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Formation of ordered perovskite nanostructures by nanoimprinting
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A new versatile method for synthesis of ordered nanostructures from halide perovskite CsPbBr; by
nanoimprinting is proposed and implemented experimentally. The method allows one to form extensive (with
an area up to 25mm?) homogeneous regions containing two types of perovskite structures: ordered arrays of
individual nanoparticles and microflakes with a nanostructured surface. A study of the optical properties of the
synthesized samples by photoluminescence microspectroscopy revealed narrow resonance emission peaks at 523 nm
for a particle array and at 525nm for flakes (the width of the spectral line at half maximum was 19 and 21 nm,
respectively). The intensity of photoluminescence, which is determined by the total volume of excited perovskite

material, was significantly higher in the case of flakes.
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The use of materials with unique optical and electronic
properties opens up new opportunities for development and
examination of passive and active photonic components.
This class of materials includes halide perovskites, which
have been studied extensively in the last decade [1]. Per-
ovskite materials have many applications in optoelectronics,
including light-emitting diodes [2,3], solar cells [4], lasers [5],
photodetectors [6], etc. This is largely attributable to their
unique properties: relatively high mobility of carriers, long
mean free path, high absorption and photoluminescence
quantum yield, and the potential to adjust the band gap over
a wide range by varying the composition [7-14]. Note also
that perovskites have a narrow spectral emission line and
a wider color gamut than organic molecules and inorganic
quantum dots [15].

The synthesis of nanostructured and nanopatterned
perovskite materials (ordered arrays of nanocrystals
included) is a key requirement for control over their
optoelectronic properties [16,17]. This architecture helps
minimize losses due to carrier scattering and recombination
and increase the efficiency of radiation outcoupling from
the active region, which is crucial for fabrication of
highly efficient and stable next-generation devices, such as
light-emitting diodes (PeLEDs), lasers, and photodetectors.
Several approaches to synthesis of ordered (patterned)
arrays of perovskite nanocrystals are known [18]. Top-down
methods, such as electron beam lithography, provide
high positioning accuracy, but are expensive and hard to
implement, and the material may be damaged in the process
(among other things, through chemical action of the resist
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and developers themselves). Note that current methods for
patterning of perovskites (e.g., electron beam lithography)
often cause degradation of their optical properties due to
chemical and radiation damage. Bottom-up approaches
based on porous matrices do not provide the required
positioning accuracy and control over morphology. Bottom-
up approaches involving the use of porous templates (e.g.,
anodic alumina) and controlled crystallization methods,
which allow for direct formation of dense and homogeneous
arrays through self-assembly and controlled nucleation in
specified regions, are more widespread. These include
the nanoimprinting technique [19,20], which has got into
general use due to a number of advantages: high resolution
and homogeneity, processing rate and low cost, and
relatively mild synthesis conditions.

In the present study, we propose a new method for
synthesis of ordered nanostructured arrays of perovskite
materials. The results for CsPbBr3, which is stable under
atmospheric conditions [21], are presented. Nanoimprinting,
which relies on physical pressing (impression) to form a
nanoscale relief, is used for this purpose.

The diagram of the sample synthesis process is presented
in Fig. 1. At the first stage, a patterned polymer matrix
is formed. Its relief serves as a negative for subsequent
structuring of the perovskite. A commercially available
GaN/sapphire structured wafer (GLO AB NanoLund),
which is an array of hexagonally periodic gallium nitride
nanotrapezoids, was used as a master template to produce
this negative. The period of the nanotrapezoid array was
lum. The template was placed on the bottom of a Petri
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Figure 1. Schematic diagram of the procedure of synthesis of patterned perovskite arrays.

dish, and liquid polydimethylsiloxane (PDMS) precursor
was then poured onto it. Curing in a drying oven at
a temperature of 80°C was performed for 30min to
the point of complete polymerization of the elastomer.
PDMS was chosen as the master template material for
forming perovskite nanostructure arrays for a number of
reasons, such as its high elasticity, the ease of synthesis
of micro- and nanostructures, and compatibility with soft
nanoimprinting. The Young’s modulus of PDMS ranges
from 0.5 to 3MPa [22], while the Young’s modulus of
perovskite CsPbBrj is measured at 17—26 GPa [23]. This
difference in values allows one to use PDMS as a template
without risking the damage or deformation of perovskite
structures. The resulting master template was separated
from the substrate with a scalpel and stored in a desiccator
under a slight excess nitrogen pressure. These storage
conditions are needed to minimize contamination of the
master template. Note that the templates obtained this way
are reusable for at least 50 times.

Growth substrates were prepared at the next stage.
Various types of surfaces, including cover glass, sapphire,
and silicon wafers (both uncoated and with metallized
layers of Ni, Pt, etc.), were used in the study. All the
tested substrates were found to be suitable for synthesis
of patterned perovskite, confirming the wide applicability
of the method to dielectric and metallized surfaces. The
synthesis on a platinum film deposited by thermal evapora-
tion onto a low-resistance silicon wafer is considered below.
This substrate was chosen for its applicability in electro-
optical measurements, since it provides direct formation of
an electrical contact to the perovskite layer. The typical
size of the obtained sample was 10 x 10 mm. Before use,
the growth substrate surface was processed in an ultrasonic
bath in deionized water, acetone, and isopropanol (10 min
with each liquid in sequence). The sample was then dried
on a hotplate at 150°C for 10min. At the final stage of
preparation, the substrate surface was activated in oxygen
plasma (40 W, 10 min, 0.3 mbar). Next, 5ul of fresh 0.2M
solution of CsPbBrj salts in dimethyl sulfoxide were applied
to the substrate surface. The CsPbBr3 solution was prepared

in an inert nitrogen atmosphere by dissolving PbBr; (99.9 %
pure, Lankhit) and CsBr (99.9% pure, Lankhit) with a
molar concentration of 0.2mM/ml in anhydrous 99.8 %
dimethyl sulfoxide (Sigma Aldrich) with subsequent stirring
at 300 rpm for 12h at a temperature of 60 °C. At the final
stage of perovskite synthesis, the prepared master template
and the substrate with the precursor were compressed
mechanically (Fig. 1) and heated to 60°C for 2h. With
the heat treatment completed, the template was separated
from the surface on which ordered arrays of CsPbBrj
nanostructures were formed.

The surface morphology and topography of the syn-
thesized samples were investigated with a Zeiss Supra
25 scanning electron microscope (SEM) and an Ntegra
(NT-MDT) atomic force microscope (AFM). CSGO1 probes
(NT-MDT) were used for AFM measurements.

Figure 2 shows typical SEM and AFM images illustrating
the formation of two types of CsPbBr; nanostructures.
The first type is ordered individual nanoparticles that were
synthesized in the cavities of the master template and
follow its hexagonal periodicity (1 um). They are ~ 400 nm
in diameter and ~ 250nm in height. The size of these
individual nanoparticles deviates by no more than 10 %
from the average value. Pronounced faceting may be
indicative of their high crystallinity. The samples of the
second type are flakes with a lateral size of 1-50 um
and a thickness up to lum. Their surface also has a
periodic pattern (with a period of ~ 1 um), but with a more
developed relief, where the height of individual elements
relative to a flake reaches a level of ~ 500nm. Note
also that the diameter of a single element on a flake is
~ 1000 nm. Apparently, extended flakes form due to growth
surface-template gapping and to an excess of precursor
solution. Note that the proposed technique allows one to
synthesize homogeneous nanostructured perovskite coatings
up to 5 X Smm in size.

The optical properties of the synthesized samples were
studied using photoluminescence (PL) spectroscopy. PL
spectra of all the mentioned types of perovskite samples
were recorded at an excitation wavelength of 365 nm (I-line

Technical Physics Letters, 2026, Vol. 52, No. 3



Formation of ordered perovskite nanostructures by nanoimprinting

73

o © 6 & © &0 ¢ & & O
© © 0 0 0 & 0 &6 0 0 O
o o © & 0 90 © 6 06 & {
®© 06 0 06 06 60 &6 0 0 O
..b.cvb.‘“
o 0 & 6.0 9 0 6 & 90
o ®6 © & 0 & &6 0 & o

?

5400_' T T T T T 17 g =

< 2 1 Z800F

@”@Aﬂﬂ 3, 400

% [P U R SR B > (0] S ——
0 1 2 3% 9 1 2

Distance, pm

Distance, pm

Height, nm

3

N

Distance, pm

Figure 2. Morphological studies of the obtained samples. a — SEM image of the substrate surface with formed patterned CsPbBr;
nanostructures (nanoparticles and a flake); » — section of the sample surface with an ordered array of CsPbBr; nanoparticles; c—e —
AFM surface topography of different regions highlighted by squares and numbered in panel a and the corresponding surface profiles.

of a mercury UV lamp). Fluorescence images of the
samples were obtained using an Axio Imager A2m (Carl
Zeiss) microscope with 100 x EC Epiplan-NEOFLUAR
(Carl Zeiss) objectives. PL spectra were recorded by a QE
Pro (Ocean Optics) fiber optic spectrometer coupled to the
specified microscope in the fluorescence mode. The diame-
ter of the detection region (radiation collection region) was
2um. Figure 3 shows the PL spectra recorded in regions
containing an array of individual CsPbBr3; nanoparticles and
a single flake. Clear PL peaks are seen both for the array
and the flake at 523 and at 525nm (with a FWHM of 19
and 21 nm, respectively). The intensity of PL from the flake
is several times higher than that of the array of nanoparticles.
This is attributable to the difference in volume of excited
perovskite (both nanoparticles and the flake contribute to
the PL signal).

The efficiency of soft nanoimprinting in synthesis of
ordered arrays of CsPbBr3 nanostructures was demonstrated
in the present study. The key advantage of the proposed
approach is its simplicity and versatility, which is crucial
for integration into optoelectronic devices. Note that the
results of spectroscopy and morphology studies reveal that
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the structure remains stable for at least three months under
atmospheric conditions.

It was found that two types of morphologically different
structures are formed in the process of synthesis.

1. Ordered arrays of individual nanoparticles. The
obtained array of perovskite particles is a fine model
for the study of collective effects, such as super- and
hyperluminescence and the formation of polariton states in
a periodic system, and for the fabrication of nanolasers with
a low pumping threshold. Ordering is crucial for control
over the radiation modes in this case.

2. Microflakes with their own periodic nanostructure.
These objects are a hybrid of a bulk crystal and a photonic
crystal. The periodic relief on their surface may act
as a diffraction grating or a photonic crystal, effectively
outcoupling radiation from the active medium. Thus, these
structures hold promise for application in light-emitting
diodes (PeLEDs) with increased light extraction efficiency.

Despite the morphological differences, both types of
structures feature high crystallinity and characteristic nar-
row PL peaks in the green region of the spectrum
(523—525nm). The emission of flakes is more intense.
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Figure 3. Photoluminescence spectra of two types of obtained CsPbBr; samples: I — array of individual nanoparticles; 2 — flake.
Optical microscope images of the samples illuminated with ultraviolet radiation with a wavelength of 365nm are shown in the insets.

Color highlighting under the curves was done to increase the contrast.

Thus, a reproducible, scalable, and cost-effective method
of synthesis of ordered arrays of halide perovskite nanoparti-
cles was developed. It enables controlled fabrication of high-
quality patterned layers for nanophotonic and optoelectronic
applications.
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