(within 30 min) before stabilizing. This trend can be attributed
to high-temperature annealing promoting long-range ordering
of halide ions, reducing local strain, and lowering defect state
density, thus minimizing non-radiative recombination pathways
and enhancing luminescent efficiency.

The Cl− introduced through ion exchange partially occupied the
interstitial sites of the crystal, while simultaneously introducing
interstitial Br−. The subsequent annealing treatment facilitated
the migration of interstitial Cl− and Br− back to lattice sites,
repairing interstitial defects and improving the sample quality.
Based on this picture, we investigated the evolution of the
bandgap before and after annealing by using first-principles
calculations. First, we identify three potential anion (Cl− andBr−)
interstitial sites based on the spatial constraints of the crystal
structure (Figure S4). By comparing the calculated bandgaps
of CsPbClxBr3-x with anions occupying interstitial sites (before
annealing) and lattice sites (after annealing), we systematically
investigated the effects of annealing. On one hand, as shown
in Figure 3e, for interstitial Br occupying sites 1 and 2, labeled
as Br

1
𝑖 and Br

2
𝑖 , annealing treatment induces a reduction of

the bandgap, 14 meV for Br1𝑖 and 8 meV for Br2𝑖 , respectively,
in agreement with the experimentally observed redshift of PL
peak. On the other hand, for Br3𝑖 , migration of interstitial Br
to the lattice site leads to significant bandgap enlargement (85
meV), showing pronounced discrepancy with the experimental
observations. However, energy of Br3𝑖 is much higher than Br

1
𝑖

and Br2𝑖 (∼ 30 meV/fu, Figure 3e), indicating that Br3𝑖 is unstable.
The composition of Br3𝑖 would be extremely low, rendering its
effects negligible. Thus, combining the calculated bandgaps and
relatively energies, we conclude that stable Br1𝑖 and Br

2
𝑖 lead to

bandgap reduction after annealing treatment, revealing the origin
the PL redshift. For interstitial Cl−, the above analysis remains
equally applicable (Figure 3f). The light-emission performance
of semiconductor materials is closely associated with exciton-
phonon scattering and exciton binding energy. The former, often
related to defect states, serves as a non-radiative decay pathway
for excitons, whereas the latter governs exciton stability under
thermal perturbation. A higher exciton binding energy facilitates
the formation of stable excitons and promotes radiative recombi-
nation, thereby enabling a higher photoluminescence quantum
yield (PLQY) [45]. To quantitatively evaluate the emission effi-
ciency, the PLQY was measured using an integrating sphere
(Figure S5). The PLQY exhibits a remarkable 35-fold increase
from 0.01 to 0.35 following the high-temperature annealing
process. Although the absolute values are affected by the low
coverage density of dispersed microwires within the macro-
excitation spot (2 mm), the substantial relative enhancement
directly correlates with the suppression of non-radiative traps and
the restoration of a high-quality crystalline lattice.

To further investigate the impact of high-temperature annealing
on the optical properties of perovskites, 2D photoluminescence
Advanced Functional Materials, 2026

ive C
om

m
ons L

icense



FIGURE 3 High-temperature annealing enhances photoluminescence of CsPbClxBr3-x perovskitemicrowires. (a) Photoluminescence (PL) spectra
of a single CsPbClxBr3-x perovskite microwire at four different locations after high-temperature annealing for 30, 60, 90, 120, 150, and 180 min. (b)
Dependence of the PL intensity and center wavelength of a single CsPbClxBr3-x perovskite microwire on the annealing time. (c,d) 2D pseudo color
images of a single CsPbClxBr3-x perovskite microwire at different temperatures (80–300 K) before (left) and after (right) annealing. (e,f) Calculated
relative bandgaps and energies of CsPbClxBr3-x with anions occupying different interstitial sites. Bandgap reference is bandgap of CsPbClxBr3-x with
anions occupying lattice sites, while energy reference is energy of CsPbClxBr3-x with anions occupying interstitial site 2. (g,h) Temperature dependence
of the PL intensity before and after annealing.
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PL) spectral evolution of CsPbClxBr3-x microwires before and
fter annealing, in the temperature range of 80–300 K, is pre-
ented in Figure 3c,d. The temperature-dependent PL intensity
aps reveal a pronounced and continuous blueshift of the
mission peak, along with a broadening of the full width at half
aximum (FWHM), observed consistently in both pre- and post-
nnealed samples. This blueshift of the PL peak with increasing
emperature is primarily attributed to two interrelated mecha-
isms: lattice thermal expansion and exciton-phonon coupling
40, 45]. Thermal expansionmodulates the Pb─X (X═Cl, Br) bond
engths, effectively altering the orbital overlap between the Pb 6p
nd halide np states. Such modifications influence the electronic
and structure by narrowing the conduction band minimum
CBM) and shifting the valence band maximum (VBM), leading
o an overall widening of the bandgap with temperature. Addi-
ionally, exciton-phonon interactions-particularly Fröhlich-type
oupling, which is prominent in polar soft-lattice semiconduc-
ors such as lead halide perovskites-further contribute to this
emperature-induced blueshift through phonon absorption and
mission processes.

lectron-phonon interactions additionally contribute to this
lueshift by renormalizing the band edges through phonon
bsorption and emission processes, with Fröhlich-type coupling
laying a dominant role in polar soft-lattice semiconductors such
s lead halide perovskites.

he temperature-dependent evolution of PL intensity is further
uantitatively described by fitting to the Arrhenius equation, as
ollows [46]:
dvanced Functional Materials, 2026
𝐼𝑇 =
𝐼 (0)

1 + 𝐶𝑒𝑥𝑝 (𝐸𝑏∕𝐾𝑇)
(1)

In the equation, I(0) represents the integral intensity at 0K, Eb
is the exciton binding energy, K is the Boltzmann constant, and
C is the relative contribution of non-radiative recombination.
As shown in Figure 3 g,h, the exciton binding energy (Eb)
extracted from the fitting curve after annealing increases from
43.22 to 125.86 meV, compared to pre-annealed samples. This
value significantly exceeds the exciton binding energy (∼40meV)
reported for CsPbBr3 microwires and nanosheets synthesized
via solution processing and chemical vapor deposition (CVD)
epitaxial growth [40, 45, 47, 48]. The significant increase in
exciton binding energy after annealing indicates a substantial
reduction in defects and an improvement in crystallinity of the
CsPbClxBr3-x microwires upon high-temperature treatment. As
a result, the influence of thermal fluctuations on excitons is
markedly suppressed. Under optical excitation, a larger number
of excitons can be effectively generated, which accounts for
the progressively enhanced photoluminescence (PL) intensity
observed with increasing annealing time [13, 49]. This suggests
that annealing significantly enhances the electron-hole binding
interaction, enabling the material to retain strong exciton lumi-
nescence at higher temperatures. This result is crucial for the
design of low-threshold perovskite lasers, as a higher exciton
binding energy generally leads to stronger optical gain, lower
lasing threshold, and superior high-temperature stability.

Moreover, the annealed samples exhibit stronger PL intensity
across the entire temperature range, indicating that the reduction
5 of 9
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FIGURE 4 Lasing threshold reduction of a single CsPbClxBr3-x perovskite laser. (a,c) 2D color maps of the laser spectra of a single CsPbClxBr3-x
perovskite laser before and after high-temperature annealing under different energy fluxes, with a center wavelength of 498 nm. (b,d) Dependence of
emission intensity and full-width at half-maximum (FWHM) on energy flux before and after annealing (Insets: magnified images of the lasermode fitted
with a Lorentzian function).
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n defect state density suppresses non-radiative recombination
rocesses, improving carrier lifetime and luminescence effi-
iency. At the same time, the broadening effect of the PL
eak in the annealed samples is reduced, suggesting that the
nhancement in crystal uniformity and the improvement in
ocal strain further stabilize the excitons (Figure S6). These
indings indicate that high-temperature annealing not only opti-
izes the optical uniformity of the material but also enhances
he photoluminescence stability and intensity by tuning defect
tates and carrier dynamics, providing important physical sup-
ort for the design of low-threshold, high-efficiency perovskite
asers.

he CsPbClxBr3-x perovskite micro-wires, after high-temperature
nnealing treatment, provide a natural resonator and gain
edium with enhanced photoluminescence, which is ideal for
onstructing low-threshold, high-performance photonic devices.
s shown in Figure 4a,c, the laser performance of a single
sPbClxBr3-x perovskite micro-wire is characterized by a confocal
-PL system equippedwith a 405 nm femtosecond pulse laser (190
s, 6 kHz) and a 1200 g/mm optical multi-channel spectrometer.
he 2D color maps show the laser spectra of the micro-wire
efore and after annealing under different energy fluxes. After
nnealing, the lasing threshold of the CsPbClxBr3-x perovskite
icro-wire significantly decreases, and the single lasing peak sta-
ilizes at 498 nm, indicating that the high-temperature annealing
ffectively enhances the optical gain of thematerial and optimizes
ts optical cavity properties. The impact of the anion-position-
riven lattice engineering strategy on the lasing performance is
uantitatively reflected in the evolution of key emission param-
of 9
eters. Following the annealing process, the lasing threshold of
the single CsPbClxBr3-x microwire exhibits a dramatic reduction
from 62.82 to 11.8 µJ/cm2 (as shown in Figure 4b,d), while the
emission intensity increases by two to three orders of magnitude.
Although the quality factor (Q) shows aminor variation from 1525
to 1564-primarily limited by the cavity geometry and spectrometer
resolution-the FWHM at the threshold narrows from 0.33 to
0.32 nm, indicating a significant optimization of the optical
gain medium. Insets show magnified images of the laser mode
fitted with a Lorentzian function, further verifying the improved
mode quality. This intrinsic lattice reconfiguration, driven by
the relocation of anions from interstitial sites back to regular
lattice positions, effectively reduces non-radiative recombination
centers. Consequently, the annealing -treated microwires not
only provide a high-quality natural resonator but also serve as a
superior gainmediumwith a substantially lowered threshold, lay-
ing a solid foundation for further applications in perovskite-based
photonics.

In this study, CsPbClxBr3-x perovskite microcrystals synthe-
sized via a vapor-phase halide exchange method exhibited
remarkable optoelectronic performance after high-temperature
annealing. The annealing treatment led to a more than hun-
dredfold enhancement in photoluminescence (PL) intensity,
indicating a substantial reduction in internal defects and a sig-
nificant improvement in radiative recombination efficiency. This
enhancement is attributed to improved crystallinity (as shown
in Figure S7), lattice strain relaxation, and effective passivation
of surface defects. To verify the reproducibility and rule out any
experimental contingency, multiple samples were fabricated and
Advanced Functional Materials, 2026
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ested, all of which exhibited consistent results. Detailed data for
hese samples are summarized in Table S1.

mportantly, optimized annealing also significantly reduced the
asing threshold of the CsPbClxBr3-x microcrystals. This improve-
ent is likely due to the synergistic effect of enhanced optical
ain and the optimization of the intrinsic optical cavity structure
ithin the microcrystals. In these cavities, photons are strongly
onfined, which not only increases laser output efficiency but
lso lowers the excitation energy required for lasing. Notably, the
nnealed microcrystals exhibited a high laser quality factor of
pproximately 1564, indicating minimal optical losses and strong
hoton confinement. These results highlight the potential of
sPbClxBr3-x microcrystals as high-performance gain media for
hotonic applications, and demonstrate that high-temperature
nnealing is an effective strategy for tuning and enhancing
erovskite laser performance. Table S2 provides a detailed per-
ormance benchmark against other reported halide perovskite
icro/nano-lasers. The comparison underscores the superior
ptical properties and low-threshold characteristics achieved in
his study, which rank among the highest levels reported to date
or alloyed perovskite systems.

Conclusion

n summary, we have established an anion-position-driven lattice
econfiguration strategy to resolve the inherent defect chal-
enges in CsPbClxBr3-x perovskite microcrystals synthesized via
alide exchange. Our findings reveal that the enhancement
n optical performance transcends mere morphological opti-
ization; rather, it is rooted in the transition of halide anions
rom unstable interstitial sites back to their thermodynamically
table lattice positions. This intrinsic atomic reconfiguration
eads to a 2–3 order of magnitude increase in photolumi-
escence intensity and a nearly three-fold enhancement in
xciton binding energy, as confirmed by both temperature-
ependent PL and First-principles calculations. The resulting
icrocrystals exhibit superior lasing characteristics, including
significantly low threshold and an effective quality factor of
1564. By identifying anion occupancy as a critical descrip-
or for optical gain in perovskite alloys, this work provides
conceptual breakthrough that distinguishes intrinsic lattice
ngineering from extrinsic quality improvement. Our approach
ffers a robust and universal route for developing high-efficiency,
ow-threshold perovskite micro-lasers and advanced photonic
ntegration.

Experimental Section

.1 Synthesis of CsPbBr3 Perovskite Microwires
nd Halogen Exchange Process

sPbBr3 perovskite microwires were synthesized using an anti-
olvent method consistent with previously reported procedures
39]. The microwires were transferred to a clean glass slide
or subsequent treatment using a micro-manipulation system.
he glass slide with microwires was placed into a sealed glass
etri dish (130 mm in diameter, 25 mm in height), containing
dvanced Functional Materials, 2026
20 g of anhydrous calcium chloride as a desiccant. For halogen
exchange, 20 µL of concentrated 37 wt.% hydrochloric acid (HCl)
solution was drawn into a pipette, and the wider end of the
pipette was sealed. The pipette was then placed into the petri
dish. The entire petri dish was tightly wrapped with plastic
film to create a sealed environment. The closed petri dish was
placed in a 65◦C blast drying oven for a reaction time of 7 h.
After the reaction, a single halogenated perovskite microwire
(CsPbClxBr3-x) was obtained for subsequent annealing and
characterization.

4.2 Annealing Process of CsPbClxBr3-x Alloy
Microwires

The synthesized single CsPbClxBr3-x alloy perovskite microwire,
along with the glass slide, was placed into a clean petri dish
(130 mm in diameter, 25 mm in height). A smaller petri dish
(60 mm in diameter, 10 mm in height) was used to cover
the microwire and glass slide to ensure protection during the
annealing process. The entire assembly was then placed in a
preheated blast drying oven at 180◦C for thermal annealing, and
the heating was maintained for 3 h. After the annealing process,
the enhanced single alloy perovskite microwire was obtained for
subsequent characterization and analysis.

4.3 Morphological, Structural, and Optical
Property Characterization

The morphology and composition of the single CsPbClxBr3-x
perovskite alloymicrowireswere characterized using a field emis-
sion scanning electron microscope (FE-SEM) equipped with an
energy-dispersive X-ray spectroscopy (EDS) detector. The struc-
tural properties were analyzed using an X-ray diffraction (XRD)
analyzer. Photoluminescence (PL) spectra, absorption spectra,
and fluorescence imaging were performed using a highly inte-
grated custom micro-area microscopy system. The lasing charac-
teristics were tested with a confocal micro-area fluorescence sys-
tem, which includes a femtosecond pulse laser (405 nm), amicro-
scope with a 40× objective lens and a Nikon camera, and an opti-
cal multi-channel spectrometer with 1200 g/mm. The PL quan-
tum yield was obtained by a photoluminescence spectrometer
(FLS1000, Edinburgh).

4.4 Theoretical Simulations

First-principles calculations were based on density functional
theory (DFT) [50, 51] with generalized gradient approximation
(GGA) [52, 53] for exchange correlation potential. Perdew–
Burke–Ernzerholf (PBE) functional was used for the GGA as
implemented in Vienna ab initio simulation package (VASP) [54].
The electron-ion interactionwas treated by projector-augmented-
wave (PAW) potentials [55] with a planewave-basis cuff of 400 eV.
A primitive cell of CsPbBr3 (20 atoms) in the orthorhombic phase
(space group Pnma) was used [56, 57]. The whole Brillouin zone
was sampled by a 7× 5× 7 k-point mesh [58, 59]. Lattice constants
and atomic coordinates were fully relaxed until the force on each
atom was less than 0.001 eV/Å.
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