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Confocal laser microscopy of photoinduced diffusion of CsPbBr3
perovskite nanoplatelets and cubic-shaped nanocrystals
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The hydrodynamic size of cubic nanocrystals and rectangular nanoplatelets of CsPbBr3 perovskite diffusing in

a colloidal solution were determined using stripe-Fluorescence Recovery After Photobleaching (sFRAP) technique

and compared with their geometric dimensions obtained by transmission electron microscopy. The edge lengths and

volumes of the cubic nanocrystals and nanoplatelets differ by a factor of 1.5−2, but their measured hydrodynamic

sizes are almost identical: 15± 5 nm and 13± 5 nm. Variations in the nanocrystal size within the ensemble

manifest themselves in luminescence (sFRAP) measurements through the nonlinearity of the time dependence of

the squared width of the photoinduced spatial inhomogeneity.
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Introduction

Among the variety of today’s photonics materials, per-

ovskite nanocrystals (NC) and nanoplatelets (NP) are of

special interest due to their outstanding optical properties,

such as high photoluminescence (PL) quantum yield,

significant single- and multiphoton absorption, high optical

stability and defect tolerance, and bright narrowband PL in

the entire visible spectral range. Combined with inexpensive

and relatively simple methods for synthesizing perovskites,

these properties make them ideal candidates for modern op-

toelectronics, photonics, and nonlinear optics devices [1–4].
Additionally, colloidal perovskite NC (quantum dots) and

NP can be easily embedded in complex multicomponent

systems by replacing ligands on their surfaces, thus making

it possible to design and fabricate the new hybrid materials

with unique optical properties and also use the perovskite

nanostructures in biomedical applications [5–8].

Over the past decade, a large number of studies have been

published shedding light on the photovoltaic properties,

optical characteristics, and stability of CsPbBr3perovskite

NC and NP, however, their transport and hydrodynamic

properties critical for many potential biomedical and techni-

cal applications, such as targeted delivery and formation of

photonic structures from photoinduced diffusion, are still not

properly studied. Among the key parameters determining

the behavior of NC in colloidal solutions is the diffusion

coefficient, which is closely related to their hydrodynamic

sizes.

Conventional approaches imply the diffusion of spher-

ical particles in a continuous medium, but perovskite

particles have a noticeably non-spherical shape. It is

not obvious how the mobility of NC or NP is related

to the geometry of nanoparticles obtained by means of

electron or atomic force microscopy, and, for exam-

ple, the dynamic light scattering method is not appli-

cable to colloidal solutions with a high concentration

of nanoparticles. However, when creating diffractive,

laser, and sensor structures by holographic recording

in a photopolymerizable composition using photoinduced

diffusion [9–12], the spatial redistribution of nanoparti-

cles of various morphologies shall be taken into ac-

count.

The present paper outlines the experimental research

of the photoinduced diffusion of cubic-shaped perovskite

NC and rectangular NP by fluorescence recovery after

photobleaching technique and the comparison of the re-

vealed features with the nanocrystals geometry observed on

electron microscopic images.

Materials and research methods

The following substances were used for the synthe-

sis of NC and NP of perovskite: 1-octadecene (ODE,
90%, Merck), oleic acid (OA, 90%, Sigma-Aldrich),
oleylamine (OlAm, 70%, Sigma-Aldrich), cesium carbonate

(Cs2CO3, 99.9%, Sigma-Aldrich), lead bromide (II) (PbBr2,
≥ 99.999%, Sigma-Aldrich), toluene and hexane (Vecton),
ethyl acetate (EtOAc, anhydrous, ≥ 99.5%, Sigma-Aldrich).

To chemically synthesize NC and NP of the perovskite

CsPbBr3 the precursor of cesium oleate was prepared

(Cs−OA). It was fabricated using the method in [13]: the

appropriate amount of Cs2CO3, dehydrated oleic acid (OA)
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and 1-octadecene (ODE) were placed into a 50mL three-

neck flask. The mixture was degassed at 120 ◦C for 30min,

after which it was heated in a nitrogen atmosphere to 150 ◦C

until the solid phase was completely dissolved. Then the

temperature was set to 120 ◦C and maintained until the

injection of Cs−OA.

The NC of CsPbBr3 were synthesized with some mod-

ifications of the method published in [13]. PbBr2, dried

OA and OlAm, as well ODE were placed into a 50mL

three-neck flask. The mixture was degassed under vacuum

at 120 ◦C for 30min, and then transferred to a nitrogen

atmosphere. After complete dissolution of salt, the temper-

ature was increased to 180 ◦C and a hot solution of Cs−OA

was quickly introduced. After 5 s, the reaction was stopped

by cooling in an ice bath. The obtained nanocrystals were

precipitated by centrifugation (6000min−1, 10min), washed
with ethyl acetate (1:2 hexane:ethyl acetate), precipitated

again and resuspended in hexane. Additional centrifugation

at a speed of 3000min−1 made it possible to separate the

filler fraction with purified nanocrystals of CsPbBr3.

The nanoplatelets of CsPbBr3 were synthesized using

method described in [14]. PbBr2, OA, OlAm, and ODE

were added to a separate three-necked flask, after which the

mixture was degassed at 120 ◦C for 20min and the process

was continued in nitrogen. After complete dissolution of

the reagents, the temperature was lowered to 25 ◦C and

a pre-prepared Cs–OA solution was quickly introduced.

The reaction mixture was then heated to 180 ◦C and the

reaction was immediately stopped by cooling in the ice

bath. The formed NP was purified by centrifugation:

first at 6000min−1 for 5min, then it was redeposited,

dispersed in hexane and re-centrifuged at 3000min−1 to

isolate the additive fraction containing purified nanoplatelets

of CsPbBr3.

The spectra of optical absorption and PL of the synthe-

sized NC and NP of perovskite CsPbBr3 (Fig. 1, a, b) were

recorded using spectrophotometer UV-3600 (Shimadzu,

Kyoto, Japan) and spectrofluorometer Panorama (Lumex,

Saint-Petersburg, Russia).

The nanocrystals of CsPbBr3 are characterized by a

pronounced exciton absorption band with a maximum at

500 nm and by PL maximum at 510 nm when excited by

radiation with a wavelength of 405 nm (Fig. 1, a). The full

width at half maximum (FWHM) of PL spectrum makes

21 nm which is an evidence of the high degree of uniformity

of the ensemble.

The nanoplatelets of CsPbBr3 demonstrate a more short-

wave exciton absorption band with a maximum at 444 nm

(Fig. 1, b). The PL maximum at 405 nm excitation is

observed at a wavelength of 454 nm, while FWHM is 19

nm, which also indicates the high spectral purity of the

samples. Both types of nanostructures are characterized by

high photostability.

The quantum yield of PL, determined relative to Rho-

damine 6G in ethanol as the reference, was 74% for NC

and 21% for NP.

Electron microscopic images of NC (Fig. 1, c) and

NP (Fig. 1, d) were obtained by transmission electron

microscopy (TEM) using microscope JEOL JEM-1011

(JEOL, Tokyo, Japan). To prepare the samples, stock

solutions of NC and NP were pre-diluted approximately

50-fold, after which a small amount of the diluted solution

was applied to copper grids with a carbon substrate and

dried in air.

TEM-images of NC demonstrate primarily a cubic mor-

phology of particles with the edge length of 8−11 nm

(Fig. 1, e) which is characteristic for CsPbBr3 NCs syn-

thesized by hot injection method. TEM-images of NP

(Fig. 1, d) show the rectangular platelets with the length

of edges 21−30 nm and 14−27 nm (Fig. 1, f, h) and thick-

ness of 2.5 nm. Ordered stacks of NP are also visible,

oriented edge-on to the observer, which is typical for two-

dimensional perovskite nanostructures.

The nanocrystals’ average hydrodynamic size, as mea-

sured by Dynamic Light Scattering (DLS) using Zetasizer

Nano ZS analyzer (Malvern Panalytical, Great Britain), was
11.9± 2.7 nm (Fig. 1, g), in consistency with the sizes

obtained from the TEM analysis.

Luminescence-microscopic study of
diffusion

The study of diffusion by method of Fluorescence

Recovery After Photobleaching (FRAP) [15–18] consists in
changing the photoluminescence (PL) efficiency in a certain

area of the sample exposed to light and further monitoring

the change in PL intensity due to photoinduced diffusion —
a spatial redistribution of particles with modified and initial

PL efficiency initiated by light impact. The use of FRAP

method with the laser scanning microscopy has made

it a way more flexible due to the formation of optical

inhomogeneities of arbitrary shape in the studied sample

and due to the analysis of not only the integral intensity of

PL, but also its intensity distribution in space.

In this paper, we use sFRAP (Stripe-FRAP) [19] method

based on recording a narrow stripe in an object with

a focused laser beam and analyzing the PL intensity

distribution in the direction perpendicular to the stripe due

to diffusion. Information about diffusion can be obtained

from the evolution of PL spatial profile width.

This approach allows us to consider diffusion as one-

dimensional, and take into account the particles drift,

changes in PL intensity during image construction after ex-

posure, and photoinduced changes in the particles diffusivity.

sFRAP experiments were performed using confocal laser

scanning microscope LSM 710 (Carl Zeiss, Germany). To

carry out measurements, a 1 mm thick cuvette with as-

synthesized stock colloidal solution of perovskite nanoparti-

cles (NC or NP) was placed horizontally on a microscope

stage and the radiation of a diode laser with a wavelength

of 405 nm was focused into it using objective lenses

with magnification 10× or 20× and a numerical aperture

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Figure 1. Absorption spectra (red lines) and PL spectra upon excitation with 405 nm radiation (green lines) of cubic NC (a) and

NP (b), electron microscopic images of NC and NP (respectively c and d) and associated histograms of distribution along the length of

NC edge (e), along the length and width of NP (f and h) size distribution of NC according to dynamic light scattering (DLS) data (g).

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Figure 2. PL spectra of nanoplatelets (blue curve) and nanocrystals (green curve) of CsPbBr3 perovskites measured using a laser

scanning microscope when excited by laser radiation with a wavelength of 405 nm (the inset illustrates the luminescent colloidal solutions

of perovskite NP and NC in cuvettes at the same excitation wavelength) (a). Cuvette surface effect: volumetric distribution of the

luminescence intensity of a colloidal solution of perovskite NP under excitation radiation incident from above (increased PL intensity is

observed on the inner surfaces of the cuvette glasses) (b) and PL profiles in the direction transverse to the exposed stripe, recorded 1 s

and 50 s (dark and light dots) after exposure (profile width is unchanged and makes 14 µm) (c).

of 0.2 or 0.4, respectively. Such numerical apertures are

a compromise between the efforts to avoid high beam

divergence (of different widths of the exposed stripe at

different depths) and to reduce the thickness of the layer

from which the detected PL is collected—optical slice

thickness in order to meet the one-dimensional diffusion

approximation. Size of the scanned area from 400× 400

to 1400× 1400µm, width of the scanned area 20µm. PL

intensity was detected by the photodetectors in the spectral

ranges corresponding to the PL bands of NC and NP

(Fig. 2, a).
Three-dimensional scanning of the colloidal solution

inside the cuvette shows that its PL intensity is unevenly

distributed in the volume (Fig. 2, b). In addition to PL

attenuation with depth due to the absorption of excitation

radiation, there is an increased intensity of PL on the

inner surfaces of the cuvette, which indicates the adsorption

of nanoparticles on them. The adsorbed nanoparticles

can retain the ability to photo-transformation, but not

to diffusion, and in sFRAP experiment, when focusing

laser radiation on the surface, the exposed band remains

unchanged (Fig. 2, c). Therefore, to study the diffusion of

nanoparticles in a solution, its volume is needed that is

separated from the surface by a certain distance, but not

too large, so that the intensity of the excitation radiation

remains sufficient. In this study, the distance 100µm is

selected for the optical slice thickness 10−20µm, set by

the numerical aperture of the lens and the diameter of the

confocal aperture.

The analysis of the change in spatial distribution of PL

intensity in the direction transverse to the photo-transformed

stripe makes it possible to determine the diffusion co-

efficient of nanoparticles by the rate of change in the

band width, and then calculate the apparent hydrodynamic

diameters of the nanoparticles. To determine the stripe

width, in the simplest but fairly typical case the PL intensity

profile is approximated by the Gaussian function, which

is the fundamental solution to the diffusion equation at a

constant coefficient. In this case, the squared width of the

Gaussian profile depends linearly on time, and the diffusion

coefficient is determined by the slope: D = 1w2/81t .

However, e.g., if the diffusivity of nanoparticles changes

as a result of exposure, the PL profile is described not by a

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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Figure 3. Results of the perovskite NC and NP study by sFRAP: a — PL profile of NC in the direction perpendicular to the exposed

stripe and the result of its approximation Gaussian function(orange dashed curve) and by the sum of two Gaussian functions (solid green

curve); b — the corresponding residuals; PL spatial profiles of cubic NC, measured at various time intervals after exposure (c) and the

corresponding squared profile width versus time (d), approximated by a power function for ease of perception and by straight lines for

determining apparent hydrodynamic diameters, which are also indicated on the graph; similar sequences of PL profiles (e) and the quared

profile width versus time (f) for the nanoplatelets.

single Gaussian function, but by the difference of two such

functions with different rates of their broadening [19].

The PL profiles of NC also demonstrated a deviation

from the Gaussian shape immediately after exposure. The

optimal approximation by the sum of two Gaussian func-

tions (Fig. 3, a, b) indicates not a change in the diffusion

coefficient under the action of light, but the initial presence

of two diffusing components in the colloidal solution,

similar to what was noted in studies on the diffusion of a

model system of luminescent polystyrene spheres of various

diameters [20]. One of the Gaussian components rapidly

expands and goes beyond the scanned area, ceasing to

contribute to the PL profiles: within a few seconds after

exposure, they approach a Gaussian shape (Fig. 3, c). The

dependence of PL profile squared width on time, shown in

Fig. 3, d, turns out to be nonlinear. This corresponds to the

presence of diffusing nanocrystals of perovskites of various

sizes in the ensemble (Fig. 1, c, e). According to the curve’s

slope at various times, the range of hydrodynamic diameters

of NC is estimated as 7−18 nm, in good agreement with

the results obtained by dynamic light scattering (7−23 nm,

Fig. 1, g).

The dependence of the squared width of PL profile of

NP on time, obtained from the analysis of the sequence

of PL profiles (Fig. 3, e), is also nonlinear (Fig. 3, f). The

change in its slope indicates the presence of NP in the

ensemble with apparent hydrodynamic diameters in the

range from 9 to 20nm, which almost coincides with the

range of hydrodynamic sizes of NC, despite the significant

difference in the edge lengths of these nanoparticles:

8−11 nm for NC (Fig. 1, e) against 16−30 nm for NP

(Fig. 1, f, h) and their volumes: respectively 500−1300 nm3

against 800−2100 nm3.

Data on the translational diffusion of particles in a

colloidal solution, assuming their spherical shape, are

interpreted using Stokes-Einstein equation, which relates the

diffusion coefficient to the diameter of a particle:

D =
kBT

6πηr
.

To apply this equation to non-spherical particles, it is

required to determine their size in a reasonable way. The

natural spatial scale of a cube is the length of its edge a .

But the cube is obviously larger than the sphere with a

diameter equal to the length of its edge — this is the size

of the sphere inscribed in the cube, and diffuses slower.

A sphere with a diameter equal to the spatial diagonal of

a cube
√
3a , circumscribed around the cube, is large in

comparison with it. The authors of [21] have shown that the

force of hydrodynamic friction of a cubic particle is close to

the force of friction of a sphere, whose diameter is equal to

the arithmetic mean between the diameters of the spheres

inscribed in the cube and circumscribed around the cube

(
√
3 + 1)a/2. This value can be taken as the calculated

Optics and Spectroscopy, 2025, Vol. 133, No. 12
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hydrodynamic size of the cube, however, neglecting the

solvate shell and ligands surrounding the real nanoparticle.

The volume of such a sphere is several percent larger than

the volume of the corresponding cube. This means, in

particular, that with equal volumes, the cube experiences

stronger hydrodynamic friction and diffuses slower than the

sphere. The range of hydrodynamic diameters of cubic

nanocrystals 7−18 nm measured by sFRAP method covers

the range of sizes 10−14 nm calculated within the given

rules for cubic NC with the edges of 8−11 nm observed

using the electron microscopic images (Fig. 1, c, e), and the

average sizes are equal.

To consider the hydrodynamic properties of plate-shaped

diffusing particles, it is convenient to use a thin disk

into which, in the limit of an infinite ratio of two long

axes to a short one, an oblate spheroid is transformed.

The hydrodynamic friction force of a thin disk with a

radius of R, averaged over its various orientations, is equal

f = 12ηR [22], and the equivalent radius of a sphere

experiencing the same solvent resistance during translational

diffusion (Stokes radius) — 2R/π. The authors of [23]
calculate the friction force of a plate of arbitrary shape

through the friction force of a disk of the same area, multi-

plying it by an expression linear in the thickness of the disk,

but weakly dependent on it. For a square or near-square

rectangular plate with an area S with edges ≈
√

S and

thickness h the friction force during diffusion in a medium

with viscosity η makes f = 12η(1.035
√

S/π + 0.68h),
while the Stokes radius is — 2/π(1.035

√
Sπ + 0.68h).

According to these concepts, the calculated hydrodynamic

diameter of a nanoplate with ensemble-average sizes of

25.7× 21.6 × 2.5 nm will be 20 nm. The NP effective sizes

determined by sFRAP method were found to be in the

range from 9 to 20 nm (Fig. 3, f), slightly lagging behind

the values of 15−24 nm calculated from the NP geometry

(Fig. 1, d, f), although the hydrodynamic sizes obtained from

experimental data on diffusion would be expected to exceed

the values found by the electron microscopy. One of the

reasons for this discrepancy may be the small size of NP

sampling used as the basis for estimating their geometry.

Conclusion

In this study covering the specifics of diffusion of colloidal

perovskite nanocrystals of various shapes in experiments

with light-induced luminescence inhomogeneities, a similar

diffusion behavior of cubic nanocrystals with flat rectangular

nanoplatelets was found, exceeding them by 1.5−2 times

in linear sizes and volume. The presence of nanoparticles

of various sizes in the ensemble, which can be observed

in the electron microscopic images, is manifested in the

luminescence microscopic experiments as a nonlinearity of

the luminescence intensity profile square width versus time.

Estimates of the hydrodynamic sizes of cubic nanocrystals

based on their geometric dimensions are close to the results

of optical measurements, and for the nanoplatelets they give

slightly overestimated values.
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