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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 

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 CsPbX₃ (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 SiO₂ 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 (>10⁵ cm⁻¹) and long carrier diffusion 
lengths (up to 1 μm), their potential in laser 
technologies was recognized [52, 57]. The next 
step was the creation of CsPbX₃ (X = Cl, Br, I) 
QDs with sizes of 3–13 nm, which, due to 
quantum confinement, enabled precise tuning of 
emission spectra: blue (CsPbCl₃, 410–430 nm), 
green (CsPbBr₃, 510–520 nm), and red (CsPbI₃, 
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/cm² at 
120 K for CsPbBr₃ 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 

the creation of nanolasers [17, 34, 44, 50]. QDs 
made of cadmium and zinc sulfides/selenides, 
gallium arsenide, and perovskites such as 
CsPbBr₃ and CsPbI exhibit low defect densities, 
high carrier mobility (up to 60 cm²/Vꞏs), and low 
Auger recombination rates [59]. The bandgap 
energies (Eg) 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, etc.) 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 CsPbX₃ 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௘௫ ൌ  εℏଶ/𝑚௘௫ 𝑒ଶ (𝑚௘௫ ൌ 𝑚௘ 𝑚௛ /
ሺ𝑚௛ ൅ 𝑚௘ ሻ – the reduced mass of the exciton in 
the QD, 𝑚௘  і 𝑚௛  – the effective masses of the 
electron and hole in the QD, ε – the dielectric 
constant of the QD) Bohr radius of the electron  
𝑎௘ ൌ  𝜀ℏଶ/𝑚௘ 𝑒ଶ and Bohr radius of the hole  
𝑎௛ ൌ  𝜀ℏଶ/𝑚௛ 𝑒ଶ   i.e. the condition must be 
fulfilled 

𝑎 ൏ 𝑎௘ ,𝑎௛ ,𝑎௘௫ .                                              (1) 
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Usually, the Bohr radii of quasiparticles 𝑎௘ , 
𝑎௛ , 𝑎௘௫  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    𝐸௡೐,௟೐  

(a) in the 

conduction band of QDs and the hole    𝐸௡೓,௟೓  
(a)  

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

𝐸௡೐,௟೐  
(a) ൌ

ℏమሺఝ೙೐,೗೐  ሻ
మ

ଶ௠೐ ௔మ
,                                                 (2) 

𝐸௡೓,௟೓  
(a) ൌ

ℏమሺఝ೙೓,೗೓   
ሻమ

ଶ௠೓ ௔మ
,                                                (3) 

where the subscripts (𝑛௘,𝑙௘) and ሺ𝑛௛,𝑙௛ሻ are the 
principal and azimuthal quantum numbers for the 
electron  and hole; and 𝜑௡,௟ are the roots of the 
Bessel function, i.e.,  𝐽௟ାଵ/ଶ(𝜑௡,௟ሻ = 0. The 
equation (2)    𝐸௡೐,௟೐  

(a) (2) and equation 

𝐸௡೓,௟೓  
(a) (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 𝐸௚ ). In 
this case, the condition is satisfied 

𝐸௡೐,௟೐  
(a),   𝐸௡೓,௟೓  

(a) ≪ 𝐸௚ .                             (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 

∆ 𝐸௘ሺ௛ሻ(a) ≪ 𝑘஻𝑇଴                                                        (5) 

was much smaller than a quantum of thermal 
energy 𝑘஻𝑇଴ ሾ12– 18ሿ. 

When conditions (1), (4) and (5) are met, as a 
result of interband transitions of an electron from 
quantum-dimensional energy levels    𝐸௡೐,௟೐  

(a) 
(2) to quantum-dimensional energy levels 
  𝐸௡೓,௟೓  

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

ℏ𝜔௡,௟ሺ𝑎ሻ ൌ  𝐸௡೐,௟೐  
(a)൅ 𝐸௡೓,௟೓  

(a) ൅𝐸௚ ,              (6) 

where   ℏ𝜔௡,௟ሺ𝑎ሻ is the quantum of light emitted 
during the transition. The selection rules allow 

only interband transitions in which the quantum 
numbers ሺ𝑛௘ ൌ 𝑛௛   ሻ і  ሺ𝑙௘ ൌ 𝑙௛  ሻ 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 ሺ 𝐸௡೐,௟೐  

(a) ~𝑎ିଶሻ (2) 

of the electron and   ሺ𝐸௡೓,௟೓  
(a) ~𝑎ିଶሻ (3) of the 

hole shifts upward, approaching the boundary of 
the QD potential well. As a result, the energy 
levels  𝐸௡೐,௟೐  

(a) (2) of the electron and the hole 
𝐸௡೓,௟೓  

(a) (3) are pushed out of the QD potential 
well. For example, for a cadmium sulfide QD with 
a radius a ≤ 2 nm, only two electron levels     
(𝑛௘ ൌ 1, 𝑙௘ ൌ 0), (𝑛௘ ൌ 1, 𝑙௘ ൌ 1) and two hole 
levels ሺ𝑛௛ ൌ 1, 𝑙௛ ൌ 0ሻ, ሺ𝑛௛ ൌ 1, 𝑙௛ ൌ 1ሻ 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 
(ℏ𝜔௡,௟ሺ𝑎ሻ~𝑎ିଶሻ 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 
CsPbBr₃ 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)₂(MA)n-
1PbnI₃n+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 
CsPbBr₃, allow the creation of lasers with 
extremely small dimensions (e.g., 10×10 μm²), 
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 CsPbBr₃ QDs demonstrate an ultralow 
generation threshold (0.39 μJ/cm²), high stability 
of operation (over 5 hours or 1.8×10⁷ 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 SiO₂ or liquid 
crystal resonators [56, 72]. Recent developments 
include topological lasers based on CsPbX₃ 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 a ≅  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 

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  ∆𝐸௘ሺ௛ሻ, between electron and 
hole levels are of the order of a few  𝑘஻ 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  

𝐸௡೐,௟೐సబ,೟೓   
(S) ൌ 𝐸௚ ൅ 𝜋ଶ𝑛௘ 

ଶ𝑆ିଶK𝑏 ൅ 

+𝑆ିଵ( 𝑍௡೐,଴ ൅  𝑃௡೐,଴ ൅ ቀகమ
கభ
ቁ)൅ 

൅𝜔ሺ𝑆,𝑛௘ ሻሺ𝑡௛ ൅ ሺ3/2ሻሻ                                         (7) 

in the quantum state (𝑛௘,𝑙௘ ൌ 0; 𝑡௛ ሻ (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 εଶ, submerged in a dielectric matrix 
with εଵ such that εଶ ≫ εଵ, was obtained in Refs. 
[17] in the adiabatic approximation (𝑚௘ ≪ 𝑚௛ , 
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௥ ൅ 𝑙௛ ൌ 0, 1, … (𝑛௥ is the hole radial 
quantum number and 𝑙௛  is the orbital quantum 
number of a hole), S ൌ 𝑎/𝑎௛  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 εଶ, respectively. 
The energy in (1) is measured in the units Ry ൌ
ℏଶ/2𝑚௛ 𝑎௛ 

ଶ, the coefficient Kൌ 0.67  accounts 
for the variance of the QDs with respect to the 
radii a [17], and the parameter                       𝑏 ൌ
 𝑚௘ /𝑚௛ . The parameters  𝑍௡೐,଴ and  𝑃௡೐,଴ were 
determined in Refs. [17]:  

 𝑍௡೐,଴ ൌ ׬2 𝑑𝑥
ଵ
଴  ሺ1 െ   𝑥ଶሻିଵ𝑠𝑖𝑛ଶ ሺ𝜋𝑛௘ 𝑥ሻ,      (8) 

𝑃௡೐,଴ ൌ 2Ci(2𝜋𝑛௘ ሻ െ 2 lnሺ2𝜋𝑛௘ ሻ – 

 െ2𝛿 ൅ ሺεଶ/εଵሻ െ1                                                (9) 

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

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

𝑎௛ ≪ 𝑎 ൑ 𝑎௘                                                       (10) 
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where    𝑎௘  are the Bohr radius of the electron in 
an infinite semiconductor with permittivity 
εଶ, 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    ℏ𝜈௡೐ ,௟೐  ୀ଴,௧೓ 

(S) in 
oscillator form [17]:  

ℏ𝜈௡೐,௟೐  ୀ଴,௧೓ 
ሺ𝑆ሻ ൌ 𝑃௡೐,଴ 𝑆ିଵ ൅ 

൅𝜔ሺ𝑆,𝑛௘ሻሺ𝑡௛ ൅ ሺ3/2ሻሻ,                                         (11) 

𝜔ሺ𝑆,𝑛௘ ሻ ൌ 2.232 ሺ1 ൅ ሺ2/3ሻ𝜋ଶ𝑛௘ 
ଶሻଵ/ଶ𝑆ିଷ/ଶ 

                                                                        (12) 

where 𝜔ሺ𝑆,𝑛௘ ሻ 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 ሺεଶ ൌ 9.3 ሻ 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௘ /𝑚଴  ) ൌ 0.205 ሻ and ((𝑚௛ /
𝑚଴  ) ൌ 5 ሻ (i.e. 𝑚௘ ≪ 𝑚௛ ). 

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         
(𝑛௘ ൌ 1ሻ.  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௘ ൌ 1ሻ with the experimental dependence of the 
splitting magnitude of the QD size a obtained in 

Refs. [17], it follows that for QD of radii           
1.5 ൑ 𝑎 ൑ 3.0 nm, the splitting 𝜔ሺ𝑆,𝑛௘ ሻ ሺ12ሻ is 
in good agreement with the experimental data 
[34, 44, 50] and differs from the latter only 
slightly (൑ 4%ሻ ሾ17ሿ. 

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 
  ℏ𝜈௡೐ ୀଵ,௟೐  ୀ଴,௧೓ ୀଵ   (S) (11) to electron state 
(𝑛௘ ൌ 1, 𝑙௘ ൌ 0) (1s state) (7) in conduction band 
with energy:  

ℏ𝜔ଵሺ𝑆ሻ ൌ  𝐸௚ ൅   𝐸௡೐ ୀଵ,௟೐సబ  
ሺ𝑆ሻ ൅ 

൅ ℏ𝜈௡೐ ୀଵ,௟೐  ୀ଴,௧೓ ୀଵ   (S).                                         (13) 

2. Creation of inverse population on the hole level 
(𝑡௛ ൌ 0ሻ by  means of electron transition from 
the energy level  𝐸௡೐ ୀଵ,௟೐సబ  

ሺ𝑆ሻ ሺ1ሻ, with spin flip 
[50], to the hole energy level 
 ℏ𝜈௡೐ ୀଵ,௟೐  ୀ଴,௧೓ ୀଵ   (S) (5). The energy of this 
transition  

ℏ𝜔ଶሺ𝑆ሻ ൌ  𝐸௚ ൅   𝐸௡೐ ୀଵ,௟೐సబ  
ሺ𝑆ሻ ൅ 

൅ ℏ𝜈௡೐ ୀଵ,௟೐  ୀ଴,௧೓ ୀ଴(S).                                        (14) 

3. Lasing step: transition of the hole in the valence 
band between equidistant levels (𝑡௛ ൌ 0ሻ →  
(𝑡௛ ൌ 1ሻ  separated by the energy  

ℏ∆𝜔ሺ𝑆,𝑛௘ ൌ 1ሻ ൌ ℏ𝜔ሺ𝑆,𝑛௘ ൌ 1ሻ.                   (15) 

For QD of the radius a ൌ 2 nm , ℏ∆𝜔 ≅
54 meV (15) is several times greater than the 
thermal energy  𝑘஻ 𝑇.  

Thus, in a nanolaser on CdS QDs, the 
pumping energy   ℏ𝜔ଵ ≅ 3.12 eV (7) would 
correspond to visible light, and lasing at energy 
ℏ∆𝜔 ≅ 54 meV ሺ9ሻ 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 

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 
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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, nanolasers 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 (MAPbI₃), and cesium lead bromide 
(CsPbBr₃). 

QDs often have the formula CsPbX₃, 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, CsPbBr₃ 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 
(MAPbBr₃, CsPbBr, CsPbX₃) 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            
1.5–2.3 eV, an emission wavelength of             
520–800 nm, an ultra-low lasing threshold (up to 
1.9 W/cm²), 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 
ABX₃, where A is an organic or inorganic cation 
(e.g., Cs⁺, MA⁺ - methylammonium, FA⁺ - 
formamidine), B is a metal (usually Pb²⁺), and X 
is a halogen (Cl⁻, Br⁻, I⁻). Typical examples are 
CsPbBr₃, CsPbI₃, MAPbBr₃. 

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 μJ/cm²) 
[61, 74, 75, 77]. These QDs also have long-lived 
surface electron states with a lifetime             
τ ~ 20–50 ns [12–18, 61, 77]. 

Such QDs exhibit stable luminescence even 
without additional surface passivation [61, 75]. 
QDs based on CdSe, InP, and perovskite-based 
QDs (e.g., CsPbX₃, 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 μJ/cm²), 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 (ABX₃, in particular CsPbBr₃, 
MAPbI₃) 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 (ABX₃, 
for example, CsPbBr₃, CsPbI₃) 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        
10–100 ns [11, 12, 15, 17, 34, 44, 50, 61, 77]. 

In neuromorphic technologies, hybrid 
structures based on CsPbBr₃ 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 cm²/Vꞏs), an 
extended hysteresis window, and stability under 
multiple switching [61]. 

Due to the quantum confinement effect, 
CsPbBr₃ 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 10⁻¹⁵, 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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У міні-огляді аналізуються експериментальні та теоретичні дослідження й прикладне застосування 
нанолазерів на основі напівпровідникових та перовскітних квантових точок. Показано, що розвиток 
нанолазерів на основі квантових точок є наслідком тривалого прогресу у фізиці та хімії напівпровідників. 
Ефект розмірного квантування енергетичних рівнів електронів і дірок обумовив зміну спектрів 
випромінювання та поглинання в квантових точках, визваних варіацією їх розмірів. Ця обставина дозволила 
ансамблям квантових точок продемонструвати високі квантові виходи та вузькі спектральні ширини 
випромінювання та поглинання. З урахуванням цих ефектів були розроблені нанолазери з високими оптичними 
характеристиками. 
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Сучасні тенденції розвитку лазерних нанотехнологій враховують екологічні вимоги щодо зниження 
токсичності квантових точок. Використання гібридних наносистем, що містять перовскітні, 
напівпровідникові та діелектричні квантові точки, покращує кристалічність, збільшує рухливість носіїв 
заряду та ефективність переносу зарядів між шарами, тим самим підвищуючи квантову ефективність та 
розширюючи спектр випромінювання від видимого до ближнього інфрачервоного діапазону. 

Прикладний аспект зумовлений потенційними можливостями нанолазерів у створенні компактних 
фотонних чіпів, біосенсорів та джерел одиничних фотонів, що забезпечується високою ефективністю 
фотолюмінесценції, вузькою смугою випромінювання та низьким порогом генерації. 

Ключові слова: квантові точки, нанолазери, перовскіти, оптичні переходи, квантові енергетичні рівні 
 
 
 
 

REFERENCES 

1. Wang Z., Yin Z., Xie D., Wang Y. Self-powered bipolar photodetectors and nanolasers based on dye-modified 
lead-free perovskites for encrypted optical communication. ACS Photonics. 2025. 14(8): 1088. 

2. Guo Z., Duan X. Wang Z., Yin Z., Xie, Wang J. Beyond conventional views on iodine vacancies: spin–orbit 
coupling-mediated structural dynamics and photophysical implications in bulk perovskites in nanolasers. J. Phys. 
Chem. Lett. 2025. 16(31): 8657. 

3. Jiao Y., Gu B., Peng S. Invariance of energy exchange rates for light-dressed systems. J. Phys. Chem. Lett. 2025. 
16(31): 8627. 

4. Liu J., Liu X., Wang J., Liu Z., Zhou C. Multifunctional cross-linkable silane additive enables high-performance 
air-processed inverted CsPbI3 perovskite solar cells. J. Phys. Chem. Lett. 2025. 16(31): 8632. 

5. Chen D., Cai H., Xuan X., Hu Z. Data-driven description of the lattice thermal conductivity of two-dimensional 
materials. J. Phys. Chem. Lett. 2025. 16(32): 8165. 

6. Hou L., Hu S., Zhang B. Spacing controlled quantum resonance in colloidal CdSe quantum dot superlattices. 
J. Phys. Chem. Lett. 2025. 16(32): 8290. 

7. John R., Demirag Y., Shynkarenko Y. Reconfigurable halide perovskite nanocrystal memristors for neuromorphic 
computing. Nature Commun. 2022. 13(1): 2074. 

8. Kolomiets O., Stelmakh A., Kovalenko M. Designer sulfonium-based capping ligands for lead halide perovskite 
nanocrystals. ACS Nano. 2025. 19(30): 9117. 

9. Ghosh A., Palato S. Coherent multi-dimensional spectroscopy reveals homogeneous line shape dynamics in 
CsPbBr3 quantum dots. ACS Nano. 2025. 19(29): 7429. 

10. Kominko Y., Sabisch S., Kanak A. Stable, room-temperature, low-threshold amplified spontaneous emission from 
thermally evaporated cesium lead halide perovskites. ACS Nano. 2025. 19(18): 7771. 

11. Yakunin S., Chaaban J., Benin B.M., Cherniukh I. Radiative lifetime-encoded unicolour security tags using 
perovskite nanocrystals Radiative lifetime-encoded unicolour security tags using perovskite nanocrystals. Nature 
Commun. 2021. 12: 981. 

12. Pokutnii S.I. Absorption and scattering of light in quasi-zero-dimensional structures: I. Transition dipole moments 
of the charge carriers. Phys. Solid State. 1997. 39(4): 634. 

13. Pokutnyi S.I., Kulchin Y.N., Dzyuba V.P. Biexciton in nanoheterostructures of dielectric quantum dots. 
J. Nanophotonics. 2016. 10(3): 036008. 

14. Pokutnyi S.I. Exciton spectroscopy with spatially separated electron and hole in Ge/Si heterostructure with 
germanium quantum dots. Low Temp. Phys. 2018. 44(8): 819. 

15. Pokutnyi S.I. Absorption and scattering of light in quasi-zero-dimensional structures: II. Absorption and scattering 
of light by single-particle local states of the charge carriers. Phys. Solid State. 1997. 39(4): 528. 

16. Klyuev V.G., Volykhin D., Ovchinnikov O.V., Pokutnyi S.I. Relationship between structural and optical properties 
in colloidal CdxZn1-xS quantum dots in gelatin. J. Nanophotonics. 2016. 10(3): 033507. 

17. Pokutnyi S.I. Optical nanolaser on the heavy hole transition in semiconductor nanocrystals: theory. Phys. Lett. A. 
2005. 342(5): 347. 

18. Swift M.V., Efros Al. L., Erwi S. Controlling light emission from semiconductor nanoplatelets using surface 
chemistry. Nature Commun. 2024. 15(1): 41467. 

19. Ithurria S., Dubertret B. Quasi-2D colloidal CdSe platelets with thicknesses controlled attheatomic level. J. Am. 
Chem. Soc. 2008. 130(49): 16504. 

20. Ithurria S., Tessier M.D., Mahler B, Lobo R.P.S.M., Dubertret B., Efros Al.L. Colloidal nanoplatelets with two-
dimensional electronicstructure. Nature Mater. 2011. 10: 936. 



Semiconductor and perovskite quantum dots in nanolaser technologies (mini-review) 
______________________________________________________________________________________________ 

ISSN 2079-1704. CPTS 2026. V. 17. N 2                          189 

21. Tyagi P., Arveson S.M., Tisdale W.A. Colloidal organohalide perovskite nanoplatelets exhibiting quantum 
confinement. J. Phys. Chem. Lett. 2015. 6(10): 1911. 

22. Sapori D., Kepenekian M., Pedesseau L., Katan C., Even J. Quantum confinemen tand dielectric profiles of 
colloidal nanoplate letso fhalide inorganican dhybridorganic-inorganic perovskites. Nanoscale. 2016. 8(12): 
6369. 

23. Singh S. Tomar R., ten Brinck S., De Roo J., Geiregat P., Martins J., Infante I., Hens Z. Colloidal CdSe 
nanoplatelets, amodel for surface chemistry/optoelectronic property relations in semiconductor nanocrystals. 
J. Am. Chem. Soc. 2018. 140(41): 13292. 

24. Cho W., Kim S., Coropceanu I., Srivastava V., Diroll B., Hazarika A., Fedin I., Galli G., Schaller R., Talapin D. 
Direct synthesis of six-monolayer (1.9 nm) thick zinc-blendecd senanoplate lets emittingat 585 nm. Chem. Mater. 
2018. 30(20): 6957. 

25. Shornikova E., Biadala L., Yakovlev D., Sapega V., Kusrayev Y., Mitioglu A., Ballottin M., Christianen P., 
Belykh V., Kochiev M., Sibeldin N., Golovatenko A., Rodina A., Gippius N., Kuntzmann A., Jiang Y., 
Nasilowski M., Dubertret B., Bayer M. Addressing the exciton fine structure in colloidal nanocrystals: the case 
of CdSe nanoplatelets. Nanoscale. 2018. 10(2): 646. 

26. Meerbach C., Tietze R., Voigt S., Sayevich V., Dzhagan V., Erwin S., Dang Z., Selyshchev O., Schneider K., 
Zahn D., Lesnyak V., Eychmüller A. Brightly luminescent core/shell nanoplatelets with continuously tunable 
optical properties. Adv. Opt. Mater. 2019. 7(7): 1801478. 

27. Katan C., Mercier N., Even J. Quantum and dielectric confinement effects in lower-dimensional hybrid perovskite 
semiconductors. Chem. Rev. 2019. 119(5): 3140. 

28. Shornikova E., Dmitri R., Yakovlev D., Biadala L., Crooker S., Belykh V., Kochiev M., Kuntzmann A., 
Nasilowski M., Dubertret B., Bayer M. Negatively charged excitons in CdSe nanoplatelets. Nano Lett. 2020. 
20(2): 1370. 

29. Benchamekh R., Gippius N., Even J., Nestoklon M., Jancu J-M., Ithurria S., Dubertret  B., Efros A., Voisin P.  
Tight-binding calculations of image-charge effects in colloidal nanoscale platelets of CdSe. Phys. Rev. B. 2014. 
89: 035307. 

30. Shornikova E.V., Yakovlev D., Gippius N., Qiang G., Dubertret B., Khan A., Di Giacomo A., Moreels I., Bayer M. 
Exciton binding energy in CdSe nanoplatelets measured by one- and two-photon absorption. Nano Lett. 2021. 
21(24): 10525. 

31. Moure C., Peña O. Recent advances in perovskites: processing and properties. Prog. Solid State Chem. 2015. 
43(4): 123. 

32. Roy P., Ghosh A., Barclay F., Khare A., Cuce E. Perovskite solar cells: a review of the recent advances. Coatings. 
2022. 12(8): 1089. 

33. Shao J., Li D., Shi J.C., Wang Y., Liu X., Jiang X., Hao M., Zhang L., Liu C., Jiang Y., Wang Z., Zhong Y., Liu S., 
Mai Y., Liu Y., Zhao Y., Ning Z., Wang L., Xu B., Meng L., Bian Z., Ge Z., Zhan X., You J., Li Y., Meng Q. 
Recent progress in perovskite solar cells: material science. Sci. China Chem. 2022. 66: 10. 

34. Pokutnyi S.I. Optical absorption and scattering at one-particle states of charge carriers in semiconductot quantum 
dots. Semiconductors. 2006. 40: 217. 

35. Gramlich M., Swift M., Lampe C., Lyons J., Döblinger M., Efros A., Sercel P., Urban A. Dark and bright excitons 
in halide perovskite nanoplatelets. Adv. Sci. 2022. 9(5): 2103013. 

36. Naeem A., Masia F., Christodoulou S., Moreels I., Borri P., Langbein W. Giant exciton oscillator strength and 
radiatively limited dephasing in two-dimensional platelets. Phys. Rev. B. 2015. 91: 121302. 

37. Li Q., Liu Q., Schaller R.D., LianT. Reducing optical gain threshold in two-dimensional CdSe nanoplatelets by 
the giant oscillator strength transition effect. J. Phys. Chem. Lett. 2019. 10(7): 1624. 

38. Ji B., Rabani E., Efros A., Vaxenburg R., Ashkenazi O., Azulay D., Banin U., Millo O. Dielectric confinement 
and excitonic effects in twodimensional nanoplatelets. ACS Nano. 2020. 14(7): 8257. 

39. Diroll B.T., Schaller R.D. Reexamination of the giant oscillator strength effect in CdSe nanoplatelets. J. Phys. 
Chem. C. 2023. 127(9): 4601. 

40. Di Giacomo A., Rodà C., Khan A.H., Moreels I. Colloidal synthesis of laterally confined blue-emitting 3.5 
monolayer CdSe nanoplatelets. Chem. Mater. 2020. 32(21): 9260. 

41. Christodoulou S., Climente J., Planelles J., Brescia R., Prato M., Martín-García B., Khan A., Moreels I. Chloride-
induced thicknes control in CdSe nanoplatelets. Nano Lett. 2018. 18(10): 6248. 

42. Achtstein A.W., Ayari S., Helmrich S., Quick M., Owschimikow N., Jaziri S., Woggon U. Tuning exciton 
diffusion, mobility and emission line width in CdSe nanoplatelets via lateral size. Nanoscale. 2020. 12(46): 
23521. 



Pokutnii S.I., Gromovoy T.Yu. 
______________________________________________________________________________________________ 

190                             ISSN 2079-1704. CPTS 2026. V. 17. N 2 

43. Diroll B.T., Dabard C., Lhuillier E., Ithurria S. Band edge excitons and amplified spontaneous emission of 
mercury chalcogenide nanoplatelets. Adv. Opt. Mater. 2024. 12(9): 2302004. 

44. Liu M., Yazdani N., Yarema M., Jansen M., Wood V., Sargent E. Colloidal quantum dot electronics. Nature 
Electron. 2021. 4: 548. 

45. Ahn N., Livache C., Pinchetti V., Jung H., Jin H., Hahm D., Park Y., Klimov V. Electrically driven ampli fied 
spontaneous emission from colloidal quantum dots. Nature. 2023. 617: 79. 

46. Tessier M.D., Javaux C., Maksimovic I., Loriette V. Dubertret B. Spectroscopy of single CdSe nanoplatelets. ACS 
Nano. 2012. 6(8): 6751. 

47. Tessier M.D., Biadala L., Bouet C., Ithurria S., Abecassis B., Dubertret B. Phonon line emission revealed by self-
assembly of colloidal nanoplatelets. ACS Nano. 2013. 7(4): 3332. 

48. Achtstein A.W., Schliwa A., Prudnikau A., Hardzei M., Artemyev M., Thomsen C., Woggon U. Electronic 
structure and exciton-phonon interaction in two-dimensional colloidal CdSe nanosheets. Nano Lett. 2012. 12(6): 
3151. 

49. Antolinez F.V., Rabouw F.T., Rossinelli A.A., Cui J., Norris D.J. Observation of electron shakeup in CdSe/CdS 
core/shell nanoplatelets. Nano Lett. 2019. 19(12): 8495. 

50. Travello- Giner C., Proupin E.M., Ekimov A.I. Optical vibrons in CdSe dots and dispersion relation of the bulk 
material. Physical Rev. B. 1998. 57(8): 4664. 

51. Hills‐Kimball K., Yang H., Cai T., Wang J., Chen O. Recent advances in ligand design and engineering in lead 
halide perovskite nanocrystals. Adv. Sci. 2021. 8(12): 214. 

52. Wang K., Wang S., Xiao S., Song Q. Recent advances in perovskite micro‐ and nanolasers. Adv. Opt. Mater. 2018. 
6(18): 278. 

53. Wei Q., Li X., Liang C., Zhang Z., Guo J., Hong G., Xing G., Huang W. Recent progress in metal halide perovskite 
micro‐ and nanolasers. Adv. Opt. Mater. 2019. 7(17): 80. 

54. Stephen A., Biju A., Sona C., Peediyekkal J. Recent trends in synthesis, properties, and applications of CsPbX3 
quantum dots: A review. J. Lumi. 2024. 269: 120462. 

55. Protesescu L., Yakunin S., Bodnarchuk M., Krieg F., Caputo R., Hendon C., Yang R., Walsh A., Kovalenko M. 
Nanocrystals of cesium lead halide perovskites (CsPbX3, X = Cl, Br, and I): novel optoelectronic materials 
showing bright emission with wide color gamut. Nano Lett. 2015. 15(6): 3692. 

56. Chen Y., Yu M., Ye S., Song J., Qu J. All-inorganic CsPbBr3 perovskite quantum dots embedded in dual-
mesoporous silica with moisture resistance for two-photon-pumped plasmonic nano lasers. Nanoscale. 2018. 
10(14): 6704. 

57. Hsieh Y., Hsu B., Peng K., Lee K., Chu C., Chang S., Lin H., Yen T., Lu Y. Perovskite quantum dot lasing in a 
gap-plasmon nanocavity with ultralow threshold. ACS Nano. 2020. 14(9): 11670. 

58. Williams R., Wolszczak W., Yan X., Carroll D. Perovskite quantum-dot-in-host for detection of ionizing radiation. 
ACS Nano. 2020. 14(5): 5161. 

59. Lei L., Dong Q., Gundogdu K., So F. Metal Halide Perovskites for Laser Applications. Adv. Funct. Mater. 2021. 
31(16): 144. 

60. Dong H., Zhang C., Liu X., Yao J., Zhao Y. Materials chemistry and engineering in metal halide perovskite lasers. 
Chem. Soc. Rev. 2020. 49(3): 951. 

61. Huang C., Li H., Wu Y., Lin C., Guan X., Hu L., Kim J., Zhu X., Zeng H, Wu T. Inorganic halide perovskite 
quantum dots: a versatile nanomaterial platform for electronic applications. Nano-Micro Lett. 2022. 15: 983. 

62. Lin J., Gomez L., De Weerd C., Fujiwara Y., Gregorkiewicz T., Suenaga K. Direct observation of band structure 
modifications in nanocrystals of CsPbBr3 perovskite. Nano Lett. 2016. 16(11): 7198. 

63. Mishra L., Behera R., Panigrahi A., Dubey P., Dutta S., Sarangi M. Deciphering the relevance of quantum 
confinement in the optoelectronics of CsPbBr3 perovskite nanostructures. J. Phys. Chem. Lett. 2023. 14(10): 
2651. 

64. Barfüßer A., Rieger S., Dey A., Tosun A., Akkerman Q., Debnath T., Feldmann J. Confined excitons in spherical-
like halide perovskite quantum dots. Nano Lett. 2022. 22(22): 8810. 

65. Dyksik M., Wang S., Paritmongkol W., Maude D., Tisdale W., Baranowski M., Płochocka P. Tuning the excitonic 
properties of the 2D (PEA)2(MA)n-1PbnI3n+1 perovskite family via quantum confinement. J. Phys. Chem. Lett. 
2021. 12(6): 1638. 

66. Vogel D., Kryjevski A., Inerbaev T., Kilin, D. Photoinduced single- and multiple-electron dynamics processes 
enhanced by quantum confinement in lead halide perovskite quantum dots. J. Phys. Chem. Lett. 2017. 8(13): 
3032. 

67. Xing D., Chen M., Wang Z., Deng C., Ho Y., Lin B., Lin C., Chen C., Delaunay J. Solution‐processed perovskite 
quantum dot quasi‐bic laser from miniaturized low‐lateral‐loss cavity. Adv. Funct. Mater. 2024. 34(26): 14953. 

68. Huang C., Zou C., Mao C., Corp K., Yao Y., Lee Y., Schlenker C., Jen A., Lin L. CsPbBr3 perovskite quantum 
dot vertical cavity lasers with low threshold and high stability. ACS Photonics. 2017. 4(9): 2281. 



Semiconductor and perovskite quantum dots in nanolaser technologies (mini-review) 
______________________________________________________________________________________________ 

ISSN 2079-1704. CPTS 2026. V. 17. N 2                          191 

69. Tian J., Tan Q., Wang Y., Yang Y., Yuan G., Adamo G., Soci C. Perovskite quantum dot one-dimensional 
topological laser. Nat. Commun. 2022. 14: 963. 

70. Wang L., Meng L., Chen L., Huang S., Wu X., Dai G., Deng L., Han J., Zou B., Zhang C., Zhong H. Ultralow-
threshold and color-tunable continuous-wave lasing at room-temperature from in situ fabricated perovskite 
quantum dots. J. Phys. Chem. Lett. 2019. 10(12): 3248. 

71. Li Z., Gao Z., Liu L., Zhang K., Ma R., Wang Y., Yang G., Shi K. 3D patterning of perovskite quantum dots via 
direct in situ femtosecond laser writing. Nano Lett. 2025. 25(18): 7410. 

72. Ye L., Hong S., Lu C., Zhao Q. Stable random laser of perovskite quantum dots based on SiO2-QDs-SiO2 
composite nanostructure. J. Lumin. 2025. 277: 120990. 

73. Ning Z., Gong X., Comin R., Walters G., Fan F., Voznyy O., Yassitepe E., Buin A., Hoogland S., Sargent E. 
Quantum-dot-in-perovskite solids. Nature. 2015. 523: 324. 

74. Zou J., Li M., Zhang X., Zheng W. Perovskite quantum dots: synthesis, applications, prospects, and challenges. 
J. Appl. Phys. 2022. 132(22): 220901. 

75. Wang H., Bao Z., Tsai H., Tang A., Liu R. Perovskite quantum dots and their application in light-emitting diodes. 
Small. 2018. 14(1): 2433. 

76. Chen L., Dai J., Lin J., Mo T., Lin H., Yeh H., Chuang Y., Jiang S., Lee C. Wavelength-tunable and highly stable 
perovskite-quantum-dot-doped lasers with liquid crystal lasing cavities. ACS Appl. Mater. Interfaces. 2018. 
10(39): 33307. 

77. Ye J., Gaur D., Mi C., Chen Z., Fernández I., Zhao H., Dong Y., Polavarapu L., Hoye R. Strongly-confined 
colloidal lead-halide perovskite quantum dots: from synthesis to applications. Chem. Soc. Rev. 2024. 53(16): 
8095. 

78. Chen H., Pina J., Hou Y., Sargent E. Synthesis, applications, and prospects of quantum‐dot‐in‐perovskite solids. 
Adv. Energy Mater. 2021. 12(4): 774. 

79. Cao J., Geng Y., Wu L., Zhang Y., Xu J., Xie H., Pan Y. Recent progress in organic-inorganic hybrid perovskites 
quantum dots. Chem. Select. 2025. 10(17): e202501401. 

80. You H., Yu H., Lee E., Soo H., Kim Y., Choi J. Quantum dot in perovskite hybrids for photovoltaics: progress 
and perspective. Appl. Phys. Rev. 2024. 11: 041329. 

81. Han J., Luo S., Yin X., Zhou Y., Nan H., Li J., Li X., Oron D., Shen H., Lin H. Hybrid PbS quantum-dot-in-
perovskite for high-efficiency perovskite solar cell. Small. 2018. 14(31): e1801016. 

 
 
 
 

Received 29.08.2025 
Accepted 01.05.2026 

Published 29.05.2026 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Coated FOGRA39 \050ISO 12647-2:2004\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /RUS <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


