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The mini-review analyzes experimental and theoretical researches and applied applications of nanolasers based
on semiconductor and perovskite quantum dots. It is shown that the development of nanolasers based on quantum dots
is a consequence of long-term progress in the physics and chemistry of semiconductors. The quantum size effect made
it possible to vary the emission and absorption spectra by changing the sizes of quantum dots in the nanoscale. This
circumstance allowed quantum dot ensembles to demonstrate high quantum yields and narrow emission spectral
widths. Taking these effects into account, nanolasers with high optical characteristics were developed.

Current trends in laser nanotechnology development take into account environmental requirements to reduce the
toxicity of quantum dots. The use of hybrid nanosystems containing perovskite, semiconductor, and dielectric quantum
dots improves crystallinity, increases charge carrier mobility, and efficiently transfers charge between layers, thereby
enhancing quantum efficiency and expanding the emission spectrum from the visible to near-infrared range.

The applied aspect is due to the potential capabilities of nanolasers in creating compact photonic chips,
biosensors, and single photon sources, which is ensured by high photoluminescent efficiency, narrow emission band,

and low generation threshold.
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INTRODUCNION

Nanolasers based on semiconductor and
perovskite QDs are attracting significant attention
from researchers due to the rapid advancement of
nanolaser technologies driven by fundamental
experimental and theoretical studies [1-20]. Their
practical interest stems from their potential for
creating compact photonic chips, biosensors, and
single-photon  sources, enabled by high
photoluminescent efficiency, narrow emission
bandwidth, and low lasing thresholds [20-28].

In the 1960s and 1970s, despite the
availability of advanced technologies (nuclear
energy, semiconductor nanoheterostructures) and
known perovskite materials, these materials were
not used as the basis for devices (solar cells, light-
emitting diodes (LEDs), lasers) due to several
objective  reasons. Firstly, their unique
optoelectronic properties, particularly those of
organic-inorganic halide perovskites, which now
drive fundamental and practical interest, were not
yet discovered [12-18,29-31]. Secondly,
technologies for producing high-quality thin films
and nanostructures with controlled parameters
were unavailable, and synthesis methods were
limited, preventing the creation of materials with
the required purity and structure [30-32].
Additionally, there was a lack of theoretical
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understanding of charge transfer mechanisms,
defects, stability, and interface interactions,
which are critical for developing efficient devices
[11-18]. Furthermore, there was no urgent need
for new materials in solar energy or displays, as
silicon, GaAs, and other semiconductors met the
technological demands of that time [32, 33].

The development of nanolasers based on
semiconductor and perovskite QDs is the result of
long-term progress in semiconductor physics and
chemistry. In the 1980s and 1990s, the
foundations for creating QDs — nanocrystals that
allow tuning of emission and absorption spectra
by varying their size in the nanoscale range due to
quantum confinement — were established.
Classical QDs, such as CuCl, CdS, CdSe, ZnS,
ZnSe, GaAs, and aluminum oxide, demonstrated
high quantum yields and narrow spectral widths
but faced limitations in stability and
environmental safety [12-28, 34-51].
Concurrently, research on perovskite materials
gained attention due to their unique properties,
realized in solar cells: high absorption
coefficients, long carrier diffusion lengths, and
low defect concentrations [11-17, 52, 53].

Synthesis of halide perovskite QDs with the
formula CsPbXs (X =Cl, Br,I) combined the
advantages of perovskite and semiconductor
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QDs. These advantages included high
photoluminescence efficiency (up to 90-100 %),
narrow spectral width (18-36 nm), a wide range
of tunable emission (from blue to red), and high
charge carrier mobility [53, 54]. The efficiency of
such QDs for nanolasers, providing low
generation thresholds and emission stability, was
established for the first time in [6, 11, 15, 53-55].

Research has focused on optimizing the
composition of perovskites (e.g., fully inorganic
CsPbBr3), morphology, and surface ligands to
enhance the stability and efficiency of nanolasers,
as well as developing new compositions—from
simple nanocrystals to hybrid structures and laser
arrays [51, 52, 54]. Encapsulation of materials in
bilayer mesoporous SiO: improved the moisture
resistance and durability of devices. The use of

plasmonic  nanostructures  lowered laser
generation thresholds and expanded the
functionality of biophotonics [56].

Following initial studies of halide

perovskites, which exhibited high absorption
coefficients (>10° cm™) and long carrier diffusion
lengths (up to 1 pum), their potential in laser
technologies was recognized [52, 57]. The next
step was the creation of CsPbXs (X =Cl, Br, I)
QDs with sizes of 3-13 nm, which, due to
quantum confinement, enabled precise tuning of
emission spectra: blue (CsPbCls, 410-430 nm),
green (CsPbBrs, 510-520 nm), and red (CsPbls,
680—700 nm) [52, 57]. Later, hybrid structures
(QDs in a perovskite matrix) were developed. In
them, colloidal QDs were integrated into a
perovskite matrix. This improved charge
transport and stability [58]. A significant
breakthrough was the creation of nanolasers with
ultra-low lasing thresholds (e.g., 1.9 W/cm? at
120 K for CsPbBrs QDs) and a small mode
volume (~ 0.2 %), which allowed their integration
into photonic chips [58].

This mini-review analyzes experimental and
theoretical studies and applied applications of
nanolasers based on semiconductor and
perovskite QDs. It is shown that their applied
interest stems from their potential to create
compact photonic chips, biosensors, and single-
photon sources, enabled by high
photoluminescent efficiency, narrow emission
bandwidth, and low lasing thresholds.

NANOLASERS BASED ON QUANTUM DOTS

The unique optoelectronic properties of
semiconductor and perovskite QDs have enabled
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the creation of nanolasers [17, 34, 44, 50]. QDs
made of cadmium and zinc sulfides/selenides,
gallium arsenide, and perovskites such as
CsPbBrs and CsPbl exhibit low defect densities,
high carrier mobility (up to 60 cm?/Vs), and low
Auger recombination rates [59]. The bandgap
energies (E;) of such QDs range from 1.5 to
2.6 eV, allowing experimental observation of
interband transitions of charge carriers (electrons
and holes) across a wide range, including near-
infrared and optical spectral regions [59].

A key theoretical challenge in studying
nanosystems (NSs) is describing the interaction of
electromagnetic fields with surface electronic
states localized at the interfaces of NSs [12—18].
This approach requires accurately modeling
interactions (Coulomb, polarization, exchange,
spin-orbit, spin-spin, efc.) between quasiparticles
(electrons, holes, and excitons) induced by
electromagnetic fields at these interfaces. It is also
necessary to determine the size limits of quantum
objects (QDs, nanofilms, quantum wires) where
the effective mass approximation remains valid
[12-18].

In study [11], the photoluminescent
properties of CsPbXs QDs with average sizes of
10-12 nm were investigated. It was found that
interband transitions between quantum-confined
electronic states in these QDs exhibit giant dipole
moments (on the order of 10 Debye) [12, 15, 17].
Such quantum-confined electronic states can lead
to strong optical absorption in these QDs.
Additionally, these states were found to be long-
lived (on the order of 30 ns), raising hopes for
achieving Bose-Einstein condensation of excitons
in these QDs [12, 15, 17].

Chemically,  perovskites are easily
synthesized by solution methods, which
simplifies their application in nanolasers [59, 60].
Quantum confinement in semiconductor and
perovskite QDs occurs when the radii a of the QD
become smaller than the Bohr radius of the
exciton a,, = eh?/m,,e? (Mg = memy/
(my + m, ) — the reduced mass of the exciton in
the QD, m, im; — the effective masses of the
electron and hole in the QD, ¢ — the dielectric
constant of the QD) Bohr radius of the electron
a, = ch?/m, e? and Bohr radius of the hole
ap, = €h?/my e? ie. the condition must be
fulfilled
a<a,,ap,0ey-

(M
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Usually, the Bohr radii of quasiparticles a,,
ap, e, are of the order of 2-7 nm [12-18]. We
will assume that the motion of quasiparticles
(electrons, holes, and excitons) in QDs can be
described in the effective mass approximation
[12—-14]. We will describe QDs by the model of
an infinite spherical potential well. Then the lower
energy levels of the electron Ep,;, (a) in the

conduction band of QDs and the hole  Ey, ;, (a)

in the valence band of QDs are determined by the
formulas [12-18]

W2 (Pne 1, )?

By, (@ = nete ®)
hz(‘Pnh lh )2

Enh,lh (a) = W! (3)

where the subscripts (n, [l,) and (n, 1) are the
principal and azimuthal quantum numbers for the
electron and hole; and ¢,,; are the roots of the

Bessel function, i.e., Ji41/2(¢n) =0. The
equation (2) Engi, (@) (2) and equation
En,1, (@) (3) correctly describe the lower

quantum-dimensional energy levels of the
electron and hole in the QD if their position is
much lower than the depth of the QD potential
well (of the order of the band gap width Ej ). In
this case, the condition is satisfied

Engi1, (@), En, 1, (@) K Ey. 4)

Fulfillment of condition (4) also allows us to
consider the motion of quasiparticles in a QD, in
which the conduction band and the valence band
have a parabolic shape. To observe the energy
electron levels (2) and a hole (3) in a QD at room
temperature T, it is necessary that the energy
distance between adjacent levels

A Ee(h)(a) K kBTO (5)

was much smaller than a quantum of thermal
energy kgTy [12-18].

When conditions (1), (4) and (5) are met, as a
result of interband transitions of an electron from
quantum-dimensional energy levels Ej ;, (a)
(2) to quantum-dimensional energy levels

Enp1, (@) (3) in a QD, emission (absorption)
spectra are formed [12-18]

howpi(a) = En,1, (@)+ En, 1, () +Eg, (6)

where hw,;(a) is the quantum of light emitted
during the transition. The selection rules allow

e,le h,lh
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only interband transitions in which the quantum
numbers (n, =ny, )i (I, =1, ) of the electron
and hole are preserved. With a decrease in the
radius a of the QD, the position of the quantum-
dimensional energy levels ( Ey,;, (a) ~a~?%) (2)
of the electron and  (Ey, ;, (@) ~a™?) (3) of the

hole shifts upward, approaching the boundary of
the QD potential well. As a result, the energy
levels En,;, (a) (2) of the electron and the hole

En,1, (@) (3) are pushed out of the QD potential

well. For example, for a cadmium sulfide QD with
a radius a<2nm, only two electron levels
n.=11,=0), (n, =11, =1) and two hole
levels (n, = 1,1, = 0), (n, = 1,1, = 1) remain
in the QD potential wells [17]. These interband
transitions can be used in the operation of
cadmium sulfide QD nanolasers [17]. The
decrease in the radius a of the QD also led to an
increase in the effective band gap width
(hwy(@)~a~?) of the QD [12-18, 61-62].

Therefore, varying the parameters of
nanosystems (for example, the values of the
effective masses of quasiparticles and the radii a
of the QD), allows for the directed production of
NSs with predetermined optical properties.

The quantum confinement effect causes an
increase in the band gap from 2.37 to 2.5 eV of
CsPbBr; perovskite QDs with a decrease in the
QD size from 8.5 to 4.1 nm. This led to a blue shift
of photoluminescence in such QDs [11, 61-62]. A
significant increase in the binding energy of the
exo-ion compound (about 40 meV) was observed
in these QDs. This led to an increase in the
lifetime of the excited state compared to bulk
crystals [11, 63—-64].

The uniqueness of quasi-two-dimensional
perovskites (e.g., multilayer (PEA):(MA)n-
1Pbnlsn+1) allows for an increase in the effective
carrier masses and a significant increase in
exciton binding energies by decreasing the layer
thickness. Importantly, this quantum confinement
effect allows for the observation of optical
properties at room temperatures [65].

The quantum confinement effect significantly
influences the rate and mechanisms of relaxation
in perovskite QDs. Multiexciton generation
processes occur within a few femtoseconds, and
radiative recombination within nanoseconds [66].
Thus,  perovskite ~ QDs  exhibit  high
photoluminescence quantum efficiency, a narrow
emission spectrum, and the ability to precisely
tune the emission color by controlling their size
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and composition [61, 62]. This makes perovskite
QDs unique structures for creating efficient
nanolasers, LEDs, and solar cells [11, 61-63].
Compact nanolasers based on perovskite and
semiconductor QDs are a new class of miniature
coherent light sources that combine ease of
fabrication, a wide tuning range, and high optical
characteristics. Perovskite QDs, in particular
CsPbBrs, allow the creation of lasers with
extremely small dimensions (e.g., 10x10 um?),
narrow emission linewidth (~ 0.1 nm), and low
losses due to the use of quasi-continuum-coupled
states (quasi-BIC) [67]. Vertical cavity lasers
based on CsPbBr: QDs demonstrate an ultralow
generation threshold (0.39 pJ/cm?), high stability
of operation (over 5 hours or 1.8x107 pulses), and
the ability to operate in the femtosecond regime,
which is important for portable electronics and
optical communications [67,69]. Nanolasers
based on perovskite QDs provide a wide range of
wavelength tuning (from blue to near-infrared), a
narrow emission band (0.1-0.2 nm), and the
possibility of flexible 3D patterning for
integration into miniature photonic chips,
displays, sensors, and biomedical devices
[56, 67,70, 71]. An important advantage of these
lasers over semiconductor QD lasers is also their
high stability to moisture and temperature,
especially in composites with SiO: or liquid
crystal resonators [56, 72]. Recent developments
include topological lasers based on CsPbXs QDs,
which are defect-resistant and provide single-
mode generation even with miniaturization [69].

THEORETICAL RESEARCH OF THE BASIS
OF OPTICAL NANOLASERS

The optical properties of quasi-0D structures
consisting of spherical semiconductor (or
dielectric) QDs of radius @ = 1-10 nm, grown in
transparent  dielectric  (or  semiconductor)
matrices, are currently being intensively studied
[12—17]. Optical and nonlinear optical properties
of heterophase nanosystems are determined by
the energy spectrum of spatially limited electron-
hole pairs (EHP) (or excitons) [12—18]. Quantum
size effects have been detected in the energy
spectra of electrons and excitons in such quasi-
0D structures using optical spectroscopy [12—18].

The motion of charge carriers in QD is limited
in three directions. Therefore the energy spectrum
of charge carriers is discrete in QD with linear
dimension of the order 1-10 nm
[12, 15, 17, 34, 44, 50]. This property can be used
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to create optical nanolasers or optical computers
[37, 44, 50]. In this context we point out that the
size (i.e. radius) a of a QD should be in the range
of'a few nm in order to provide that the difference,
i.e., energy splitting AE, ), between electron and

hole levels are of the order of a few kg T, at the

room temperature T, . In Refs. [17] of the was

discussed theoretically the prospect of using

semiconductor QDs for designing nanolasers.
The energy spectrum of an EHP

S)=Ey +m*n, 2S72Kb +

Ene,lezo,th (
ST Zngo + Prgo + (2)+

+w (S, ne )(tn + (3/2)) (7

in the quantum state (n,l, = 0;t,) (n.l, are
the principal and orbital quantum numbers of the
electron, and t, are the principal quantum
number of the hole) in a spherical NC with
permittivity €,, submerged in a dielectric matrix
with €; such that €, > &;, was obtained in Refs.
[17] in the adiabatic approximation (m, < my,
where m, and m;, are the effective masses of an
electron and a hole in the QD) using only the first-
order perturbation theory in the functions of a
spherical potential well of infinite depth. Here
t, = 2n,. + 1, =0,1,... (n,is the hole radial
quantum number and I, is the orbital quantum
number of a hole), S = a/ay;, is the dimensionless
radius of the QD, and a;, and E; the Bohr radius
of the hole and the band gap in an infinite
semiconductor with permittivity €,, respectively.
The energy in (1) is measured in the units Ry =
h?/2my, ap, 2, the coefficient K= 0.67 accounts
for the variance of the QDs with respect to the
radii a [17], and the parameter b=
me /my, . The parameters Zp, o and P, o were

determined in Refs. [17]:

Zn,o =2 fol dx (1 — x?)71sin? (mn,x), (8)
Py, o =2Ci(2mn, ) — 2 In(27n, ) -
—26 + (£/81) 1 9)

Where Ci(y) is the cosine integral and
6 = 0.577 is the Euler constant.

The EHP spectrum (7) was obtained for NCs
with sizes a limited by the condition

ap Ka<sag

(10)
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where a, are the Bohr radius of the electron in
an infinite semiconductor with permittivity
€,,and a, is a characteristic length of the order of
the interatomic distance. When this condition is
satisfied, the polarization interaction of an
electron and a hole with the surface of the NC
plays a large role in the potential energy of the
EHP. The condition (10) also makes it possible to
study the motion of an and electron and a hole in
the NC in the effective-mass approximation.

The last term in the EHP spectrum (7) gives
the hole energy spectrum  hvy, ;. —q¢, (S) in
oscillator form [17]:

AV, i, =0, (S) = P,o S™h+

+w(S,ne)(tn + (3/2)), (11)
w(S,n,) = 2232 (1 + (2/3)m?n, 2)'/2573/2
(12)

where w(S,n,) is the frequency of the hole
oscillator vibrations, in a adiabatic electronic
potential [17].

The main contribution to the EHP spectrum
(1), obtained in the adiabatic approximation,
comes from the second term in (7) (the electron
kinetic energy), which is due to the purely spatial
limitation of the quantization region. The last two
terms, related to the Coulomb polarization and the
polarization of the electron and hole by the QD
surface, appear only as corrections. Thus, the
polarization interaction of an electron and a hole
with the surface of a NC, just as the quantization
of the charge carriers, contribute to the
renormalization of the energy gap (8) of the QDs.
In Refs. [17] interband absorption spectra of CdS
QD (g, = 9.3) of sizes varying from 1 to 10 nm
dispersed in a transparent dielectric matrix of
silicate glass were investigated. The effective
masses of electrons and holes in CdS were,
respectively, ((m, /my )= 0.205) and ((my/
my )=5) (l.e.m, Kmy).

In the experiment reported in Refs.
[16, 34, 44, 50], an energy structure consisting of
an equidistant series of levels was found in the
region of transitions to the lower level of
dimensional quantization of the electron
(ne, = 1). The above structure is caused by
quantization of the hole energy spectrum in the
adiabatic potential of the electron.

From the comparison of formula (6) (for
n, = 1) with the experimental dependence of the
splitting magnitude of the QD size a obtained in
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Refs. [17], it follows that for QD of radii
1.5 < a < 3.0 nm, the splitting w(S,n,) (12) is
in good agreement with the experimental data
[34, 44, 50] and differs from the latter only
slightly (< 4%) [17].

Based on the presented results, a scheme of
operation of a laser developed on the basis of CdS
NCs grown in boric-silicate glass matrices was
formulated [17]:

1. Pumping: the hole transition from energy level

vy, =11, =0,e=1 (S) (11) to electron state
(ne = 1,1, = 0)(1sstate) (7) in conduction band
with energy:

fl(l)l(s) = Eg + En€:1'18=0 (S) +
+ hvp, =11, =0t =1 (9 (13)

2. Creation of inverse population on the hole level
(t, = 0) by means of electron transition from
the energy level Ey, —1,_, (S) (1), with spin flip
[50], to the hole energy level
vy, =11, =0t =1 (S) (5). The energy of this
transition

hw,(S) = E, + Ey (S) +

e =Lle=o

+ hvp, =11, =0,t, =0(S)-

3. Lasing step: transition of the hole in the valence
band between equidistant levels (¢, = 0) —
(t, = 1) separated by the energy

hAw(S,n, = 1) = hw(S,n, = 1). (15)

For QD of the radius ¢ = 2nm , hAw =
54 meV (15) is several times greater than the
thermal energy kg T.

Thus, in a nanolaser on CdS QDs, the
pumping energy hw, = 3.12eV (7) would
correspond to visible light, and lasing at energy
hAw = 54 meV (9) would occur in the infrared
range. The briefly outlined theory of a QD
nanolaser allowed us to propose a nanolaser
model. The working transition of a hole between
equidistant energy levels in this nanolaser is
located in the infrared range.

APPLICATION OF NANOLASERS IN
OPTICAL INTERCONNECTS

(14)

Thanks to their unique properties, nanolasers
based on perovskite and semiconductor quantum
dots find a wide range of applications (e.g.,
optical interconnects, photonics, and
biophotonics). Optical properties (bandgap,
emission wavelength, lasing threshold, charge



Pokutnii S.I., Gromovoy T.Yu.

carrier transport velocity, and moisture
resistance) are not simply  universal
characteristics, but are specifically selected and
optimized for specific applications. In the field of
optical interconnects, mnanolasers based on
perovskite and semiconductor QDs are used as
coherent light sources for ultrafast data transfer
between chips. The most common perovskite
QDs used for this purpose are methylammonium
lead bromide (MAPbBr3), methylammonium lead
iodide (MAPbI:), and cesium lead bromide
(CsPbBrs).

QDs often have the formula CsPbXs, where X
is Cl, Br, or I [56, 57, 73, 74]. They are used to
create integrated photonic circuits, sensors,
spectroscopic systems, and optical computers.
High quantum efficiency, a wide emission
spectrum, and the ability to tune precisely the
wavelength make these materials versatile for
such photonic applications [1, 56, 74]. For
example, CsPbBrs perovskite QDs embedded in a
two-layer mesoporous silica matrix demonstrate
efficient two-photon excitation and moisture
resistance, which allows them to be used in
biophotonics and sensors. Such nanolasers are
characterized by high optical quality factor, high
carrier transfer rate and bright emission even in
the near infrared range [56, 73]. Experiments
have shown that photoelectrons and holes
generated in a perovskite matrix with a significant
band gap (of the order of 2.5 eV) are transferred
to the QD with an efficiency of up to 80 %, where
intense light emission occurs [73].

Thus, nanolasers based on perovskite QDs
(MAPDBr3, CsPbBr, CsPbXs) have high potential
for efficient integration into optical interconnects
and photonic devices [57, 73—76]. This is due to
the fact that such QDs have a bandgap of
1.5-2.3eV, an emission wavelength of
520-800 nm, an ultra-low lasing threshold (up to
1.9 W/cm?), and a high optical quality factor.

APPLICATION OF NANOLASERS IN
BIOMARKER DETECTION, SENSING AND
DIAGNOSTICS

Promising nanolasers for use in biomarker
detection, sensing and diagnostics are created
based on perovskite QDs with the general formula
ABXs, where A is an organic or inorganic cation
(e.g., Cs*, MA* - methylammonium, FA* -
formamidine), B is a metal (usually Pb?"), and X
is a halogen (CI-, Br, I"). Typical examples are
CsPbBrs, CsPbls, MAPbBIs.
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Nanolasers use QDs that have high
photoluminescence quantum efficiency (>90 %),
a narrow emission band (~ 15-30 nm), a wide
wavelength tuning range (400-800 nm), and a
low lasing  threshold (~ 10-100 pJ/cm?)
[61, 74,75, 77]. These QDs also have long-lived
surface electron states with a lifetime
7~20-50ns [12-18, 61, 77].

Such QDs exhibit stable [uminescence even
without additional surface passivation [61, 75].
QDs based on CdSe, InP, and perovskite-based
QDs (e.g., CsPbXs, where X = Cl, Br, I) are used
for cellular biomarkers, protein and DNA
detection, and for the creation of highly sensitive
biosensors [74, 77].

In biomedical applications, perovskite QDs
are used for high-resolution cell labeling and for
the detection of metal ions and biomolecules by
changing the luminescence intensity upon
interaction with the analyte [61, 74].

Nanolasers based on perovskite QDs achieve
a generation threshold (<100 pJ/cm?), which
allows them to be used as biosensors. Such
biosensors have been used for pinpoint probing of
biological objects [77]. Nanolasers based on
perovskite QDs (ABXs, in particular CsPbBrs,
MAPbI;) and QDs (CdSe, InP, CsPbX3) combine
high photoluminescence, a narrow emission band,
a low generation threshold and the possibility of
biofunctionalization, which makes them ideal for
modern biomarkers, sensors and diagnostic
purposes [61, 74, 75, 77].

APPLICATIONS IN QUANTUM AND
NEUROMORPHIC TECHNOLOGIES

Also, nanolasers based on perovskite (ABXs,
for example, CsPbBrs;, CsPbls) and
semiconductor QDs (CdSe, InP, PbS) are
promising for quantum and neuromorphic
technologies (systems with architecture and
operating principles similar to the biological
brain). The main physical parameters that
determine their prospects in such applications are
the band gap (from 1.7 to 2.3 eV); quantum
efficiency of photoluminescence (90-99 %) even
without  additional passivation; emission
bandwidth 15-30 nm; excited state lifetime
10-100ns [11, 12, 15, 17, 34, 44, 50, 61, 77].

In  neuromorphic technologies, hybrid
structures based on CsPbBrs QDs/graphene or
QDs/carbon nanotubes provide photonic synapses
with energy consumption on the order of tens of
attojoules, simulation of short- and long-term
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memory, and associative learning [61]. Promising
transistors based on perovskite QDs demonstrate
high carrier mobility (up to 10 cm?V-s), an
extended hysteresis window, and stability under
multiple switching [61].

Due to the quantum confinement effect,
CsPbBr; QDs with dimensions (4-8 nm) are a
source of single photons for quantum computing
with high color purity and stability [77]. Hybrid
perovskite/QD structures are used for optical
memory, where the information storage time can
reach several hours, and recording/erasing is
performed by a laser pulse [61,77]. QDs in
photonic  neuromorphic ~ sensors  provide
sensitivity up to 107", which allows us to
recognize weak signals and simulate synaptic
transmission [61].

PROSPECTS FOR THE DEVELOPMENT OF
LASER TECHNOLOGY RESEARH

One of the main problems of theoretical
research on nanosystems is the correct description
of the interactions of nanoparticles (Coulomb,
polarization, exchange, spin-orbit, spin-spin) with
the interfaces of nanosystems (semiconductor-
dielectric-metal) [12—18]. Theoretical modeling
of hybrid nanosystems based on perovskite and
semiconductor QDs, taking into account
quantum-size effects, allows us to predict the
influence of QD size, shape, and composition on
the effective band gap, emission and absorption
spectra, absorption intensity, and luminescence.
These effects are fundamental for optimizing the
optoelectronic properties of nanomaterials [12—

18, 78, 79]. The interaction of surface states of
quasiparticles (electrons, holes) localized above
the QD surfaces in the perovskite matrix leads to
efficient energy transfer, changes in emission and
absorption spectra (e.g., a shift to the red and blue
regions of the spectrum), and the emergence of
quantum effects such as coherence. These effects
open up prospects for quantum technologies
[73, 78]. Hybrid structures of the “quantum-dot-
in-perovskite” type provide high quality
interfaces, which contribute to efficient charge
transfer and increase the stability and diffusion
length of charge carriers [73, 78].

Current trends in the development of laser
technologies are focused on environmental
requirements, in particular, on the development of
lead-free perovskites and QDs to reduce toxicity
[12-18, 31, 44, 50, 79, 80]. Hybridization of
perovskite QDs allows passivation of the surface,
reduction of defect density and increase of charge
carrier lifetime, which lowers the threshold of
laser generation and increases the stability of the
devices [11-17, 78, 81]. Such hybrid systems
demonstrate improved crystallinity, increased
charge carrier mobility and efficient charge
transfer between layers, which contributes to the
increase of quantum efficiency and expansion of
the emission spectrum from the visible to the near
infrared range [12—18, 73, 78, 81]. This opens up
new opportunities for the creation of highly
efficient, stable and environmentally safe
optoelectronic and laser devices of a new
generation [78—80].
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YV mini-02n0i ananizyromecs ekCnepuMeHmaivhi ma meopemudni 00CHONCEHHs. Ul NPUKIAOHE 3ACMOCY8AHHSL
HAHOIA3epi8 HA OCHOBI HANIGNPOBIOHUKOBUX MA NEPOBCKIMHUX K8AHMOBUX moyoK. Iloxkasano, wo po3eumox
HAHONA3epié HA OCHOBI KBAHMOBUX MOYOK € HACAIOKOM Mpueanozo npozpecy y gizuyi ma Xximii HanienposioHuKis.
Egexm posmipnoco KeanmyeamnHs eHepeemuuyHuX pIGHI6 eleKmpownie 1 OipoK 00yMOo8u8 3MiHy CHeKmpie
BUNPOMIHIOBAHHS MA NO2IUHAHHA 8 KEAHMOBUX MOYKAX, BU3BAHUX 8apiayicto ix posmipis. L[s o6cmasuna 0o3zsonuna
AHCAMONAM KB8AHMOBUX MOYOK HPOOEMOHCMPYBAMU GUCOKI KBAHMOBI 8UX00U MA BY3bKi CNEeKMPATbHI WUPUHU
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Cyuacni menoenyii po3gumKy NA3epHUX HAHOMEXHONOZIU 6PAX08YIOMb eKONO2IUHI 8UMOSU U000 3HUICEHHS.
MOKCUYHOCMI  KAHMOBUX MOYOK. Bukopucmanus 2iOpuoOHUX HAHOCUCEM, WO MICMAMb NEPOBCKIMHI,
HanienpogioHUKosi ma OleleKmMpPUYHi K8AHMOBL MOYKU, NOKPAULYE KPUCMALIYHICMb, 30LIbULYE DYXIUBICMb HOCII8
3apsa0y ma epexmuHiCmb NEePeHOC)y 3apsa0ie MIdC WAPAMU, MUM CAMUM NIOBULYIOYU KEAHMOBY e(eKmusHicms ma
POSUUPIOIOHU CNEKMP BURPOMIHIOBAHHSL 810 BUOUMO20 00 OIUICHLO2O0 THPPAUEPBOHO20 OIANA30HY.

Tpuknaouuti acnexm 3yMOGNIEHUIl NOMEHYIUHUMU MONCIUBOCHSAMU HAHOAA3EPI6 Y CMBOPEHHI KOMNAKMHUX
¢omonnux uinis, OioceHcopie ma Odxcepen OOUHUYHUX (DOMOHIB, WO 3aDe3NeyyeEmvCsi GUCOKOIO eQeKmuUHICIIo
Gomomominecyenyii, 8y3bK0I0 CMY2010 BUNPOMIHIOBANHSL MA HUZLKUM NOPO2OM 2eHePAYiL.
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