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Abstract

Perovskite materials are at the forefront of modern materials science due to their
exceptional structural, electronic, and optical properties. The controlled fabrication of
perovskite nanostructures is crucial for enhancing their performance, stability, and scal-
ability, directly impacting their applications in next-generation devices such as solar
cells, LEDs, and sensors. Here, we present a novel, ligand-free approach to synthe-

size perovskite nanocrystals (NCs) with average sizes up to 100 nm, using femtosecond
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pulsed laser ablation (PLA) in ambient air without additional liquid media. We demon-
strate this method for both organic-inorganic (methylamino lead) hybrid perovskites
(MAPDbX3, X = Cl, Br, I) and fully inorganic lead-free double perovskites (CsyAgBiXg,
X = Cl, Br), achieving high-purity NCs without stabilizing ligands — a critical advance-
ment over conventional chemical synthesis methods. By tailoring laser parameters, we
systematically elucidate the influence of perovskite composition (halide type, organic
vs. inorganic cation, single vs. double perovskite structure) on the ablation process
and the resulting nanocrystal properties. Transmission electron microscopy and X-ray
diffraction confirm the preservation of crystallinity, with MAPbX3 forming larger (~ 90
nm) cubic NCs and CspAgBiXg forming smaller (~ 10 nm) rounded NCs. Photolumi-
nescence spectroscopy reveals pronounced size-dependent blue shifts (17-40 nm) due
to quantum confinement, particularly for Br- and I-containing perovskites. This clean,
scalable, and versatile PLA approach not only provides direct access to high-purity,
ligand-free perovskite NCs with tunable optical properties but also represents a sig-
nificant advance in the fabrication of nanostructures, enabling the exploration of new

perovskite-based optoelectronic and quantum devices.

Introduction

Pulsed laser ablation (PLA) is a versatile top-down method widely employed for the
synthesis of nanomaterials, including metals, oxides, conventional semiconductors, and, more
recently, complex compounds such as perovskites.! ® The technique relies on a laser system
with optical focusing, which may include positioning or scanning devices, along with a solid
target. Short laser pulses are focused on the target surface, locally concentrating energy and
inducing ablation, leading to the formation of nanoparticles (NPs). The main advantages of
PLA are its versatility and the high purity of the products compared to alternative methods.
The efficiency of the process critically depends on precise control of laser parameters such

as wavelength, fluence, pulse duration, and repetition rate.”



In contrast to bottom-up chemical methods (ligand-assisted reprecipitation, hot-injection,
sol-gel, solvothermal synthesis, etc.), which typically require organic ligands (e.g., oleic acid
(OA) or oleylamine (OAm)) to stabilize particles and prevent aggregation, PLA enables the
production of nanocrystals (NCs) without organic capping agents. These ligands can hinder
charge transport across the surface of NCs and limit their applications.® Moreover, ligand
stabilization is prone to degradation under UV irradiation or prolonged storage in liquid
media.? Laser-based ligand-free approach is particularly advantageous for electrochemical
sensing and catalytic applications, where surface chemistry, efficient charge transport, and
minimal post-synthesis processing are crucial. In contrast to other top-down techniques
such as ball milling - which is limitated by the minimal achievable nanoparticle size and
possibility to introduce impurities - PLA enables fabrication of nanoparticles below 100 nm,
while ensuring high phase and surface purity. Thus, this method offers a unique and scalable
route for the synthesis of high-purity halide NCs, opening opportunities for the development
of functional nanomaterials that cannot be easily obtained by conventional methods.

Recent reviews!%!! highlight the significance of laser processing and nanostructuring of
perovskites for advanced light-emitting systems and nanoscale light management. Laser
techniques, including laser nucleation, annealing, printing, and patterning,!? provide un-
precedented control over material properties. Among these, femtosecond PLA is especially
noteworthy due to its high precision and minimal thermal impact.

Despite previous studies, systematic investigations into the laser-assisted synthesis of
halide perovskite NCs, particularly the comparison between hybrid and fully inorganic lead-
free perovskites, remain extremely limited. Halide perovskites, unlike more robust crystalline
compounds (chalcogenides, classical semiconductors, oxide perovskites), require careful op-
timization of PLA conditions to prevent thermal decomposition. Multicomponent crystals
are often sensitive to thermal stress, which can induce cracking, phase transitions, or degra-
dation. Overheating can be mitigated by using a liquid medium in the ablation zone or

employing femtosecond pulses, which minimize thermal diffusion and preserve crystallinity



under ambient conditions. This approach also avoids solvent-induced transformations pre-
viously observed in toluene and chloroform. In our previous studies,® PLA of CeAlOj3 single
crystals enabled the synthesis of NCs that retained crystallinity and exhibited enhanced
optical properties, demonstrating the practical potential of PLA for creating nanomaterials
with superior functional properties. Further development of PLA for the generation of new
nanomaterials is one of the most important prospect of modern photonics.

Halide perovskites with the general ABX3 structure (A is the monovalent cation, B is
the metal cation, X is the halide: Cl=, Br~, I7) are particularly attractive due to their
compositional flexibility and wide range of applications. Hybrid organic-inorganic com-
pounds such as methylammonium lead halide perovskite, MAPbX3 and formamidinium lead
halide perovskite, FAPbX3 display structural features that influence exciton confinement,
ion migration, and lattice stability. At the nanoscale, they show enhanced luminescence,
size-dependent optical properties, and high surface reactivity, making them promising can-
didates for light-emitting diodes, lasers, and catalysis. The doped compositions of perovskite
NCs may also be promising for spintronic applications.

Additionally, lead-free double perovskites A;BTB3*Xg (e.g., CsyAgBiClg, CsyAgBiBrg)
are actively studied, where two metal cations substitute Pb?* while maintaining charge
balance.® These compounds are highly stable under ambient conditions and are considered
promising materials for scintillation detectors, photodetectors, and quantum technologies.
To our knowledge, there are no prior reports demonstrating a direct, systematic comparison
of ligand-free NCs derived from both hybrid MAPbXj3 and fully inorganic CsyAgBiXg using
femtosecond PLA. This gap highlights the novelty and scientific importance of the present
work.

In this study, we demonstrate the first application of femtosecond PLA in ambient air
without additional liquid media as a green, scalable, and universal method for synthesizing

ligand-free halide NCs across two structurally distinct perovskite classes. Hybrid organic-

inorganic MAPbX; (X = Cl, Br, I) and fully inorganic lead-free CsyAgBiXs (X = Cl, Br)



NCs were synthesized and systematically characterized. Their structural and optical proper-
ties were analyzed using transmission electron microscopy (TEM), X-ray diffraction (XRD),
UV-visible absorption, and photoluminescence (PL). This work provides critical insights
into the relationship between perovskite composition and laser ablation dynamics, offering
a novel platform for the rational design of high-performance perovskite nanomaterials with

potential applications in optoelectronics, quantum technologies, and nanophotonics.

Materials and methods

Crystal growth

Organic-inorganic perovskite single crystals, as targets for laser ablation, were grown
by the inverse temperature crystallization (ITC) technique.'* Materials used for crystal
growth included: methylammonium chloride (MACI, CH3NH;Cl, 99.5%), methylammonium
bromide (MABr, CH3NH;3Br, 99.5%), methylammonium iodide (MAI, CH3NH;3I, 99.5%)
and lead(IT) chloride (PbCly, 99.999%) from “Lumtec”; lead(IT) bromide (PbBry, 99%) and
lead(II) iodide (Pbly, 99.99 %) from TCI. A 1:1 (v/v) mixture of dimethylformamide (DMF,
C3H7NO, 99.8%) and dimethyl sulfoxide (DMSO, CyHgOS, 99.99%) from “Sigma-Aldrich”
was used as both solvent and crystal growth medium. All reagents were used without further
purification. To prevent degradation, the reagents were handled and weighed in a nitrogen-
filled glovebox with a water and oxygen content of less than 2 ppm. The precursor solutions
of MAPbCl3, MAPbBr3, MAPbI3 were prepared and placed in clean glass vials, which were
sealed and positioned in a silicon oil bath on the hot plate. The temperature gradually in-
creased at a rate of 1 °C per hour until 60 °C for MAPbCl3;, MAPbBr3 and 110 °C for MAPbI3
were reached. The resulting single crystals were collected, washed with dichloromethane to
remove surface residues, and dried under ambient conditions.

All-inorganic lead-free double perovskite crystals, as other targets for laser ablation,

were grown using a controlled cooling crystallization technique.!® The following precursors



were used: cesium chloride (CsCl, 99.9%), cesium bromide (CsBr, 99.999%), silver chloride
(AgCl, 99,999%), and bismuth trichloride (BiClz, 98%) from “Sigma-Aldrich”; Silver bro-
mide (AgBr, 99%) and bismuth tribromide (BiBrs, 98%) from “Alfa”. Hydrochloric acid
(HCl, 36%) from “ThermoScientific” and hydrobromic acid (HBr, 48%) from “Acros Or-
ganics” were used as solvents and crystal growth media for Cs;AgBiClg and Csy; AgBiBrg,
respectively. The flask containing the chemicals and solvent was placed in a silicon oil bath on
the hot plate. The oil bath was heated to 160 °C for Csy AgBiClg and 120°C for Cs;AgBiBrg
and maintained at the set temperature for 5 hours to ensure complete dissolution. The
temperature then slowly decreased at the rate of 1°C per hour to room temperature to al-
low controlled nucleation and crystal growth. The resulting single crystals were harvested,
washed with dichloromethane, and dried under ambient conditions. CsyAgBilg was excluded

from the research due to its thermodynamic instability.

Pulsed laser ablation

Perovskite NCs were fabricated via PLA in ambient conditions using a femtosecond
laser system - CARBIDE with a harmonics module from Light Conversion UAB. The laser
parameters were as follows: wavelength 343 nm, pulse duration 250 fs, repetition rate 100
kHz. The laser beam was focused onto the surface of selected single-crystal perovskites,
enclosed in a glass vial, using a 50 mm focal distance aplanatic doublet lens (Fig. S1 in
Supporting information (SI)).

PLA was performed by scanning laser pulses over the crystal surface using a combined
motion of large-scale translation XYZ stage (PI miCos GmbH) and fast wobbling by a
scanner (excelliSCAN 14, SCANLAB GmbH). The resulting velocity of the laser beam spot
on the sample surface was 0.12 m/s. PLA was performed under ambient air without the use

of additional liquid or gas media.



Characterization of Perovskite single crystals and nanocrystals

Optical characterization included UV-Vis absorption spectroscopy, performed using a
Jasco V-630 spectrometer. Steady-state photoluminescence (PL) spectra were recorded using
an Edinburgh Instruments FLS 980 spectrometer, with excitation at 375 nm.

Transmission Electron Microscopy (TEM) measurements were performed on a Tecnai G2
F20 TMP instrument (FEI). To perform the measurements, NCs were placed in chloroform
and drop-casted onto carbon-coated copper grids and dried under ambient conditions.

X-Ray Diffraction (XRD) measurements were performed using a General Electric XRD
3003 TT system with a monochromatic copper (Cu) Ka radiation source to determine the
crystalline structure. For powder XRD analysis, single crystals were manually ground into
fine powders, while PLA-fabricated NCs were directly collected as nanopowders; both were
then uniformly spread onto a polymer substrate. Measurements were performed under am-
bient conditions in Bragg-Brentano geometry within the optimal 2Theta range with a step

size of 0.005 ° and a dwell time of 5 seconds per step.

Results and discussion

PLA was carried out in ambient air without additional liquid media to reduce the in-
terference of media and fabricated NCs with the laser beam (Fig. S1, S2 in Supporting
information (SI)). Solvent-induced transformations, such as those observed with toluene or
chloroform,?® were avoided, ensuring the fabrication of high-purity NCs without contamina-
tion and enabling straightforward characterization of the resulting NCs. PLA led to the
successful synthesis of perovskite NCs, which exhibited notable distinctions in optical and

structural properties compared to their bulk counterparts.



Pulsed laser ablation of organic-inorganic halide perovskites

PLA of organic-inorganic halide perovskite bulk crystals led to the fabrication of nanodis-
persed powders of MAPbHCl3, MAPbBr3, and MAPDbI3. The laser pulse energy was optimized
for each perovskite to achieve the highest ablation throughput, which, under the investigated
experimental conditions, was also influenced by the limited and confined process space: 1.7
nJ for MAPbCls, 0.76 pJ for MAPDbBr3, and 0.53 pnJ for MAPbI3;. That is in contradic-
tion to the structural properties of these materials (of which MAPbClj; is the most unstable
kinetically and thermodynamically compared to MAPbBr3 and MAPbI3, which are almost
identically stable) and could rather indicate either the relation to the corresponding B-X
bond lengths of these crystals (e.g. Pb-Cl: 2.857 A; Pb-Br: 2.973 A; Pb-I: 3.164 A) or to
the variation in absorption of laser irradiation. 619

The color of the resulting nanopowders was generally consistent with that of the corre-
sponding bulk crystals. MAPbCl3 NCs appeared white (Fig. S3bl in SI) compared to the
transparent crystal (Fig. S3al in SI), and MAPbBrs NCs appeared to be yellow (Fig. S3b2
in SI) compared to the orange bulk single crystal (Fig. S3a2 in SI), probably due to the
quantum confinement effect. Compared to black single crystals (Fig. S3a3 in SI), MAPbI3
NCs under ambient conditions appeared to be dark yellow (Fig. S3b3 in SI), due to the
partial degradation of the MA organic molecules under exposure to moisture in the air, with
the following appearance of yellow Pbl, on the surface of NCs. However, MAPbI; NCs in
colloidal form in chloroform appear black, corresponding to the bulk crystal (Fig. S3c3 in
SI). Therefore, organic-inorganic perovskite NCs synthesized in ambient conditions should
nevertheless be stored in nonpolar solvents to prevent moisture-induced degradation.

Photoluminescence spectra revealed sharp emission peaks (full width at half maximum
(FWHM): 17 — 61 nm) for NCs and bulk crystals (Fig. 1la). The MAPbCl; bulk crystal
exhibited two PL peaks at 424 nm, which could be related to NCs, and 434 nm (Fig.
lal), which can be attributed to crystals bigger than 300 nm that were evidenced by TEM

measurements (Fig. S4 in SI). Pronounced blue shifts of the PL peaks of NCs towards higher



energies compared to the bulk crystals were observed for MAPbBr; (from 573 to 530 nm)
(Fig. 1a2) and for MAPDI; (from 803 to 762 nm) (Fig. 1a3), with shifts of ~ 40 nm (0.18
eV) attributed to the quantum confinement effect. The transition from bulk to nanoscale
increases bandgap energy by confining electrons and holes within the smaller volume of NCs,
resulting in shorter-wavelength PL emissions compared to bulk, and such a shift could be
limited with smaller NCs’ size.?°

UV-Vis absorption measurements of the colloidal solutions showed sharp absorption peaks

at 404 nm for MAPbCl; (Fig. 1bl), 527 nm for MAPbBr; (Fig. 1b2), and a broad peak at

537 nm for MAPbI3 (Fig. 1b3), which correspond to the data reported in the literature.?! ?
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Figure 1: (a) Photoluminescence spectra of (al) MAPbCls, (a2) MAPbBr3, (a3) MAPbDI;
nanocrystals and bulk crystals. Insets: optical images of single crystals and nanopowders.
Insets: images of nanopowder and bulk single crystals; (b) UV-Vis absorption spectra of

(bl) MAPDBCIs, (b2) MAPbBr3, and (b3) MAPbI3; NCs in colloid state. Insets: colloidal

solutions in chloroform.

TEM measurements (Fig. 2a) revealed the successful fabrication of NCs of organic-
inorganic perovskites. Although the morphology was somewhat inhomogeneous, a substan-

tial number of cubic-shaped NCs were observed, particularly for MAPbCl; (Fig. 2al) and
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MAPDBr; (Fig. 2a2). The cubic shape is usually a characteristic of NCs synthesized via
bottom-up chemical routes rather than top-down approaches.?* The cubic morphology of
the NCs reflects the cubic phase of the perovskite, likely resulting from laser-induced cleav-
age along the crystal planes during the laser ablation. MAPbI3 NCs had more non-uniform
shapes with corners and flat edges; however, cubic NCs were also noticeable (Fig. 2a3). The
appearance of voids in MAPbBr3 NCs was noticed, which may result from laser-induced ther-
mal stress or MA degradation (Fig. 2a2). The presence of atomic planes and fast Fourier
transform (FFT) patterns in high-resolution images confirms that the crystallinity of laser-
fabricated nanomaterials has been preserved (insets in Fig. 2a). The size distribution of
NCs was calculated from multiple TEM images of each perovskite (Fig. S4, S5, S6 in SI)
and appeared normal, with mean sizes of 107.31 nm for MAPbCl3 (Fig. 2bl), 59.88 nm
for MAPbBr; (Fig. 2b2), and 66.8 nm for MAPbI; (Fig. 2b3). However, the prolonged
agglomerates consisted of MAPbI; NCs with 3 - 20 nm sizes were noticed (Fig. S7 in SI).
The standard deviations of 71.88 nm, 39.76 nm, and 43.14 nm, respectively, indicate varying
degrees of size uniformity, with the higher deviation for MAPbCl; suggesting greater size

variability that may influence optical properties such as photoluminescence spectra.
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Figure 2: (a) TEM images of (al) MAPbCl3, (a2) MAPbBr3, and (a3) MAPbI3 NCs (Top-
left inserts: corresponding fast Fourier transform and lattice planes); (b) Size distribution,
mean diameter, and standard deviation of (b1) MAPbCls, (b2) MAPbBr3, and (b3) MAPbDI;
NCs

XRD patterns of MAPbCl; (Fig. 3a), MAPbBr; (Fig. 3b), and MAPDI; (Fig. 3c) NCs,
along with powder XRD patterns of grown single crystals, were measured to confirm phase
purity in all crystal planes. The peak positions of the XRD patterns of laser-fabricated
NCs and the powder XRD of the crystals align with each other and correspond to simu-

lated patterns derived from confirmed crystallographic data, 618

with no additional peaks
observed, which confirms the absence of additional crystal phases. As expected for nanoscale
materials, the NCs’ diffraction patterns exhibit peak broadening, along with reduced signal
intensity and higher noise compared to the powder XRD pattern due to: smaller crystallite

sizes, which reduce the number of diffracting planes; increased surface disorders from a high

surface-to-volume ratio; and possible strain.
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Figure 3: XRD patterns of (a) MAPbCls, (b) MAPbBr3, and (¢) MAPbI; NCs compared to
powder XRD of bulk crystals and XRD patterns simulated from CIF data of!618

Pulsed laser ablation of all-inorganic lead-free double perovskites

PLA of all-inorganic lead-free double perovskites revealed similar trends as in the case of
hybrid perovskites. Comparable amounts of Cs; AgBiClg and Csy;AgBiBrg nanopowders were
produced using the same laser parameters except the laser pulse energy, which was lowered
to 0.76 nJ in order to achieve high ablation throughput comparable to MAPbX3 perovskites.
The shorter B-X and B’-X bond lengths in Cs,AgBiXs (Ag-Cl: 2.708 A; Bi-Cl: 2.681 A for
CspAgBiClg, and Ag-Br: 2.821 A; Bi-Br: 2.814 A for Cs,AgBiBrg) suggest higher lattice sta-
bility compared to MAPbX3, yet broader PL peaks may indicate increased defect formation
due to higher defect tolerance of the crystal lattice because of B/B’ cation complexity 526
(Fig. 4a). Unlike organic-inorganic perovskite NCs, all-inorganic double perovskite NCs
demonstrate enhanced stability under ambient conditions, due to the presence of Cs instead
of more degradable organic MA component.

The color of Csy;AgBiClg NCs appeared white (Fig. S8b1 in SI) comparing to the corre-
sponding yellow bulk crystal (Fig. S8al in SI), while Csy AgBiBrg powder exhibited a yellow
color (Fig. S8b2 in SI) in contrast to the red color of the bulk crystal (Fig. S8a2 in SI). PL
spectra of NCs revealed broad emission peaks for both NCs and bulk crystals of CsyAgBiXg
evidenced by 4 times larger FWHM (125 — 240 nm) than for hybrid perovskites (Fig. 4a).

The broad PL peaks of both double perovskites may be attributed not solely to defect states,
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but also to electron-phonon coupling or self-trapped excitons.?”?® A blue spectral shift of
30 nm (0.09 eV) was observed in CsyAgBiBrg compared to the bulk crystal, indicating a
quantum confinement effect. In contrast, Cs,AgBiClg, with similar average size, exhibited
a smaller red shift of 17 nm (0.052 eV), with overlapping PL peaks at 645 nm and 678 nm.
UV-Vis absorption spectra of colloidal NCs dispersions showed absorption peaks at 379 nm
for CsyAgBiClg (Fig. 4bl), and 485 nm for CsyAgBiBrg (Fig. 4b2).
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Figure 4: (a) Photoluminescence spectra of (al) CseAgBiClg and (a2) CseAgBiBrg NCs and
bulk crystals. Insets: optical images of single crystals and nanopowders. Insets: images of
nanopowder and bulk single crystals; (b) UV-Vis absorption spectra of (b1) CsyAgBiClg and
(b2) CsyAgBiBrg NCs in colloid state. Insets: colloidal solutions in chloroform.

The TEM measurements confirmed the formation of NCs with rounded shape, with less
frequent appearance of flat edges and corners compared to MAPbX3 NCs (Fig. 5a). The
crystallinity was evidenced by the presence of crystal planes on TEM images as well as

FFT patterns (insets in Fig. 5a). The morphology of laser-fabricated Cs;AgBiXs NCs was
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assessed using multiple TEM images (Fig. S9, S10 in SI), revealing a normal size-distribution
with the average size of 11.37 nm for CsyAgBiClg (Fig. 5b1) and 15.65 nm for CssAgBiBrg
(Fig. 5b2). High standard deviations of 5.05 nm for Cs, AgBiClg and 7.54 nm for Cs, AgBiBrg
indicate a significant diversity in NC sizes, comparable to MAPbX3 NCs. The smaller size
and spherical morphology of Css AgBiXg NCs compared to MAPbX3 may result from a higher

fragmentation rate, due to the defect-prone structure of double perovskites.
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Figure 5: (a) TEM images of (al) CsyAgBiClg and (a2) CsyAgBiBrg NCs. Top-left inserts:
corresponding fast Fourier transform and lattice planes; (b) Size distribution, mean diameter,
and standard deviation of (bl) CsyAgBiClg and (b2) CseAgBiBrg NCs.

XRD patterns of the laser-fabricated CssAgBiClg (Fig. 6a) and CsyAgBiBrg (Fig. 6b)
NCs are in good agreement with those of the powder XRD patterns of bulk crystals and
simulated patterns derived from confirmed crystallographic data.?%2? No additional peaks
or peak splitting were observed, indicating that the phase purity and structural integrity of
perovskites were preserved after ablation. The increased noise ratio for the XRD pattern from

CsyAgBiBryg is attributed to the smaller amount of the material used for the measurement.

14



Cs,AgBiBr, nanoparticles

O
A
(220)

(400)

Em

; (022)
— 09
e (220)
% (044)

g (026)

- (444)

— (246)

T W
A ad J A l i 1 A l A
—— Simulation
—— Simulation
] . ‘ l ) A N . I . l ) l

A

T T T T T T T T T T T T
20 30 40 50 60 70 10 15 20 25 30 35 40 45 50
20 degree 20 degree

Figure 6: XRD patterns of (a) CsyAgBiClg, and (b) CsyAgBiBrg NCs compared to powder
XRD of bulk crystals and XRD patterns simulated from CIF data of26:2

Conclusions

Femtosecond pulsed laser ablation in ambient air has been successfully applied to syn-
thesize organic-inorganic MAPbX3 perovskite (X = Cl, Br, I) and all-inorganic lead-free
double perovskite CssAgBiXs (X = Cl, Br) NCs, enabling the production of ligand-free NCs
without the use of additional synthesis media. TEM measurements confirmed the formation
of MAPbX3 NCs with mean sizes up to 107 nm, while Cs;AgBiXg were smaller with 11-15
nm mean sizes, indicating a higher fragmentation ratio of double perovskites. It has been
evidenced that MAPbX3 NCs have a cubic shape, which may be related to laser-induced
cleavage along the crystal planes of the cubic perovskite phase, whereas CsyAgBiXg NCs
have a spherical shape without flat edges and corners. XRD confirmed the preserved crys-
tallinity of laser-fabricated NCs, with no secondary phases detected. Photoluminescence
studies revealed size-dependent spectral shifts (17-40 nm) attributed to quantum confine-
ment, with more significant shifts in MAPbX3 (X = Br, I) perovskites, highlighting the
potential for optical property tuning via size manipulation. The broader PL emission ob-
served in CsyAgBiXg NCs is consistent with their indirect band gaps and may arise from
defect-related recombination typical of defect-tolerant double perovskite structure.

The ligand-free surfaces of laser-fabricated NCs improve surface tunability and may en-
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hance charge transport efficiency compared to chemically synthesized NCs, where capping
ligands act as insulating barriers to charge transfer. These advances are beneficial for further
electrochemical, biomedical, and photocatalytic applications. This work positions PLA as
a scalable, eco-friendly technique for producing high-purity perovskite NCs, extending their

versatility and paving the way for novel perovskite-based devices.
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