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The minireview analyses fundamental experimental and theoretical re-
search and applied applications of nanolasers based on semiconductor (in-
cluding also perovskite) quantum dots. As shown, the development of 
nanolasers based on semiconductor and perovskite quantum dots is a con-
sequence of long-term progress in the physics and chemistry of semicon-
ductors. Due to the dimensional quantum limitation of the motion of qua-
siparticles (electrons and holes) in quantum dots, it becomes possible to 
vary the emission and absorption spectra by changing the sizes of quan-
tum dots in the nanorange. This allowed semiconductor and perovskite 
quantum dots to demonstrate a high quantum yield and a narrow width of 
the emission spectrum. These properties of semiconductor (including also 
perovskite) quantum-dots’ ensembles made it possible to develop a number 
of nanolasers with high optical characteristics. Current trends in laser-
technology development are focused on environmental requirements, in 
particular, on the development of lead-free perovskite quantum dots to 
reduce toxicity. Hybridization of perovskite quantum dots allows pas-
sivation of the surface, reduction of defect density and increase of charge-
carrier lifetime, which lowers the threshold of laser generation and in-
creases the stability of the devices. Such hybrid systems demonstrate im-
proved crystallinity, increased charge-carrier mobility and efficient 
charge transfer between layers that contributes to increasing quantum 
efficiency and expanding the emission spectrum from the visible range to 
the near-infrared range. This opens up new opportunities for the creation 
of highly efficient, stable and environmentally safe optoelectronic and la-
ser devices of a new generation. 

В мініогляді проведено аналізу фундаментальних експериментальних і 
теоретичних досліджень та прикладних застосувань нанолазерів на ос-
нові напівпровідникових (включаючи також перовськітних) квантових 
цяток. Показано, що розвиток нанолазерів на базі напівпровідникових 
і перовськітних квантових цяток є наслідком тривалого проґресу в фі-
зиці та хемії напівпровідників. Завдяки розмірному квантовому обме-
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женню руху квазичастинок (електронів і дірок) у квантових цятках 
стало можливим варіювати спектри випромінення та вбирання шляхом 
зміни розмірів квантових цяток у нанодіяпазоні. Це уможливило в на-
півпровідникових і перовськітних квантових цятках демонструвати ви-
сокий квантовий вихід і вузьку ширину спектру випромінення. Ці вла-
стивості ансамблів напівпровідникових (включаючи також перовськіт-
них) квантових цяток надали можливість розробити цілий ряд нанола-
зерів з високими оптичними характеристиками. Сучасні тенденції роз-
витку лазерних технологій орієнтовано на екологічні вимоги, зокрема 
на розробку безплюмбумових перовськітних квантових цяток для зме-
ншення токсичности. Гібридизація квантових цяток перовськітів 
уможливлює пасивувати поверхню, зменшити густину дефектів і під-
вищити час життя носіїв заряду, що понижує поріг лазерної ґенерації 
та підвищує стабільність роботи пристроїв. Такі гібридні системи де-
монструють поліпшену кристалічність, підвищені рухливість носіїв за-
ряду й ефективне перенесення заряду між шарами, що сприяє підви-
щенню квантової ефективности та розширенню спектру випромінення 
від видимого до близького інфрачервоного діяпазону. Це відкриває нові 
можливості для створення високоефективних, стабільних і екологічно 
безпечних оптоелектронних і лазерних пристроїв нового покоління. 

Key words: perovskites, quantum dots, optical transitions, quantum ener-
gy levels, nanolasers. 
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1. INTRODUCTION 

Nanolasers based on semiconductor (including also perovskite) 
quantum dots (QDs) are attracting significant attention from re-
searchers 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, ena-
bled by high photoluminescent efficiency, narrow emission band-
width, and low lasing thresholds [20–28]. 
 A key theoretical challenge in studying nanosystems is describing 
the interaction of electromagnetic fields with surface electronic 
states localized at the interfaces of nanosystems [11–18]. This ap-
proach requires accurately modelling interactions (Coulomb, polari-
zation, 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 effec-
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tive mass approximation remains valid [11–18]. 
 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, LEDs, lasers) due to several objec-
tive reasons. Firstly, their unique optoelectronic properties, par-
ticularly 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 una-
vailable, and synthesis methods were limited, preventing the crea-
tion 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 inter-
actions, 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 (including 
also perovskite) QDs is the result of long-term progress in semicon-
ductor physics and chemistry. In the 1980s and 1990s, the founda-
tions for creating QDs—nanocrystals, which allow tuning of emis-
sion 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 aluminium 
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]. A major break-
through occurred with the synthesis of halide perovskite QDs with 
the formula CsPbX3 (XCl, Br, I), which combined the advantages 
of classical QDs and perovskites—high photoluminescent efficiency 
(up to 90–100%), narrow spectral width (18–36 nm), a wide tunea-
ble emission range (from blue to red), and high carrier mobility [53, 
54]. Key contributions came from studies [6, 11, 15, 55], which 
first demonstrated the effectiveness of such QDs for nanolasers, 
providing low lasing thresholds and emission stability [53]. 
 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 
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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]. 
 Research has focused on optimizing the composition of perov-
skites (e.g., fully inorganic CsPbBr3), morphology, and surface lig-
ands 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 significantly improved moisture re-
sistance and device durability, while the use of plasmonic 
nanostructures reduced lasing thresholds and expanded functionali-
ty for biophotonics [56]. Thus, the development of nanolasers based 
on semiconductor and perovskite QDs illustrates a rapid evolution 
from fundamental discoveries to practical applications in modern 
optoelectronic technologies [12–17, 51–54]. 
 Following initial studies of halide perovskites, which exhibited 
high absorption coefficients (10 cm

1) and long carrier diffusion 
lengths (up to 1 µm), their potential in laser technologies was rec-
ognized [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 confine-
ment, enabled precise tuning of emission spectra: blue (CsPbCl3, 
410–430 nm), green (CsPbBr3, 510–520 nm), and red (CsPbI3, 680–
700 nm) [52, 57]. Subsequently, hybrid structures such as ‘quan-
tum-dot-in-perovskite’ were developed, where colloidal QDs were 
integrated into a perovskite matrix, improving charge transfer and 
stability [58]. A significant breakthrough was the creation of nano-
lasers with ultralow lasing thresholds (e.g., 1.9 W/cm2 at 120 K for 
CsPbBr3 QDs) and small mode volumes ( 0.2%), enabling their inte-
gration into photonic chips [57]. Each step was accompanied by im-
provements in the physical parameters of materials and devices, fa-
cilitating the transition from laboratory samples to practical nano-
lasers with controllable properties [52, 56–58]. 
 This minireview analyses fundamental experimental and theoreti-
cal studies and applied applications of nanolasers based on semicon-
ductor (including also perovskite) quantum dots. As shown, their 
applied interest stems from their potential to create compact pho-
tonic chips, biosensors, and single-photon sources, enabled by high 
photoluminescent efficiency, narrow emission bandwidth, and low 
lasing thresholds. 

2. SEMICONDUCTOR QUANTUM DOTS IN NANOLASERS 

The unique optoelectronic properties of semiconductor and perov-
skite QDs have enabled the creation of nanolasers [17, 34, 44, 50]. 
QDs made of cadmium and zinc sulphides/selenides, gallium arse-
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nide, and perovskites such as CsPbBr3 and CsPbI3 exhibit low defect 
densities, high carrier mobility (up to 60 cm2/(Vs)), 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 in-
terband transitions of charge carriers (electrons and holes) across a 
wide range, including near-infrared and optical spectral regions 
[59]. 
 Chemically, perovskites are easily synthesized by solution meth-
ods, which simplify their application in nanolasers [59, 60]. Quan-
tum confinement in semiconductor and perovskite QDs occurs, when 
the radii a of the QD become smaller than the Bohr radius of the 
exciton 2 2

/ ( )ex exa m e   (
 

/ ( )ex e h h em m m m m  —the reduced 
mass of the exciton in the QD , me and mh—the effective masses of 
the electron and hole in the QD; —the dielectric constant of the 
QD), Bohr radius of the electron 2 2

/ ( )e ea m e  and Bohr radius of 
the hole 2 2

/ ( )h ha m e  , i.e., the conditions must be fulfilled [11–
18] as follow: 

   , ,e h exa a a a . (1) 

 Usually, the Bohr radii of quasiparticles ae, ah, aex are of the or-
der of 2–7 nm [11–18]. We will assume that the motion of qua-
siparticles (electrons, holes, and excitons) in QDs can be described 
in the effective-mass approximation [11–18]. We will describe QDs 
by the model of an infinite spherical-potential well. Then, the lower 
energy levels of the electron 

,
(  )

e en lE a  in the conduction band of QDs 
and the hole 

,
( )

h hn lE a  in the valence band of QDs are determined by 
the formulas [11–18] 

 
2 2

,

2

,
  2( ) ( ) / ( )

e e e en l n l eE a m a  , (2) 

 
2 2

,

2

,
  / (2( ) ( ) )

h h h hn l n l hE a m a  , (3) 

where the subscripts ( , )e en l  and ( ),h hn l  are the principal and azi-
muthal quantum numbers for the electron and the hole; and 

,n l  are 
the roots of the Bessel function, i.e., 

1/2 ,
( ) 0l n lJ


  . The expressions 

,
( )

e en lE a  (2) and 
,

( )
h hn lE a  (3) correctly describe the lower quantum-

dimensional energy levels of the electron and hole within the QD, if 
their position is much lower than the depth of the QD potential well 
(of the order of the band gap width Eg). In this case, the conditions 
are satisfied as follow: 

 , ,
( ) ( ),

e e h hn l n l gE E aa E . (4) 

 Fulfilment of condition (4) also allows us to consider the motion 
of quasiparticles within the QD, in which the conduction band and 
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the valence band have a parabolic shape. To observe the energy lev-
els of an electron (2) and a hole (3) in a QD at room temperature T0, 
it is necessary that the energy distance between adjacent levels, 

 
( ) 0

( )e h BaE k T , (5) 

was much smaller than a quantum of thermal energy kBT0 [11–18]. 
 When conditions (1), (4) and (5) are met, as a result of interband 
transitions of an electron from quantum-dimensional energy levels 

,
( )

e en lE a  (2) to quantum-dimensional energy levels 
,

( )
h hn l aE  (3) in a 

QD, emission (absorption) spectra are formed [11–18]: 

 
, , ,
( ) ( ) ( )   

e e h hn l n l n l gE a Ea a E   , (6) 

where ,
( )n l a  is the quantum of light emitted during the transi-

tion. The selection rules allow only interband transitions, in which 
the quantum numbers ( )e hn n  and ( )e hl l  of the electron and hole 
are preserved. With a decrease in the radius a of the QD, the posi-
tions of the quantum-dimensional energy levels 

,

2
( )

e en lE a a  (2) of 
the electron and 

,

2
( )

h hn lE a a  (3) of the hole shift upward, ap-
proaching the boundary of the QD potential well. As a result, the 
energy levels 

,
( )

e en l aE  (2) of the electron and 
,

( )
h hn l aE  (3) of the hole 

are pushed out of the QD potential well. For instance, for the CdS 
QD with a radius a2 nm, only two electron levels ( 1, 0)e en l  , 
( 1, 1)e en l   and two hole levels ( 1, 0h hn l  ), ( 1, 1h hn l  ) re-
main in the QD potential wells [17]. These interband transitions can 
be used in the operation of CdS QD nanolasers [17]. The decrease in 
the radius a of the QD also led to an increase in the effective band-
gap width 

2

,
( ( ) )n l a a   of the QD [11–18, 61, 62]. Therefore, 

varying the parameters of nanosystems, such as the values of the 
effective masses of quasiparticles and the radii a of the QD, allows 
for the directed production of nanosystems with predetermined op-
tical properties. 
 For CsPbBr3-perovskite QDs, a size reduction from 8.5 to 4.1 nm 
causes an increase in the band gap from 2.37 to 2.5 eV, which is 
accompanied by a blue shift of photoluminescence [11, 61, 62]. In 
such QDs, an increased exciton binding energy is observed (for ex-
ample, for CsPbBr3 nanoplates, it can exceed 40 meV), which ensures 
efficient charge transfer and a longer lifetime of excited states 
compared to bulk crystals [11, 63, 64]. In two-dimensional perov-
skites, a decrease in the layer thickness leads to an increase in the 
effective mass of carriers and an increase in the exciton binding en-
ergy, which allows tuning the optical properties [65]. Quantum con-
finement also affects the rate and mechanisms of relaxation: for 
example, in MAPbI3 QDs, multiexciton generation processes occur 
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in a few femtoseconds and radiative recombination in nanoseconds 
[66]. Due to these effects, perovskite QDs exhibit high photolumi-
nescence quantum efficiency, narrow emission spectrum width, and 
the ability to tune precisely the colour of the glow through control 
of size and composition [61, 62]. This makes perovskites 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 character-
istics. 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10 
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 ones), a narrow 
emission band (0.1–0.2 nm), and the possibility of flexible 3D pat-
terning for integration into miniature photonic chips, displays, sen-
sors, and biomedical devices [56, 67, 70, 71]. An important ad-
vantage 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 CsPbBr3 QDs, which are defect-
resistant and provide single-mode generation even with miniaturiza-
tion [69]. 

3. THEORETICAL MODEL OF AN OPTICAL NANOLASER 
ON HEAVY HOLE TRANSITIONS 

The optical properties of quasi-0D structures consisting of spherical 
semiconductor (or dielectric) nanocrystals (NCs) (or QDs) of radius 
a1–10 nm, grown in transparent dielectric (or semiconductor) 
matrices, are currently being intensively studied [11–18]. Optical 
and nonlinear optical properties of heterophase nanosystems are de-
termined by the energy spectrum of spatially limited electron–hole 
pairs (EHP) (or excitons) [11–18]. Quantum size effects have been 
detected in the energy spectra of electrons and excitons in such 
quasi-0D structures using optical spectroscopy [11–18]. 
 The motion of charge carriers in NC, like in QDs, is limited in 
three directions. Therefore, the energy spectrum of charge carriers 
is discrete in NC with linear dimension of the order 1–10 nm [12, 



72 S. I. POKUTNII, V. O. MASHIRA, and T. Yu. GROMOVOY 

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 hE , between electron and hole levels are of the order of 
a few 

  0 
  Bk T  at the room temperature T0. In Ref. [17], it was dis-

cussed theoretically the prospect of using semiconductor NCs for 
designing nanolasers. 
 The energy spectrum of an EHP 

 
   

,

0,

2 2 2 1

0 0 2 1

,

,
    ( , ) 3 2 ,
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e e h

e e

n l t

g e n n e h

E

E n S Kb S Z P S n t

S


         



 
 (7) 

in the quantum state 
, 0

( , )e e hn l t


; ( ,e en l ) are the principal and orbital 
quantum numbers of the electron, and th are the principal quantum 
number of the hole in a spherical NC with permittivity 

2
 , sub-

merged in a dielectric matrix with 1 such that 21 was obtained 
in Ref. [17] within the adiabatic approximation (memh, where me 
and mh are the effective masses of an electron and a hole in the NC) 
using only the first-order perturbation theory in the functions of a 
spherical-potential well of infinite depth. Here, 2 0,1,h r ht n l    
(nr is the hole radial quantum number and lh is the orbital quantum 
number of a hole), Sa/ah is the dimensionless radius of the NC, 
and ah and Eg—the Bohr radius of the hole and the band gap in an 
infinite semiconductor with permittivity 

2
 , respectively. The ener-

gy in Eq. (1) is measured in the units of 2 2
(2 )h hRy m a , the coef-

ficient K0.67 accounts for the variance of the NCs with respect 
to the radii a [17], and the parameter bme/mh. The parameters 

,0
 

enZ  and ,0
 

enP  were determined in Refs. [17]: 

 

1

2 1

,

2

0

0

2 (1   ) sin ( )
en eZ dx x n x   , (8) 

 
0 2 1,

 2 (2 ) 2ln(2 ) 2 1
en e eP Ci n n          , (9) 

where Ci(y) is the cosine integral and d0.577—the Euler constant. 
 The EHP spectrum (7) was obtained for NCs whose sizes a are 
limited by the condition 

 a0ahaae, (10) 

where ae are the Bohr radius of the electron in an infinite semicon-
ductor with permittivity 2, and a0 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 sur-
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face 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 electron and a hole in the NC in the effective-mass approxi-
mation. 
 The last term in the EHP spectrum (7) gives the hole spectrum 

, 0,
( )

e e hn l t S


  in oscillator form [17]: 

  ,

1

, 0, 0
) ( ) 3 2( ,

e e h en l t n e hP S S tS n


     , (11) 

  
1/2

2 2 3/2
( , ) 2.232 1 (2 3)e eS n n S    , (12) 

where (S,ne) is the frequency of the hole-oscillator vibrations, in 
an adiabatic electronic potential [17]. The second term in Eq. (7) 
(kinetic energy of the electron), which is due to the purely spatial 
limitation of the quantization region, makes the main contribution 
to the EHP spectrum (1) obtained within the adiabatic approxima-
tion, and the last two terms, which are associated with the Coulomb 
and polarization of the electron and the hole with the surface of the 
NC, 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, 
contributes to the renormalization of the energy gap (8) of the NCs. 
 In Ref. [17], interband absorption spectra of CdS NC (2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 (me/m00.205) and (mh/m05), re-
spectively (i.e., memh). 
 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 quantiza-
tion of the electron (ne1). The above structure is caused by quan-
tization of the hole energy spectrum in the adiabatic potential of 
the electron. 
 From the comparison of formula (6) (for ne1) with the experi-
mental dependence of the splitting magnitude of the NC size a ob-
tained in Refs. [17], it follows that, for NC of radii 1.5a3.0 
nm, the splitting (S, ne) (12) is in good agreement with the exper-
imental 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 ma-
trices was formulated [17] as follow. 
 1. Pumping: the hole transition from energy level 

1, 0, 1
( )

e e hn l t S
  

  
(11) to electron state ( 1, 0e en l  ) (1s state) (7) in conduction band 
with energy 
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1 1, 0 1, 0, 1

  ) (  ( ( ) )
e e e e hg n l n l tS SE SE
    

     . (13) 

 2. Creation of inverse population on the hole level (th0 by 
means of electron transition from the energy level 

01,
( )

e en l SE


 (1), 
with spin flip [50], to the hole energy level 

1, 0, 1
( )

e e hn l t S
  

  (5). The 
energy of this transition 

 
2 1, 0 1, 0, 0
( ) ( ) ( )

e e e e hg n l n l tS SE E S
    

    . (14) 

 3. Lasing step: transition of the hole in the valence band between 
equidistant levels (th0)(th1) separated by the energy 

 ( , 1) ( , 1)e eS n S n     ; (15) 

for NC of the radius a2 nm, 54 meV (15) is several times 
greater than the thermal energy Bk T . 
 Thus, in a nanolaser on CdS NCs, the pumping energy ħ13.12 
eV (7) would correspond to visible light, and lasing at energy 
54 meV (9) would occur in the infrared range. 

4. APPLICATION OF NANOLASERS IN OPTICAL 
INTERCONNECTS 

Due to their unique properties, nanolasers based on perovskite and 
semiconductor QDs fined a variety of applications. In each specific 
application (for example, optical interconnects, photonics, biopho-
tonics), not all general properties of perovskite and semiconductor 
QDs are used, namely those that are critical to achieving the de-
sired functions and efficiency of the device. Properties such as band 
gap width, emission wavelength, generation threshold, carrier 
transfer rate, and moisture stability are not just universal charac-
teristics, but those that are specially selected and optimized for a 
specific field of application. 
 Thus, in the field of optical interconnects, nanolasers based on 
perovskite and semiconductor QDs are used as sources of coherent 
light 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 
caesium 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 in-
tegrated photonic circuits, sensors, spectroscopic systems, and opti-
cal computers. High quantum efficiency, a wide emission spectrum, 
and the ability to tune precisely the wavelength make these materi-
als versatile for such photonic applications [1, 56, 74]. For example, 
CsPbBr3 perovskite QDs embedded in a two-layer mesoporous silica 
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matrix demonstrate efficient two-photon excitation and moisture 
resistance, which allows them to be used in biophotonics and sen-
sors. Such nanolasers are characterized by high optical quality fac-
tor, high carrier transfer rate and bright emission even in the near 
infrared range [56, 73]. Experiments have shown that photoelec-
trons 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 (e.g., MAPbBr3, CsPbBr3, 
CsPbX3) characterized by a band gap of 1.5–2.3 eV, a radiation 
wavelength of 520–800 nm, an ultralow generation threshold (up to 
1.9 W/cm2), and a high optical Q-factor have the potential for ef-
fective integration into optical interconnects and photonic devices 
[57, 73–76]. 

5. APPLICATION OF NANOLASERS IN BIOMARKET 
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

), X is a halogen (Cl


, Br


, I


). Typical examples are CsPbBr3, 

MAPbBr3, and CsPbI3. 
 The quantum dimensional effect in QDs with sizes of 2–10 nm 
makes it possible to tune precisely the values of the effective band 
gap and emission spectra by changing the particle size [12–18, 61, 
75, 77]. Perovskite QDs used in nanolasers are characterized by 
high photoluminescence quantum efficiency (PLQY90%), narrow 
emission bandwidth (FWHM15–30 nm), wide wavelength tuning 
range (400–800 nm) and low lasing threshold (I_th 10–100 
µJ/cm2) [61, 74, 75, 77], existence of long-lived edge-dimensional 
electronic states with lifetime 20–50 ns [12–18, 61, 77]. Due to 
high defect tolerance and ease of synthesis, such QDs demonstrate 
stable luminescence even without additional surface passivation [61, 
75]. CdSe, InP-based QDs, as well as perovskite QDs (e.g., CsPbIX3, 
where XCl, Br, I) are used for cell biomarkers, protein and DNA 
sensing, and for the creation of highly sensitive biosensors [74, 77]. 
In biomedical applications, perovskite QDs are encapsulated in bio-
compatible shells (e.g., SiO2, polymers), which ensures stability in 
aqueous media and minimizes toxicity [61, 75]. Thus, CsPbBr3@SiO 
QDs are used for high-resolution cell labelling and for sensing metal 
ions and biomolecules due to changes in luminescence intensity up-
on interaction with the analyte [61, 74]. In laser biosensors based 
on perovskite QDs, a generation threshold of  100 µJ/cm2 is 
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achieved that allows them to be used for point sensing of biological 
objects [77]. Thus, nanolasers based on perovskite QDs (ABX3, in 
particular, CsPbBr3, MAPbBr3) and QDs (CdSe, InP, CsPbBr3), which 
have found application in this field combine high photolumines-
cence, narrow emission band, low generation threshold and the pos-
sibility of biofunctionalization, which makes them ideal for modern 
biomarkers, sensing and diagnostics [61,74, 75, 77]. 

6. APPLICATIONS IN QUANTUM AND NEUROMORPHIC 
TECHNOLOGIES 

Nanolasers based on perovskite QDs (ABX3, e.g., CsPbBr3, CsPbI3) and 
semiconductor QDs (CdSe, InP, PbS) demonstrate unique physical 
properties, which makes them promising for quantum and neuro-
morphic technologies (systems whose architecture and operating 
principles are similar to the biological brain). The main physical pa-
rameters, which give them promise in such applications, are the 
bandgap widths (from 1.7 to 2.3 eV); photoluminescence quantum 
efficiency (PLQY) can exceed 90–99% even without additional pas-
sivation; emission bandwidth (FWHM)—15–30 nm; excited state 
lifetime—10–100 ns; QD sizes are of 4–12 nm (strong quantum 
confinement) [11, 12, 15, 17, 34, 44, 50, 61, 77]. 
 For quantum technologies, the important properties are single-
photon emission, narrow spectral line, spin control and coherence: 
for example, CsPbBr3 QDs demonstrate emission coherence up to 80 
ps, as well as the possibility of spin control through size and com-
position [61, 77]. In quantum computing and cryptography, such 
QDs are used as single-photon sources for quantum communica-
tions, as well as for multistimulus optical coding and 3D optical 
memory [61, 74, 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, simula-
tion of short- and long-term memory, and associative learning [61]. 
Promising transistors based on perovskite QDs demonstrate high 
carrier mobility (up to 10 cm2/(Vs)), an extended hysteresis win-
dow, and stability under multiple switching [61]. Highly confined 
CsPbBr3 QDs with dimensions (4–8 nm) are a source of single pho-
tons for quantum computing, with high colour 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 
Joules, which allows us to recognize weak signals and simulate syn-
aptic transmission [61]. 
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7. PROSPECTS FOR THE DEVELOPMENT OF LASER-
TECHNOLOGY RESEARCH 

One of the main problems of theoretical research on nanosystems is 
the correct description of the interactions of nanoparticles (Cou-
lomb, polarization, exchange, spin–orbit, spin–spin ones) with the 
interfaces of nanosystems (semiconductor–dielectric–metal) [12–
18]. Theoretical modelling of hybrid nanosystems based on perov-
skite and semiconductor QDs, which takes into account quantum-
dimensional effects, allows us to predict the influence of the size, 
shape and composition of QDs on the effective band gap, emission 
and absorption spectra that is key to optimizing the optoelectronic 
properties of materials [12–18, 78, 79]. Studies show that the in-
teraction between nanoparticles localized above the QD surfaces in 
the perovskite matrix can lead to efficient energy transfer, changes 
in the emission and absorption spectra (e.g., red and blue shifts) and 
even to the emergence of quantum effects such as coherence, which 
opens up prospects for quantum technologies [73, 78]. Hybrid struc-
tures of the ‘quantum-dot-in-perovskite’ type provide high quality 
interfaces, which contribute to efficient charge transfer and in-
crease the stability and diffusion length of charge carriers [73, 78]. 
 Current trends in the development of laser technologies are fo-
cused on environmental requirements, in particular, on the devel-
opment of lead-free perovskites and QDs to reduce toxicity [12–18, 
31, 44, 50, 79, 80]. Hybridization of perovskite QDs allows pas-
sivation of the surface, reduction of defect density and increase of 
charge carrier lifetime, which lowers the threshold of laser genera-
tion 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 lay-
ers, which contributes to the increase of quantum efficiency and 
expansion of the emission spectrum from the visible to the near in-
frared 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, 79, 80]. 

REFERENCES 

1. Ziwen Wang, Zezhong Yin, Dongze Xie, Yifei Wang, Zhenyu Yang, Fukai 

Shan, Jia Huang, and Dandan Hao, ACS Photonics, 14, Iss. 9: 1088 (2025); 

https://doi.org/10.1021/acsphotonics.5c01387 

2. Zhen-Bo Guo, Xiang-Mei Duan, and Jing Wang, J. Phys. Chem. Lett., 16, 

Iss. 34: 8657 (2025); https://doi.org/10.1021/acs.jpclett.5c02152 

3. Yujie Jiao, Bing Gu, and Siying Peng, J. Phys. Chem. Lett., 16, Iss. 33: 

8627 (2025); https://doi.org/10.1021/acs.jpclett.5c01663 

https://doi.org/10.1021/acsphotonics.5c01387
https://doi.org/10.1021/acs.jpclett.5c02152
https://doi.org/10.1021/acs.jpclett.5c01663


78 S. I. POKUTNII, V. O. MASHIRA, and T. Yu. GROMOVOY 

4. Jiaying Liu, Xiaohui Liu, Jianwei Wang, Zhongyu Liu, Chenyu Zhou, Hubin 

Zeng, Heng Qiao, Jing Zhang, Like Huang, Ning Chen, and Yuejin Zhu, 

J. Phys. Chem. Lett., 16, Iss. 34: 8632 (2025); 

https://doi.org/10.1021/acs.jpclett.5c02129 

5. Dongke Chen, Han Cai, Xiaoyu Xuan, Zhili Hu, Yang Lu, Wanlin Guo, and 

Zhuhua Zhang, J. Phys. Chem. Lett., 16, Iss. 32: 8165 (2025); 

https://doi.org/10.1021/acs.jpclett.5c01745 

6. Lanfang Hou, Siyi Hu, Butian Zhang, and Shun Wang, J. Phys. Chem. Lett., 

16, Iss. 32: 8290 (2025); https://doi.org/10.1021/acs.jpclett.5c01837 

7. Rohit Abraham John, Yiğit Demirağ, Yevhen Shynkarenko, Yuliia 

Berezovska, Natacha Ohannessian, Melika Payvand, Peng Zeng, Maryna 

I. Bodnarchuk, Frank Krumeich, Gökhan Kara, Ivan Shorubalko, Manu 

V. Nair, Graham A. Cooke, Thomas Lippert, Giacomo Indiveri and Maksym 

V. Kovalenko, Nature Commun., 13: Article No. 2074 (2022); 

doi:10.1038/s41467-022-29727-1 

8. Oleksandr Kolomiiets, Andriy Stelmakh, Amrutha Rajan, Sebastian Sabisch, 

Gabriele Rainò, Andrij Baumketner, Maksym V. Kovalenko, and Maryna 

I. Bodnarchuk, ACS Nano, 19, Iss. 30: 9117 (2025); 

doi:10.1021/acsnano.5c09117 

9. Arnab Ghosh, Samuel Palato, Patrick Brosseau, Rui Tao, Dmitry N. Dirin, 

Maksym V. Kovalenko, and Patanjali Kambhampati, ACS Nano, 19, Iss. 29 

7429 (2025); doi:10.1021/acsnano.5c07429 

10. Yuliia Kominko, Sebastian Sabisch, Andrii Kanak, Lidiia Dubenska, Ihor 

Cherniukh, Matthias Klimpel, Xuqi Liu, Sergey Tsarev, Simon C. Boehme, 

Gebhard J. Matt, Gabriele Rainò, Maksym V. Kovalenko, and Sergii 

Yakunin, ACS Nano, 19, Iss. 32: 7771 (2025); doi:10.1021/acsnano.5c03771 

11. S. I. Pokutniĭ, Semiconductors, 40: 217 (2006); 

doi:10.1134/S106378260602019 

12. S. I. Pokutnii, Physics of the Solid State, 39: 634 (1997); 

doi:10.1134/1.1129943 

13. Sergey I. Pokutnyi, Yuri N. Kulchin, Vladimir P. Dzyuba, and Andrey 

V. Amosov, Journal of Nanophotonics, 10, Iss. 3: 036008 (2016); 

https://doi.org/10.1117/1.JNP.10.036008 

14. S. I. Pokutnyi, Low Temperature Physics, 44: 819 (2018); 

https://doi.org/10.1063/1.5049165 

15. S. I. Pokutnyi, Physics of the Solid State, 39: 528 (1997); 

doi:10.1134/1.1129923 

16. Viktor G. Klyuev, Denis V. Volykhin, Oleg V. Ovchinnikov, and Sergey 

I. Pokutnyi, Journal of Nanophotonics, 10, Iss. 3: 033507 (2016); 

doi:10.1117/1.JNP.10.033507 

17. Sergey I. Pokutnyi, Physics Letters A, 342, Iss. 4: 347 (2005); 

https://doi.org/10.1016/j.physleta.2005.04.070 

18. S. I. Pokutnyi, Semiconductors, 47: 1626 (2013); 

doi:10.1134/S1063782613120178 

19. Sandrine Ithurria and Benoit Dubertret, J. Am. Chem. Soc., 130, Iss. 49 

16504 (2008); https://doi.org/10.1021/ja807724e 

20. M. D. Tessier, B. Mahler, R. P. S. M. Lobo, B. Dubertret, and Al. L. Efros, 

Nature Mater., 10: 936 (2011); https://doi.org/10.1038/nmat3145 

21. Pooja Tyagi, Sarah M. Arveson, and William A. Tisdale, J. Phys. Chem. 

https://doi.org/10.1021/acs.jpclett.5c02129
https://doi.org/10.1021/acs.jpclett.5c01745
https://doi.org/10.1021/acs.jpclett.5c01837
doi:10.1038/s41467-022-29727-1
doi:10.1021/acsnano.5c09117
doi:10.1021/acsnano.5c07429
doi:10.1021/acsnano.5c03771
doi:10.1134/S106378260602019
doi:10.1134/1.1129943
https://doi.org/10.1117/1.JNP.10.036008
https://doi.org/10.1063/1.5049165
doi:10.1134/1.1129923
doi:10.1117/1.JNP.10.033507
https://doi.org/10.1016/j.physleta.2005.04.070
doi:10.1134/S1063782613120178
https://doi.org/10.1021/ja807724e
https://doi.org/10.1038/nmat3145


 NANOLASERS BASED ON SEMICONDUCTOR QUANTUM DOTS 79 

Lett., 6, Iss. 10: 1911 (2015); https://doi.org/10.1021/acs.jpclett.5b00664 

22. Daniel Sapori, Mikaël Kepenekian, Laurent Pedesseau, Claudine Katan, and 

Jacky Even, Nanoscale, 8: 6369 (2016); 

https://doi.org/10.1039/C5NR07175E 

23. Shalini Singh, Renu Tomar, Stephanie ten Brinck, Jonathan De Roo, Pieter 

Geiregat, José C. Martins, Ivan Infante, and Zeger Hens, J. Am. Chem. Soc., 

140, Iss. 41: 13292 (2018); https://doi.org/10.1021/jacs.8b07566 

24. A. Di Giacomo, C. Roda, A. H. Khan, and I. Moreels, Chem. Mater., 32: 

9260 (2020); https://doi.org/10.1021/acs.chemmater.0c03066 

25. Michael W. Swift, Alexander L. Efros, and Steven C. Erwin, Nature 

Communications, 15: Article No. 7737 (2024); 

https://doi.org/10.1038/s41467-024-51842-4 

26. Christian Meerbach, Remo Tietze, Sascha Voigt, Vladimir Sayevich, 

Volodymyr M. Dzhagan, Steven C. Erwin, Zhiya Dang, Oleksandr 

Selyshchev, Kristian Schneider, Dietrich R. T. Zahn, Vladimir Lesnyak, and 

Alexander Eychmüller, Adv. Opt. Mater., 7, Iss. 7: 1801478 (2019); 

https://doi.org/10.1002/adom.201801478 

27. Claudine Katan, Nicolas Mercier, and Jacky Even, Chem. Rev., 119, Iss. 5: 

3140 (2019); https://doi.org/10.1021/acs.chemrev.8b00417 

28. Elena V. Shornikova, Dmitri R. Yakovlev, Louis Biadala, Scott A. Crooker, 

Vasilii V. Belykh, Mikhail V. Kochiev, Alexis Kuntzmann, Michel 

Nasilowski, Benoit Dubertret, and Manfred Bayer, Nano Lett., 20, Iss. 2: 

1370 (2020); https://doi.org/10.1021/acs.nanolett.9b04907 

29. R. Benchamekh, N. A. Gippius, J. Even, M. O. Nestoklon, J.-M. Jancu, 

S. Ithurria, B. Dubertret, Al. L. Efros, and P. Voisin, Phys. Rev. B, 89: 

035307 (2014); https://doi.org/10.1103/PhysRevB.89.035307 

30. Elena V. Shornikova, Dmitri R. Yakovlev, Nikolay A. Gippius, Gang Qiang, 

Benoit Dubertret, Ali Hossain Khan, Alessio Di Giacomo, Iwan Moreels, and 

Manfred Bayer, Nano Lett., 21, Iss. 24: 10525 (2021); 

https://doi.org/10.1021/acs.nanolett.1c04159 

31. Carlos Moure and Octavio Peña, Progress in Solid State Chemistry, 43, Iss. 

4: 123 (2015); https://doi.org/10.1016/J.PROGSOLIDSTCHEM.2015.09.001 

32. Priyanka Roy, Aritra Ghosh, Fraser Barclay, Ayush Khare, and Erdem 

Cuce, Coatings, 12, Iss. 8: 1089 (2022); 

https://doi.org/10.3390/coatings12081089 

33. Jiang-Yang Shao, Dongmei Li, Jiangjian Shi, Chuang Ma, Yousheng Wang, 

Xiaomin Liu, Xianyuan Jiang, Mengmeng Hao, Luozheng Zhang, Chang Liu, 

Yiting Jiang, Zhenhan Wang, Yu-Wu Zhong, Shengzhong Frank Liu, Yao-

hua Mai, Yongsheng Liu, Yixin Zhao, Zhijun Ning, Lianzhou Wang, Baomin 

Xu, Lei Meng, Zuqiang Bian, Ziyi Ge, Xiaowei Zhan, Jingbi You, Yongfang 

Li, and Qingbo Meng, Science China Chemistry, 66: 10 (2022); 

https://doi.org/10.1007/s11426-022-1445-2 

34. Alexander L. Efros and Louis E. Brus, ACS Nano, 15, Iss. 4: 6192 (2021); 

https://doi.org/10.1021/acsnano.1c01399 

35. Moritz Gramlich, Michael W. Swift, Carola Lampe, John L. Lyons, Markus 

Döblinger, Alexander L. Efros, Peter C. Sercel, and Alexander S. Urban, 

Adv. Sci., 9, Iss. 5: 2103013 (2022); 

https://doi.org/10.1002/advs.202103013 

36. Ali Naeem, Francesco Masia, Sotirios Christodoulou, Iwan Moreels, Paola 

https://doi.org/10.1021/acs.jpclett.5b00664
https://doi.org/10.1039/C5NR07175E
https://doi.org/10.1021/jacs.8b07566
https://doi.org/10.1021/acs.chemmater.0c03066
https://doi.org/10.1038/s41467-024-51842-4
https://doi.org/10.1002/adom.201801478
https://doi.org/10.1021/acs.chemrev.8b00417
https://doi.org/10.1021/acs.nanolett.9b04907
https://doi.org/10.1103/PhysRevB.89.035307
https://doi.org/10.1021/acs.nanolett.1c04159
https://doi.org/10.1016/J.PROGSOLIDSTCHEM.2015.09.001
https://doi.org/10.3390/coatings12081089
https://doi.org/10.1007/s11426-022-1445-2
https://doi.org/10.1021/acsnano.1c01399
https://doi.org/10.1002/advs.202103013


80 S. I. POKUTNII, V. O. MASHIRA, and T. Yu. GROMOVOY 

Borri, and Wolfgang Langbein, Phys. Rev. B, 91: 121302 (2015); 

https://doi.org/10.1103/PhysRevB.91.121302 

37. Elad Benjamin, Venkata Jayasurya Yallapragada, Daniel Amgar, Gaoling 

Yang, Ron Tenne, and Dan Oron, J. Phys. Chem. Lett., 11, Iss. 16: 6513 

(2020); https://doi.org/10.1021/acs.jpclett.0c01628 

38. Botao Ji, Eran Rabani, Alexander L. Efros, Roman Vaxenburg, Or Ashkena-

zi, Doron Azulay, Uri Banin, and Oded Millo, ACS Nano, 14, Iss. 7: 8257 

(2020); https://doi.org/10.1021/acsnano.0c01950 

39. Benjamin T. Diroll and Richard D. Schaller, J. Phys. Chem. C, 127, Iss. 9: 

4601 (2023); https://doi.org/10.1021/acs.jpcc.2c08079 

40. Alessio Di Giacomo, Carmelita Rodà, Ali Hossain Khan, and Iwan Moreels, 

Chem. Mater., 32, Iss. 21: 9260 (2020); 

https://doi.org/10.1021/acs.chemmater.0c03066 

41. Sotirios Christodoulou, Juan I. Climente, Josep Planelles, Rosaria Brescia, 

Mirko Prato, Beatriz Martín-García, Ali Hossain Khan, and Iwan Moreels, 

Nano Lett., 18, Iss. 10: 6248 (2018); 

https://doi.org/10.1021/acs.nanolett.8b02361 

42. Alexander W. Achtstein, Sabrine Ayari, Sophia Helmrich, Michael T. Quick, 

Nina Owschimikow, Sihem Jaziri, and Ulrike Woggon, Nanoscale, 12, Iss. 

46: 23521 (2020); https://doi.org/10.1039/D0NR04745G 

43. Benjamin T. Diroll, Corentin Dabard, Emmanuel Lhuillier, and Sandrine 

Ithurria, Adv. Opt. Mater., 12, Iss. 9: 2302004 (2024); 

https://doi.org/10.1002/adom.202302004 

44. Mengxia Liu, Nuri Yazdani, Maksym Yarema, Maximilian Jansen, Vanessa 

Wood, and Edward H. Sargent, Nature Electron., 4: 548 (2021); 

https://doi.org/10.1038/s41928-021-00632-7 

45. Namyoung Ahn, Clément Livache, Valerio Pinchetti, Heeyoung Jung, Ho 

Jin, Donghyo Hahm, Young-Shin Park, and Victor I. Klimov, Nature, 617: 

79 (2023); https://doi.org/10.1038/s41586-023-05855-6 

46. Mickaël D. Tessier, Clémentine Javaux, Ivan Maksimovic, Vincent Loriette, 

and Benoit Dubertret, ACS Nano, 6, Iss. 8: 6751 (2012); 

https://doi.org/10.1021/nn3014855 

47. Mickaël D. Tessier, Louis Biadala, Cécile Bouet, Sandrine Ithurria, Benjamin 

Abecassis, and Benoit Dubertret, ACS Nano, 7, Iss. 4: 3332 (2013); 

https://doi.org/10.1021/nn400833d 

48. Alexander W. Achtstein, Andrei Schliwa, Anatol Prudnikau, Marya Har-

dzei, Mikhail V. Artemyev, Christian Thomsen, and Ulrike Woggon, Nano 

Lett., 12, Iss. 6: 3151 (2012); https://doi.org/10.1021/nl301071n 

49. Felipe V. Antolinez, Freddy T. Rabouw, Aurelio A. Rossinelli, Jian Cui, and 

David J. Norris, Nano Lett., 19, Iss. 12: 8495 (2019); 

https://doi.org/10.1021/acs.nanolett.9b02856 

50. C. Trallero-Giner, A. Debernardi, M. Cardona, E. Menéndez-Proupín, and 

A. I. Ekimov, Physical Rev. B, 57: 4664 (1998); 

doi:10.1103/PhysRevB.57.4664 

51. Katie Hills-Kimball, Hanjun Yang, Tong Cai, Junyu Wang, and Ou Chen, 

Advanced Science, 8, Iss. 12: 214 (2021); 

https://doi.org/10.1002/advs.202100214 

52. Kaiyang Wang, Shuai Wang, Shumin Xiao, and Qinghai Song, Advanced 

Optical Materials, 6, Iss. 18: 278 (2018); 

https://doi.org/10.1103/PhysRevB.91.121302
https://doi.org/10.1021/acs.jpclett.0c01628
https://doi.org/10.1021/acsnano.0c01950
https://doi.org/10.1021/acs.jpcc.2c08079
https://doi.org/10.1021/acs.chemmater.0c03066
https://doi.org/10.1021/acs.nanolett.8b02361
https://doi.org/10.1039/D0NR04745G
https://doi.org/10.1002/adom.202302004
https://doi.org/10.1038/s41928-021-00632-7
https://doi.org/10.1038/s41586-023-05855-6
https://doi.org/10.1021/nn3014855
https://doi.org/10.1021/nn400833d
https://doi.org/10.1021/nl301071n
https://doi.org/10.1021/acs.nanolett.9b02856
doi:10.1103/PhysRevB.57.4664
https://doi.org/10.1002/advs.202100214


 NANOLASERS BASED ON SEMICONDUCTOR QUANTUM DOTS 81 

https://doi.org/10.1002/adom.201800278 

53. Qi Wei, Xiaojun Li, Chao Liang, Zhipeng Zhang, Jia Guo, Guo Hong, 

Guichuan Xing, and Wei Huang, Advanced Optical Materials, 7, Iss. 17: 80 

(2019); https://doi.org/10.1002/adom.201900080 

54. Aryamol Stephen, A. Biju, Sona C. P, and Jayaram Peediyekkal, Journal of 

Luminescence, 269: 120462 (2024); 

https://doi.org/10.1016/j.jlumin.2024.120462 

55. Loredana Protesescu, Sergii Yakunin, Maryna I. Bodnarchuk, Franziska 

Krieg, Riccarda Caputo, Christopher H. Hendon, Ruo Xi Yang, Aron Walsh, 

and Maksym V. Kovalenko, Nano Lett., 15, Iss. 6: 3692 (2015); 

https://doi.org/10.1021/nl5048779 

56. Yu Chen, Minghuai Yu, Shuai Ye, Jun Song, and Junle Qu, Nanoscale, 10, 

Iss. 14: 6704 (2018); https://doi.org/10.1039/c7nr08670a 

57. Yu-Hung Hsieh, Bo-Wei Hsu, Kang-Ning Peng, Kuan-Wei Lee, Chih Wei 

Chu, Shu-Wei Chang, Hao-Wu Lin, Ta-Jen Yen, and Yu-Jung Lu, ACS 

Nano, 14, Iss. 9: 11670 (2020); https://doi.org/10.1021/acsnano.0c04224 

58. Richard T. Williams, Weronika W. Wolszczak, Xiaoheng Yan, and David 

L. Carroll, ACS Nano, 14, Iss. 5: 5161 (2020); 

https://doi.org/10.1021/acsnano.0c02529 

59. Lei Lei, Qi Dong, Kenan Gundogdu, and Franky So, Advanced Functional 

Materials, 31, Iss. 16: 144 (2021); https://doi.org/10.1002/adfm.202010144 

60. Haiyun Dong, Chunhuan Zhang, Xiaolong Liu, Jiannian Yao, and Yong 

Sheng Zhao, Chemical Society Reviews, 49, Iss. 3: 951 (2020); 

https://doi.org/10.1039/c9cs00598f 

61. Chien-Yu Huang, Hanchen Li, Ye Wu, Chun-Ho Lin, Xinwei Guan, Long 

Hu, Jiyun Kim, Xiaoming Zhu, Haibo Zeng, and Tom Wu, Nano-Micro Let-

ters, 15: Article No. 16 (2022); https://doi.org/10.1007/s40820-022-00983-6 

62. Junhao Lin, Leyre Gomez, Chris de Weerd, Yasufumi Fujiwara, Tom 

Gregorkiewicz, and Kazutomo Suenaga, Nano Letters, 16, Iss. 1: 7198 

(2016); https://doi.org/10.1021/ACS.NANOLETT.6B03552 

63. Leepsa Mishra, Ranjan Kumar Behera, Aradhana Panigrahi, Priyanka 

Dubey, Soumi Dutta, and Manas Kumar Sarangi, The Journal of Physical 

Chemistry Letters, 14, Iss. 10: 2651 (2023); 

https://doi.org/10.1021/acs.jpclett.3c00010 

64. Anja Barfüßer, Sebastian Rieger, Amrita Dey, Ahmet Tosun, Quinten 

A. Akkerman, Tushar Debnath, and Jochen Feldmann, Nano Letters, 22, 

Iss. 22: 8810 (2022); https://doi.org/10.1021/acs.nanolett.2c02223 

65. Mateusz Dyksik, Shuli Wang, Watcharaphol Paritmongkol, Duncan 

K. Maude, William A. Tisdale, Michal Baranowski, and Paulina Plochocka, 

The Journal of Physical Chemistry Letters, 12, Iss. 6: 1638 (2021); 

https://doi.org/10.1021/acs.jpclett.0c03731 

66. Dayton J. Vogel, Andrei Kryjevski, Talgat Inerbaev, and Dmitri S. Kilin, 

The Journal of Physical Chemistry Letters, 8, Iss. 13: 3032 (2017); 

https://doi.org/10.1021/acs.jpclett.6b03048 

67. Di Xing, Mu-Hsin Chen, Zhiyu Wang, Chih-Zong Deng, Ya-Lun Ho, Bo-Wei 

Lin, Cheng-Chieh Lin, Chun-Wei Chen, and Jean-Jacques Delaunay, Ad-

vanced Functional Materials, 34, Iss. 26: 2314953 (2024); 

https://doi.org/10.1002/adfm.202314953 

68. Chun-Ying Huang, Chen Zou, Chenyi Mao, Kathryn L. Corp, Yung-Chi Yao, 

https://doi.org/10.1002/adom.201800278
https://doi.org/10.1002/adom.201900080
https://doi.org/10.1016/j.jlumin.2024.120462
https://doi.org/10.1021/nl5048779
https://doi.org/10.1039/c7nr08670a
https://doi.org/10.1021/acsnano.0c04224
https://doi.org/10.1021/acsnano.0c02529
https://doi.org/10.1002/adfm.202010144
https://doi.org/10.1039/c9cs00598f
https://doi.org/10.1007/s40820-022-00983-6
https://doi.org/10.1021/ACS.NANOLETT.6B03552
https://doi.org/10.1021/acs.jpclett.3c00010
https://doi.org/10.1021/acs.nanolett.2c02223
https://doi.org/10.1021/acs.jpclett.0c03731
https://doi.org/10.1021/acs.jpclett.6b03048
https://doi.org/10.1002/adfm.202314953


82 S. I. POKUTNII, V. O. MASHIRA, and T. Yu. GROMOVOY 

Ya-Ju Lee, Cody W. Schlenker, Alex K. Y. Jen, and Lih Y. Lin, ACS Pho-

tonics, 4, Iss. 9: 2281 (2017); 

https://doi.org/10.1021/ACSPHOTONICS.7B00520 

69. Jingyi Tian, Qi Ying Tan, Yutao Wang, Yihao Yang, Guanghui Yuan, Giorgio 

Adamo, and Cesare Soci, Nature Communications, 14: Article No. 1433 

(2022); https://doi.org/10.1038/s41467-023-36963-6 

70. Lei Wang, Linghai Meng, Lan Chen, Sheng Huang, Xiangang Wu, Guang 

Dai, Luogen Deng, Junbo Han, Bingsuo Zou, Chunfeng Zhang, and Haizheng 

Zhong, The Journal of Physical Chemistry Letters, 10, Iss. 12: 3248 (2019); 

https://doi.org/10.1021/acs.jpclett.9b00658 

71. Ziyu Li, Zhiyuan Gao, Lige Liu, Kai Zhang, Rui Ma, Yue Wang, Gaoling 

Yang, and Kebin Shi, Nano Letters, 25, Iss. 18: 7410 (2025); 

https://doi.org/10.1021/acs.nanolett.5c00861 

72. Lihua Ye, Shaoqiang Hong, Chunguang Lu, and Qing Zhao, Journal of Lu-

minescence, 277: 120990 (2025); 

https://doi.org/10.1016/j.jlumin.2024.120946 

73. Zhijun Ning, Xiwen Gong, Riccardo Comin, Grant Walters, Fengjia Fan, 

Oleksandr Voznyy, Emre Yassitepe, Andrei Buin, Sjoerd Hoogland, 

and Edward H. Sargent, Nature, 523: 324 (2015); 

https://doi.org/10.1038/nature14563 

74. Jifan Zou, Mengkai Li, Xiaoyu Zhang, and Weitao Zheng, Journal of Ap-

plied Physics, 132: 220901 (2022); https://doi.org/10.1063/5.0126496 

75. Hung-Chia Wang, Zhen Bao, Hsin-Yu Tsai, An-Cih Tang, and Ru-Shi Liu, 

Small, 14, Iss. 1: 2433 (2018); https://doi.org/10.1002/smll.201702433 

76. Lin-Jer Chen, Jia-Heng Dai, Jia-De Lin, Ting-Shan Mo, Hong-Ping Lin, Hui-

Chen Yeh, Yu-Chou Chuang, Shun-An Jiang, and Chia-Rong Lee, ACS Ap-

plied Materials & Interfaces, 10, Iss. 39: 33307 (2018); 

https://doi.org/10.1021/acsami.8b08474 

77. Junzhi Ye, Deepika Gaur, Chenjia Mi, Zijian Chen, Iago López Fernández, 

Haitao Zhao, Yitong Dong, Lakshminarayana Polavarapu, and Robert 

L. Z. Hoye, Chemical Society Reviews, 53, Iss. 16: 8095 (2024); 

https://doi.org/10.1039/d4cs00077c 

78. Haijie Chen, Joao M. Pina, Yi Hou, and Edward H. Sargent, Advanced En-

ergy Materials, 12, Iss. 4: 2100774 (2021); 

https://doi.org/10.1002/aenm.202100774 

79. Jianguo Cao, Yingge Geng, Lijie Wu, Yuan Zhang, Jie Xu, Haixia Xie, and 

Yong Pan, Chemistry Select., 10, Iss. 17: e202501401 (2025); 

https://doi.org/10.1002/slct.202501401 

80. Hyung Ryul You, Han Na Yu, Eon Ji Lee, Hyeon Soo Ma, Younghoon Kim, 

and Jongmin Choi, Applied Physics Reviews, 11, Iss. 4: 041329 (2024); 

https://doi.org/10.1063/5.0218208 

81. Jianhua Han, Songping Luo, Xuewen Yin, Yu Zhou, Hui Nan, Jianbao Li, 

Xin Li, Dan Oron, Heping Shen, and Hong Lin, Small, 14, Iss. 31: 1801016 

(2018); https://doi.org/10.1002/smll.201801016 

https://doi.org/10.1021/ACSPHOTONICS.7B00520
https://doi.org/10.1038/s41467-023-36963-6
https://doi.org/10.1021/acs.jpclett.9b00658
https://doi.org/10.1021/acs.nanolett.5c00861
https://doi.org/10.1016/j.jlumin.2024.120946
https://doi.org/10.1038/nature14563
https://doi.org/10.1063/5.0126496
https://doi.org/10.1002/smll.201702433
https://doi.org/10.1021/acsami.8b08474
https://doi.org/10.1039/d4cs00077c
https://doi.org/10.1002/aenm.202100774
https://doi.org/10.1002/slct.202501401
https://doi.org/10.1063/5.0218208
https://doi.org/10.1002/smll.201801016

