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Quantum dots (QDs) today belong to the centra research objects of many scientific groups. The sudy of the
properties of structures of small size is important both for the further development of electronics, and for the
improvement of existing semiconductor devices. At present, there are many methods of obtaining QDsobtaining
under the laboratory conditions: the method of ultrasonic grinding, molecular beam epitaxy, pulsed laser ablation,
as well as using such methods of chemical synthesis as organometall synthesis, synthesis in reverse micelles,
electrothermal synthesis, sol-gel synthess, synthesis using thiol stabilizers, synthesis in a non-agueous medium.
Nowadays, the most promising methods are based on the use of the phenomenon of self-organization. These are
molecular-beam epitaxy and colloidd chemistry methods, and the latter are used for synthesisof nanosized
crystals.The band gap width and the energy of luminescence peak are determined by the size of the particles.
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I ntr oduction

In recent vyears, the research interest in
semiconductor heterostructures with null-dimensional
stressed nanobjects (quantum dots (QDs)) has increased
considerably. For a long time, low-level nanosystems
form a new area of research in physics of the solid gate.
The study of the properties of structures of small szeis
important both for the further development of
eectronics, and for the improvement of existing
semiconductor  devices. Modern  semiconductor
technologies allow to create artificial space constraints
for quasiparticles. In view of this semiconductor
nanodeterostructures, and especially QD, today belong to
the central research objects of many scientific groups.

. Quantum dots. basic concepts

Quantum dots (QD) - is an isolated semiconductor
crystal, limited by all three gpatial coordinates, with
dimensions smaller than the characteristic Borov radius
of the exciton in this semiconductor. The potential of
practical application of QD is related to the possibility of
controlling the effective band gap width when changing
linear dimensions.

Quantum-dimensional effects play a key role in the
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optoel ectronic properties of QD. The energy spectrum of
QD (called "atificia and atoms') differs significantly
from the spectrum of a bulk semiconductor. There are
two basic approaches to describing the energy spectrum
of QD "top-down" and "bottom-up" [1] In a
voluminous semiconductor, the charge carrier can be
moved in al three directions of space. In QD, the charge
carrier is spatially limited in all three coordinates, since
the dimensions of the QD are commensurate with the
wavelength of the eectron oscillation. As a result, the
charge carrier in a nanocrystal is in a three-dimensional
potential well [2], which leads to the degeneracy of the
continuous energy spectrum of a bulk semiconductor at
discrete levels.

An important characteristic of semiconductors and
semiconductor nanoparticles is the gap band gap (EQ)
between the upper energy level of the valence band (VB)
and the lower level of the conduction band (CB). When a
photon is absorbed by a semiconductor with energy
exceeding the width of the band gap, the transition of the
excited electron from the valence band of the crystal to
the conduction band takes place. This process is, strictly
speaking, the formation of two quasiparticles - an
electron € with an effective mass m; and a negative
charge -e in the conduction band, characterizing the
excitation of the electronic subsystem of the crystal, and
the hole with an effective massm;j, and a positive charge
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+e characterizes an ensemble of eectrons of the valence
band, from which one electron was removed. The
coupling state of the eectron-hole pair forms a
hydrogen-like quadparticle, an exciton, which is
characterized by the Bory exciton radius a,[ 3]
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where a,- the first radius of Bohr is an atom of
hydrogen, &, - dielectric has become, € - didectric to
penetrate this semiconductor, m, - mass of tranquility of

the electron, u - effective mass of the exciton.

D)

1 1 1
— ==t , (2

where mj - electron mass, m;, - mass hole. The Boris
radius of the exciton is larger than the corresponding
radius of the hydrogen atom and the period of the crystal
lattice, since the effective masses of the eectron and the
hole are smaller than the electron resting mass, and ¢ is
much greater than 1. For most semiconductors, ag lies
within the range of 1-15 nm, which significantly exceeds
parameters of the crystal lattice (a;) and alows to
receive structures whose sizeisd; in one, two or al three
directions a;<d;<ag. In the latter case (with a space
restriction on al three coordinates) the resulting object is
quasi-zero-dimensional and is called a quantum dot.

With the size of the particle of order ag and less the
exciton fedls the spatial constraint, the electron-hole pair
is localized inside the nanocrystals, and the exciton can
be regarded as a "particle in a box" (a three-dimensional
potential well). The energy of the exciton insde the
nanoparticle is greater than the energy of the "free
exciton in the bulk material, which leadsto an increasein
the band gap width [4].

In a bulk semiconductor crystal, the total exciton
energy consists of the width of the band gap Eg, which is
reduced by the binding energy of the eectron and the
hole (exciton energy) R; and the kinetic energy of the
center of mass of the exciton. The last for a spherical
nanoparticle with radius r ~ ag corresponds to the
exciton energy in a potential well and isn?m?h?/2ur?..
The Coulomb interaction of an eectron and a hole gives
the following expression for the exciton excitation
energy of a spherical semiconductor nanoparticle;
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The last three plots (3) correspond to the energy of
the localization of the exciton in the nanoparticle. Values
n> 1 correspond to the exciton trandgtion in higher
excited states. The last member of the expression takes
into account the Coulomb interaction. The sum of the
first two terms (3) represents the effective width of the
bandgap in nanocrystals:
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Eg qd - Eg bulk = * (4)
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The €eectron-optical properties of quantum-
dimensional structures depend on the size of the crystal
in the direction in which the motion of charge carriersis
limited. For anisotropic structures, the effective masses
of an electron and a hole depend on the direction of

motion, and in this case the expression (3) is
complicated:
2 2% l7&2
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where y; - effective masses of the exciton, L; - geometric

dimensions of the structure along the corresponding
directions (i = x, Yy, 2), n; - integers[5].

From formula (4) it can be seen that as the size of the
QD increases, the gap between the levels of the
guantization of the electron and the hole increases, which
leads to an increase in the energy of the optica
trangitions. In the first approximation, the effective width
of the forbidden band of QD increases with decreasing
particle size as R2. Thisis the main manifestation of the
guantum-dimensional effect for semiconductors - the
"pblue shift", the hypochromic displacement of the edge
of the absorption band and the position of the peak of
luminescence. When the photon of the corresponding
energy is excited, the eectron passes from the VZMO to
the NSMO. Such eectronic transitions between levels of
dimensional quantization are called excitonic transitions.
The energy below the exciton maximum (n = 1, see
formula (3)) in the absorption spectra of nanoparticles
(near the longwave edge of absorption) is quite clearly
detected and serves as a source of information as to the
electronic structure of nanoparticles (that is, the width of
the bandgap QD-Eg qd), and the statistical characteristic
of this ensemble of low-frequency (ie, the distribution of
particles by size) [6, 7]. The energy of the first exciton
peak of the QD is determined by the composition of the
width of the band gap Eg and the size of the QD [8, 9,
10].

Thus, using different materias and changing the size
of the particles, the width of the band gap obtained by the
CT can be varied in the exemplary range ~ 4.0-0.5 eV (~
300-1500 nm), covering the spectra range from the
infrared to the UV region [11].

In fig. 1-2 shows the dependence of the band gap
width on itssize for different materials.

D =(1, 61-10-9)A*—(2, 66-10-6)A°+
+(1, 62:10-3)A>—(0, 43)A+41, 57,
where D is a diameter of QD, A is a position of the firgt
exciton peak of absorption.

QDs attract attention due to its luminescence
properties. Semiconductor nanocrystal's possess a number
of parameters that allows manipulation of the band gap
characteristics and, conseguently, spectral-luminescence
properties. Such the parameters are the size, shape and
composition of nanoparticles.

The dependence of the luminescence of quantum
dots on their size is in a very wide range of the
spectrum - from the near ultraviolet to infrared radiation.
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Fig. 2.Change the band gap width of CdTe IP with
the size. Experimental data are obtained at different
temperatures. [12] (¢) and [12] ( ) - 300 K;
[13] (°) -> 300 K; [14] (*) -77 K (higher values) and
300K (lower values). An integra line is the
theoretical values of calculations in the
approximation of the strong coupling [15], the
dashed line is in the approximation of effective
masses.
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Fig. 3. Dependence of the diameter of the CdSe
guantum dots on the position of the first excitonic
absorption peak, measured at T = 300 K. Points are
the synthesis of data from work [16]. The
dimensions of the nanocrystalare determined from
the data of the enlightening electron microscopy,
with the exception of the smallest NC, the
dimensions of which are determined by the XRD
data. An empiricad subordinate curve for the
dependence of the dimensions (solid curve).
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CTs have a great potential for practical application
wherever variables are needed, optical properties rebuilt
in wavelengths - in lasers, solar panels, LEDs [17, 18,
19].

The term "colloidal" is introduced to distinguish
between "classical" quantum dots grown on a substrate
by the method of molecular beam epitaxy, from sols
obtained by chemical methodsin a solution.

Calloidal quantum dots significantly differ from the
above systems because they are chemically synthesized
using wet chemistry and there are free nanoparticles or
nanocrystals grown in solution. Colloidal quantum dots
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are a subgroup of a broader class of materials that can be
synthesized a a nanoscale level using wet chemical
methods. In the production of colloidal nanocrystals, the
reaction chamber is a reactor that contains a mixture of
compounds that controls the nucleation and growth. In
the general synthesis of quantum dots in the solution,
each type of atoms, (which are part of the nanocrystal) is
introduced into the reactor in the form of a precursor. A
precursor is a molecule or complex containing one or
more types of atoms, which are necessary for the growth
of nanocrystals. Once precursors are introduced into the
jet chamber, they decompose and form new reactive units
(monomers) that cause nucleation and growth of
nanocrystals. The energy required for the decomposition
of precursors provides a liquid in the reactor, or it is
provided by thermal collisions, or by a chemical reaction
between the liquid medium and the precursors, or a
combination of these two mechanisms [20].

The colloidal method refers to the methods of grain
growth and dlows the large variation of the
concentration of colloidal particles in the solution. Such
colloidal nanosystems with particle sizes of 1 - 100 nm
are considered to be classified into ultrafine systems [21].
In the organic solvent, solutions are introduced from the
elements of the Il and 1V groups of the Mendeleev table,
which settle on the solvent molecules. In carrying out
such reactions, it is necessary to carefully observe a
number of parameters, such as the pH leve and the
concentration of a number of organic compounds in the
system, as it significantly affects the size of the particles
in the colloid. As an example, the synthesis of colloidal
solutions of CdSe quantum dots is carried out in two
stages [22]. In a typical method, large CdSe nanocrystals
(radius of about 2.5 nm) are synthesized by placing the
solution from the active mixtures containing Cd and Se
in a flask and heating in a vacuum at temperatures above
100°C. First, the growth of the grains of the new phaseis
in progress. Upon reaching a certain maximum
temperature (~ 200 ° C), a weak supersaturaion is
created in the solution, and the CdSe nanocrystals
become insoluble in the reaction mixture. The formation
of new grains is discontinued and at this temperature
guantum dots are dowly grown from these "nucleated
crystals' and increase in size as the reaction proceeds.
The size of the particles is monitored by recording, for
example, the photol uminescence of the growing solution.
After the desired particle size has been reached, the
solution is cooled and washed several times to remove
the by-products, while the synthesized CdSe particles
should be insoluble in any solvent used. For the synthesis
of smaller CdSe nanocrystals (radii from 1.0 to 1.5 nm),
the growth solution of particles with the same ratio of
reagents is cooled as soon as its temperature reaches the
above maximum. After precipitation and washing of
CdSe nanocrystals, they can be used as nucle in the
synthesis of CdSe/ ZnSkernd / shell structures. Figure 4
shows the photoluminescence spectra of colloidal
guantum dots CdSe/ ZnSe.

It was the discovery of convenient methods for the
chemical synthesis of ashes of monodisperse
nanocrystals of chal cogenide semiconductorsin the early
90's which served as a catalyst for the study of the
properties of these objects, among which, first of al, the
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Fig. 4. Photoluminescence spectra of colloidal QDs
CdSe/ ZnSe.

presence of discrete energy levels of carriers instead of
bulk semiconductor zones, and their state because of
guantum-dimensiona effects strongly depends on the
size of nanocrystals. Colloid QDs, thus, represent a huge
theoretical interest, but they gained true popularity due to
their practical properties. The absence of defects in the
crystalline structure, together with the good passivation
of the surface, increases the probability of radiative
recombination of the carriers after photo-excitation,
which leads to high quantum photoluminescence outputs
(up to 80%). These properties have practical application
in creating on their basis new generations of solar cells,
lasers, sensors.

II. Classification of quantum dots

Calloidal synthesis of quantum dots opens up wide
opportunitiesin obtaining quantum dots based on various
semiconductor materials and quantum dots with different

geometry (form). Most of the advantages of colloidal
guantum dots is due to the presence of quantum-
dimensional effects in them [23], because their size is
much smaller than the de Broglie wavelength of the
electron for the material that forms the core of the
nanoparticle. The fundamenta parameters of optical
trangtions in CT can be described using the
approximation of an effective mass based on exciton
effects [24]. It is important to synthesize quantum dots,
complex semiconductors, which are characterized by
different composition, sze, and form.

2.1. Composition of QD (semiconductor material)

In the first place, quantum dots are of practica
interest as luminescent materials. The main requirements
for semiconductor materids on which QD ae
synthesized is the presence of a direct-band nature of the
band spectrum, which provides effective luminescence,
has an effective mass of charge carriers and manifests
guantum-size effects in a rather wide range of sizes
within the size of nanocrystals. Among the
semiconductor materials used to obtain QD, it should be
noted:

broadband semiconductors (oxides ZnO, TiO,) -
ultraviolet range, midrange semiconductors (42B°¢, for
example, cadmium chal cogenides), A*B> - visible range
and narow-band semiconductors (42B*, such as
cha cogenides of lead) near infrared range.

Figure 5 shows the possihility of varying the
effective band gap width for the most common
semiconductor materialsin the form of nanocrystals with
the size of 3-10 nm.

2.2. Theform of QD

In addition to the composition and size serioudy
affects the properties of QD geometric shape.

- Spherical QD (directly quantum dots) - this is a
large part of quantum dots. At the present time, they have
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Fig. 5. Ranges of effective width bandwidth change for quantum dots when changing from 3to 10 nm.
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the most practical application. Which are the most smple
to manufacture. Modern experimental methods make it
possible to create multilayer quantum dots (QDs) both
closed and open type [25]. For sphericaly symmetric,
multilayer QD heterostructures, taking into account the
simple parabolic law of the disperson of quasiparticles,
rectangular spherically symmetric potentials and barriers
by the Smatrix method, and the solutions of the
corresponding Schrodinger equations [26], it is possible
to determine the dependences of the energy spectra of the
particles from the geometric the size of the layers of the
nanoheterostructure.

- Ellipsoida QD (nanorods) - nanocrystals drawn in
one direction. Coefficient of dlipticity 2-10. From a
practical point of view, this class of quantum dots has
application as a source of polarized radiation. For large
coefficients of dlipticity> 50, this type of nanocrystalsis
often called threads (nanowires).

- Complex geometry QDs (for example, tetrapods)
can be synthesized in quite different forms - cubic,
asterisk, etc. From a practica point of view, tetrapods
can be used as molecular switches. Currently, they are of
alargdly academic interest.

2.3. Multicomponent QD

Methods of colloidal chemistry allow to synthe size
multicomponent quantum dots from semiconductors with
different characteristics, primarily with different band
gap widths. This classification is largely analogous to
that traditionally used in semiconductors.

InSh-based heterostructures derived from InAs and
GaSb narrow-band substrates are promising for
optoelectronic devices operating in the medium-infrared
(IR) range of 2-5 micons. InSb QD-based
heterostructures placed in the narrow-band matrix n-InAs
were characterized by lectroluminescence in the range of
wavelengths of 3-4 microns in a wide range of
temperatures up to room temperature. The observed
[uminescence was due to the interface radiated transitions
of eectrons from self-consistent quantum wells on the
side of InAs matrix layers through a discrete
heterojunction of the InSb / InAs type Il at the level of
guantization of holes in the InSb QD. However,
nanoheterostructures in the InSb / InAs system only work
in the long-wavelength part of the IR range (from 3to 5
um), whereas for penetration into the short-wave portion
(from 2 to 3 um), matrices with alarger band gap will be
needed.

a) Alloyed QD

Typically, the number of impurities 1-10 atoms
per quantum dot with an average number of atomsin the
guantum dot is 300-1000. At the same time, the
electronic structure of the quantum dot does not change,
the interaction between the atom of the impurity and the
excited state of the quantum dot is dipole and reduces to
the transfer of excitation. The main aloying impurities
are manganese, copper (luminescence in the visible
range).

b) QD based on solid solutions

For quantum dots, the formation of solid solutions of
semiconductors is possible if there is a mutua solubility
of materials in bulk state. As in the case of bulk
semiconductors, the formation of solid solutions leads to
a modification of the energy spectrum - effective
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characteristics are the superposition of values for
individual semiconductors. This approach alows you to
change the effective width of the bandgap for afixed size
- it gives one more way to control the characteristics of
guantum dots. An example is the built-in layer of the
solid solution of InGay., As - (X ~ 0,1-0,4) in a
relatively thick (~ 1 um) GaAs layer. In a QD, such a
potential well restricts the motion of eectrons and holes
in all three directions. The width of the band gap of the
INGay.x As - Eg (x) is less than the band gap band GaAs
1.43 eV and decreases linearly with increasing x to 0.36
eV in InAs. On the verge of these materids, there is a
heterojunction of the so-called "catching” type, in which
the breaks in the conduction band AE; (X) and the
valence band AE, (xX) form spatially coupled potentia
wells for electrons and holes respectively [27].

¢) QD based on heter ojunctions

This approach is redlized in QD-type core shdll.
Properties of nanocrystals can be controlled by coating
them with a shell of another material. The shell material
in such a "core-shell" structure may be a metal, a
semiconductor, or an oxide. The shell material alows for
improved properties of nanocrystals. For example,
defects localized on the surface of semiconductor NCs
can be transferred to the buffer layer of the shell material
to obtain NC with a higher quantum emission. In the
general case, it involves the formation of a contact of two
parts from different semiconductors. By analogy with the
classical theory of hetergjunctions, two types of QD
kernel shells can be distinguished (Fig.6)

Type 1. The width-wise semiconductor is a shdl,
narrow-band-core. the relationship between the band gap
width is shown on (Fig. 6). A broadband semiconductor
acts as a passivator of surface states and locates an
electron-hole pair ingde the core. This approach is used
to increase the luminescence efficiency.

Type 2. The width of the forbidden semiconductor
zones can be compared, but the edges of the zones are
shifted relative to each other. Excited charge carriers are
energetically advantageous in different parts of such a
nanocrystal, for example, it is advantageous to have an
electron in the shell, a holein the nucleus (or vice versa).
The kernel shell of type 2 demongrates the spatia
separation of charge carriers and may be interesting for
the creation of systems with a large lifetime of photo-
stimulated electron-hole pair. Another effect is to reduce
the effective band gap width (band gap width is
determined by the energy difference between the edge of
the conduction band of the shell material and the edge of
the valence band of the core material) and the shift of the
maximum [uminescence to thered area

Different methods are used to obtain QD-type "core-
shell". The key requirements for such techniques are as
follows: the ideal method should only give nanoparticles
of the "core-shel" type, and not a solid solution
nanoparticle; The layer thickness of the shell should be
uniform for monodisperse nanocrystals of the "core-
shell" type.

The formation of "core-shell" heterostructures was
first demonstrated in [28] on the example of CdSe/ ZnS
and ZnS/ CdSe nanoparticles. Fig. 7 The nanoparticles
are also obtained as a result of controlled deposition of
molecules of the same type of semiconductor (shell) into



Semiconductor Quantum Dots as Materials for Lasers Based on Them

Radial gistance

iﬁ

V_‘

O
o
8]
nS
Organic Coatng

Potenbals

VvV

Y

A

Type-1l QD

Radial distance

—
@ . &
S [careled 3
s g"’
S g
= &

S
RY,

~ Substrate

. = NCCdTe

Fig. 7. Schematic representation of the cyclic process of layer deposition of films from colloidal solutions of
nanocrystal CdTe[29].

a pre-synthesized nanoparticle of ancther type (nucleus).
Synthesis of the shell is carried out in colloidal solution
by the methods of synthesis of one-component
nanoparticles. Crystal shells on a nanocrystalline nucleus
grow despite the fact that the lattices in CdSe and ZnSe
become different by 13%.

The following "core-shell" nanoparticles were also
synthesized HgTe/CdS, 2ZnS/ZnO i ZnO/ZnSe,
TiO,/SO, and TiO,/SNO,, TiO/ZnO. Similar hetero-
nanoparticles can, in turn, be coated with another layer of
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[11.Methods of synthesis

The synthesis of nanomaterials of controlled size and
shape plays a decisve role in the fidd of
nanotechnology. Sincetheinitia study of their properties
began in the 1980s, semiconductor nanocrystals (so-
called quantum dots (QDs)) demonstrated many different
properties, characteristics and potential applications. The
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microscale and larger semiconductor crystals have
electronic and optical properties that depend on their
bulk band structures. When the size of these crystals is
reduced to a nanoscale, they essentidly become a
molecule, and this leads to the unique properties that
distinguish nanocrystals from their bulky analogues.
Mogt important in QD, certain properties no longer
depend on their band structure, but only on the size and
shape. For example, in the case of CdS, bandgap widths
can range between 4.5 (275 nm) and 2.5 eV (450 nm),
sincetheir size varies from macro to molecular level. The
energy above the bandgap, needed to add excess charge,
also decreases by 0.5 eV. This range in the fundamental
properties of the material opens up further possibilities to
trace the evolution of the electronic and optica
properties of matter from the bulk materid to the atomic
cluster.

There are currently quite a large number of methods
for synthesizing QDs. These can be approaches based on
the "crushing" substance (from the top down), and on the
"cultivation" of QDs (from the bottom to the top). Below
we consider methods for obtaining colloidal quantum
dots - nanocrystals of a semiconductor, coated with a coil
of dahilizer molecules. For synthesis of colloidal
guantum dots, chemical methods based on the growth of
nanocrystals are used. In genera, the synthesis of high-
quality nanocrystals with a narrow size distribution
presents some difficulties. QDs of the best quality are
obtained by increasing in nonpolar environments - the
method proposed by C.B.Murray in 1992. and gave rise
to arapid growth of interest in colloidal quantum dots.
Synthesis of colloidad QDs in nonpolar
environments

The method of colloidal quantum dots in nonpolar
media has a number of undoubted advantages:

1. possihility to control the process of growth of QDs

2. good passivation of surface states QDs

3. narrow size digtribution (at 5-8% level)

4. possibility of further allocation and clearing of
QDs

- Missing matrix

The currently developed version of this method
includes synthesisin

coordinating  solvent
coordinating precursor:

- Synthesis in a high boiling stabilized solvent (e.g.
trioctyl phosphine oxide) [30].

Precursors are  demethylcadmium
trioctyl phosphine chal cogenide

- Synthesis in a high bailing inert solvent (non-
coordinating solvent, for example, diphenyl ether) using
stabilizing precursors (e.g., cadmium ol eate) [31]

In colloidal synthesis, you can distinguish three
main stages:

1) Nucleation;

2) Growth of the embryos;

3) oswald maturation stage;

1. Nucleation stage in a supersaturated solution

In accordance with the classica theory of
nucleation, nucleation occurs spontaneoudly: in some
ungable regions, the saturated solution of a molecule or
dissolved ions in itsaf can crystallize, forming embryos.
Homogeneous nucleation is due to thermodynamically,

and synthesis with a

and
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since the supersaturated solution is unstable in energy
[32].

2. Sage of growth of embryos

The colloidal theory in interpreting the phenomena
associated with the growth of crystals proceeds from the
relationship between the shape of the crystal and the
surface energy of all its faces. According to the diffusion
interpretation of the growth of crystals, the process of
formation of a crystalline face proceeds at a high velocity
and depends only on the diffusion velocity. Since the
process is diffusive, the main parameter for itsregulation
isthetemperature [33].

3. Oswald's maturation

When reagents are exhausted due to the growth of
particles, Ostwald's maturation process begins, in which
large particles continue to grow due to smaller
dissolution, reducing the superficial energy of the
system. In this case, defocusing occurs. With a decrease
in the degree of over-saturation of a critical dze, the
embryos grow and particles smaller than the critical size
dissolve. If the reaction is quickly stopped at this stage,
the particles will have a wide distribution in sze. At the
stage of Ostwald's maturation, it is impossible to obtain
monodisperse particles. The size that remains after the
complete disappearance of the supersaturation of
particles can reach severa micrometers, so that
nanocrystals of good size distribution can be obtained
only with explosive nucleation and reaction stops quickly
after its completion and before the start of Ostwald's
maturation. For explosive nucleation it is necessary to
create a high degree of supersaturation.

Particle stabilization.

An important issue is the stahilization of the sol. It is
necessary to achieve not only the given dispersion, but
also to stabilize the properties of the solution in time.
This can be achieved by reducing the energy of the
surface tension on the boundary of the phase separation,
which leads to the presence in the system, in addition to
the dispersion medium and the dispersed phase of
another component - the stabilizer of the disperse system.
Adsorbing on the boundary of phase separation, it creates
a structural and mechanical barrier and thus prevents
aggregation. The successful choice of the stabilizer is
crucid in the colloidal synthesis of QDs. Reguirements
for the stabilizer are relatively high: first, it must prevent
the aggregation of particles of the dispersed phase
Second, do not interfere with the diffuse growth of QDs.
Thirdly, by focusing on the surface of the colloidal
particle, the stabilizer molecule must be firmly bound to
it with a covalent bond on one side, whereas the free end
of the molecule must have a strong affinity for the
solvent, that is, in the disperson medium, thereby
providing a rather high "solubility" of QDs, Fig. 8 and,
fourthly, the stabilizer molecules should pass the surface
of the QDs, eiminating the broken ties and localizing
within it the charge carriers.

Dimensional-selective deposition.

"Solubility" of QD different sizes is different. This
phenomenon is based on the method of dimensiona-
selective deposition. Larger particles can be precipitated
and get a solution of substantialy identical particle size.
At present, it is possible to separate quantum dots with
diameters, which differ only by several percent [30]. The
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Fig. 8. Mechanisms that counteract the convergence
of colloidal particles due to local increase in
concentration (@ and due to mechanica
repulsion (b).

resulting dispersion of an average size is 5-10%,
depending on the composition of the used
semiconductor.

V. Application of quantum dots

QDs have a great potential for practical application.
Firg of all, thisis dueto the possibility of controlling the
variation of the effective band gap width when resized.
Thiswill change the optical properties of the system: the
wavelength of the luminescence, the absorption region.
The second practical - an important feature of quantum
dots - this is an opportunity to exist in the form of sols
(solutions). This makes it easy to obtain coatings from
guantum dot films by optimal methods, or apply quantum
dots through inkjet printing on any surface. All of these
technol ogies can be avoided when creating devices based
on quantum dots of expensive vacuum technologies,
traditiona for microeectronic technology. Also, due to
soluble technologies, you can enter quantum dots in the
required matrix and create composite materials.

The possibility of varying the wavelength of
luminescence is a fundamental advantage for the creation
of new laser environments. In existing lasers, the
wavelength of luminescence is a fundamenta
characteristic of the medium and the possibilities of its
variation are limited (lasers with variable wavelength use
the properties of resonators and more complex effects).
Ancther advantage of quantum dots is the high photo
stability versus organic dyes. QDs show the behavior of
inorganic systems.

The possibility of varying the wavelength of
luminescence is a fundamental advantage for the creation
of new laser environments. In exising lasers, the
wavelength of luminescence is a fundamenta
characteristic of the medium and the possibilities of its
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variation are limited (lasers with variable wavelength use
the properties of resonators and more complex effects).
Ancther advantage of quantum dots is the high photo
stability versus organic dyes. QDs show the behavior of
inorganic systems.

Cregting solar cells is one of the most promising
areas for colloidal quantum dots. Currently, the highest
conversion factor (up to 25%) has traditiona silicon
batteries. However, they are quite expensive and existing
technologies do not allow the creation of large-sized
batteries (this is too expensive production). In 1992,
M.Gratzel [34] proposed an approach to the production
of solar cells, based on the use of materias with a large
specific surface (eg, nanocrystalline TiO,). Activation to
the visible range of the spectrum is achieved by the
addition of a photosensitizer (some organic dyes). QDs
can perfectly act as a photosensitizer, since they allow
you to control the position of the absorption band.
Ancther important advantage is the high extinction
coefficient (the ability to absorb a significant proportion
of photons in a thin layer) and the high photostability
inherent in an inorganic core.

The use of QDs arrays as conductive layers in
microelectronics is very promising, since it is possible to
use smple and cheap "solutions' with drawing
technology. However, the possibility of application is
limited at this time to an extremely high (~ 1012 Ohm *
cm) resistance of layers from quantum dots [35]. One of
the reasons is the large distance between the individual
guantum dots, which is made usng standard stabilizers
such as trioctylphosphine oxide or oleic acid of 1 to 2
nm, which are too large for efficient tunneling of charge
carriers.

Cresting fluorescent labels based on QDs is very
promising. One can distinguish the following advantages
of QDs before organic dyes: the ability to control the
wavelength of luminescence, high extinction coefficient,
solubility in a wide range of solvents, dability of
luminescence to the action of the environment, high
photostability. It is also possible to note the possibility of
chemical or even biologica modification of the surface
of quantum dots, which alows for the sdective
connection with biological objects [36].

Introduction to the production of chemo - and
biosensors is the subject of intensve research in the field
of quantum dots. In such sensors, QDs is an integral part
of the system. The interest in QDs-based lasers was
largely motivated by early theoretical works, which
provided a number of their advantages over quantum
wires, quantum wells, and bulk materias based on lasers
lower limit current dendty, higher temperature stability,
higher gain. However, later detailed theoretical analysis
showed that the advantages of lasers on QDs can be
redized only with careful optimization as the
characteristics of the ensemble of the points themselves
(density, size distribution, depth of localization of the
ground state, etc.), and the design of the laser (the
thickness of the waveguide , profiles of doping, etc.). In
this regard, the development of methods for controlling
the characterigtics of an array of QDs, achieving a deep
understanding of the physica properties of
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optoelectronic devices on QDs and optimizing ther
parameters is extremely important and topical task. In
recent years, the research interest in InAs / GaAs
semiconductor heterostructures with zero-dimensional
intense nanosized INAs (quantum dots (QD)) has grown
considerably [37,38,39]. Such nanoblocks have a high
guantum yield of photoluminescence and is a promising
material for the crestion of lasers in the near infrared
spectrum [40], which can be varied by the deformation
parameter; p-n structures on a tight heterojunction QD-
matrix; quantum computers [41] and a multi-mode laser
based on quantum dots doped with various impurities.

Examples of sensors based on QDs that are fully
operational in electrochemical mode are rarey
encountered in the literature due to the difficulties
associated with the electrochemica experiment of
semiconductor nanocrystals. Thus, electrochemical
sensors based on quantum dots are based on a
nanocrystal fragment as an integral component capable
of increasing the electrochemical signal rather than
exploiting the electrochemical signal of a quantum dot
for a read function. Such sensors are typically intended
for target molecules that have biological activity.

Electrochemical neutron neutral detection sensors
based on quantum dot CdTe have been described in [42].
The CdTe quantum dots were synthesized in water and
subjected to further processing for the purpose of
introducing termina carboxyl groups onto the surface,
which ultimately offers a point of deposition for the
neutravidine compound.

The prepared quantum dots were activated with 1-
ethyl-3- (3-dimethylaminopropyl) carbodiimide and 4-
hydroxysuccinimide, and finally mixed with neutroviin
solution to reach the compound. The golden eectrode
was modified from the sdf-assembled cystemine
monosaccharide  subsequently  biotinylated.  QD-
neutrudein compounds have been captured at the top of
the modified electrode due to the ability of biotin to
recognize neutroids. The formation of the sensor node
was controlled using experiments on impedance and
atomic force microscopy measurements.

At the end, captured QDs were dissolved in an acid
solution to cause the release of Cd," ions, the amount of
which was determined by anode inversion voltammetry.
The dependence of the intensity of the peak on the
concentration of the QD-neutravidine compound and on
the degree of binding on the surface of the electrode was
detected. In this system, QDs play a decisive role in
amplifying the current signal, which was not observed in
controlled experiments (in the absence of QD).

The sdlectivity of the sensor was demonstrated by
competing analyzes with other proteins (peroxidase of
chromium, hemoglobin and myoglobin) that do not lead
to changes in the current strength observed for
neutravidine, Fig. 9 The specificity of the sensor is based
on the occurrence of specific and strong interactions
between neutrudein and biotin (this coupled receptor-
substrate has constant stability, high as 1015m-1). In
addition, the sensor signa was proved linearly, ranging
from 0.5 to 100 ng / | with a detection limit of up to 0.5
nM.

Light-controlled electrochemical sensor based on
QD [43]. It consigs of a semiconductor in combination
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with an insulating layer. Due to the presence of the latter,
a device of this type shows a very poor conductivity.
However, the conductivity of the alternating current can
be increased by lighting the device with modulated light,
thereby creating electron-hole pairs. The irradiated
portion of the surface of the device determines the active
point where the photocurrent can flow. Using a point
source of radiation provides high spatial resolution
(several microns), despite the fact that the photocurrent
flows also in the immediate periphery of the illuminated
area, where eectron-hole pairs are well generated.

In particuar, QDs of different sizes and
compositions coated with  dithiol-ligand  were
immobilized on a gold electrode by incubation or spin-
coating. The photocurrent was generated by locating the
potential on the electrode and irradiating it with a
focused light spot obtained from a common lamp and a
lens. Measurement of the photocurrent was carried out
using a potentiostat using a golden film as a working
dectrode. The effect of QD material and the surface of
immobilization on photocurrent drifts, noise, and the
effect of photocurrent lighting were tested in order to
optimize the preparation of the device. Indeed, a strong
dependence of sensory characteristics on the basis of
guantum dots attached to the electrode was detected.

Amperometric biosensor [44]. was constructed by
the functionalization of a glassy carbon electrode with
several walls of carbon nanotubes adorned with golden
nanoparticles. The modified CEE is further developed by
covalent attachment of the quantum dots of CdTe with
thiol coating, on which the enzyme methyl parathion has
been immobilized. A golden dement in carbon
nanotubes was introduced, both for increasing the surface
area and for cataysis of the enzymatic reaction, thus
providing a synergistic effect on signal strength. In
voltamperograms of methyl parathion, anode peak
associated with the oxidation of p-nitrophenol, the
product of hydrolysis, catalyzing the methyl parathion, is
manifested. The anode peak increases with increasing the
concentration of methyl parathion. The sensor shows a
low detection limit (1.0 ng / ml) and high sdlectivity for
the detection of organophosphorus compounds
containing P-S bond.

An important feature of the sensor is the possibility
of reuse, which makes it suitable in principle, for
continuous monitoring.

The design of chemo - and biosensors is the subject
of intensive research in the field of QD. In such QD
sensors, they are connected to other components and,
hence, they are an integral part of the system, or they are
simply dissolved in the same medium of an anayte or
other chemical substances necessary for the devel opment
of a biosensor signal. The fird application of
electrothermal generation of the chemical luminescence
originating from quantum dots was reported in 2004 by
Zou and Ju. CdSe nanocrystals were used which were
deposited at the top of the paraffin-impregnated graphite
electrode. The prepared sensor was used to detect
hydrogen peroxide under reduced concentrations up to
0.1 pM. The operational mechanisn of the sensor
depends on the ability of the anadyte to act as an
€l ectrochimuluminescent coagul ant.

The principle of operation of semiconductor gas
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Fig. 9. Collection of electrochemical sensor based on quantum dots CdTe.
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sensors is based on the change in the eectrica
conductivity of a semiconductor gas-sensitive layer at the
chemical adsorption on its surface of gases. This allows
us to effectively use them to fire alarm devices and
signaling devices in hazardous to human concentrations
of toxic gases, where they may be considered as
aternative devices alongside existing being optical,
thermal and electrochemical signaling devices. The main
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materials of sensitive eements of such sensors are
semiconductor metal oxides [45], [46] and metal-
containing organic polymers [47]. The listed materials
have an acceptable sensitivity to changes in the
composition of the ambient gas environment.

Among the wide range of metal oxides, asa material
for gas sensors, zinc oxide (ZnO) is of particular interest
[48]. The interest is due to the properties of zinc oxide,
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such as chemical inertness, temporary stability,
resistance to atmospheric influence, high sensitivity to
toxic and explosive gases [48,49]. Different types of zinc
oxide gas sensors are known: sensors on thick and thin
films, nanoparticles and nanotubes [49]. It is shown that
the sensitivity of the material is proportiona to the ratio
of surface areato its volume.

Nanocrystalline ZnO films were applied to the Sitall
substrate by high-frequency reactive  magnetron
sputtering a the BOC Edwards Auto 500 [50]. Zn
99.999% purity target was used. Sputtering was carried
out in an atmosphere of a mixture of oxygen and argon.
The oxygen content in the gas mixture was 20, 50 and
80%; Magnetron discharge capacity - 100, 125 and 150
W; working pressure in the process of spraying - 0,2, 0,5
and 0,8 Pa; the preheating temperature varied. The
thickness of the films obtained was maintained at 60 + 4
nm. The study of gas-sensitive characteristics of the films
obtained was carried out on the bench for measuring the
gas sensitivity. It consists of a chamber with the ahility to
pump gas and its ventilation, a temperature table that
provides heating to a given temperature, and a control
and measuring system.

Microscopic studies have shown that the resulting
ZnO films are homogeneous, with the grain sze value
ranging from 50 to 250 nm.

Optical sensors indude a nanophoton sensor based
on quantum-sized detector structures for the
determination of surfactants in water bodies of the
environment. The principles of nanophotonics are
redized in this device by applying ordered
monomolecular layers of semiconductor QDs of the type
CdTe, applied by the Langmuir-Blodgett method (LB) to
the working eectrode of the sensor. The basic principles
of nanophatonics are the spatial constraints on nanoscale
interactions of photons and electrons located in a
guantum object. The solution of this problem is carried
out by means of the corresponding Schrédinger equations
for finding the wave functions and the energy value of
the quantum system.

The nano-photon sensor as detector eements
contains ordered monoshares of nanomaterials, which are
applied with the help of the LB nanomaterial method, are
QD-type CdTe.

The main advantages of QDs in their application as
detectors in comparison with organic phosphors are ther
photochemical stability, narrow spectrum of radiation,
optical and neoptic (at recombination of charge carriers)
excitation, high quantum vyied and intensity of
luminescence, dependence of the gpectrum of
luminescence on the sizes of QDs. With a decreasein the
size of the QDs core, the maximum wavelengths of
absorption and radiation become smaller [51]. Thus,
changing the radius of the QDs core, you can adjust not
only the wavelength of the radiation, but also to identify
other anaysts.

For QDs, like for most organic molecules, oxidation
and  reduction processes are  characterigtic.
Electrochemistry dissolved in a suitable QDs solvent is
based on the transfer of charge (electron) between the
electrode and the QD to form charged particles
anaogous to theion radicals of organic molecules.

The recombination of the anion and cation radicals
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of the given QD can lead to the formation of an eectron-
excited state of QD, the radiation deactivation of which
representsthe optical analytical signal of the sensor.

For a correct choice of the size of QD, you can use
the gquantum mechanical method of calculation using the
semi-empirical extended Hartree-Fock method with the
help of mathematical and quantum-chemical programs.

The developed nano-photon sensor device is a flow
cell with two electrodes - the working and auxiliary. The
working electrode represents an optically transparent
glass substrate, which is modified to provide electrical
conductivity with a transparent conductive coating of
In,Os. At last, an ordered monomolecular layer is applied
by means of the LV method to the semiconductor QD.
Modification of the working eectrode QD not only
significantly reduces the amount of consumable reagents,
but also enables the reusable use of the sensor device.

Magnetic sensors today are used in many technical
systems, including modern  anti-tank  missiles.
Information  carriers  built on the basis of
magnetoresistive structures are resistant to temperature
fluctuations, ionizing radiation and radiation, and
therefore promising for use in microprocessor systems
for guiding modern warheads. Magnetic field anomaly
sensors are also used in marine border control systems
because in the water space the perturbation of a magnetic
field can not be random in nature, but is due to the
appearance of large ferromagnetic objects that movein a
nonmagnetic environment.

Magnetic sensors numerically register these
perturbations of the background magnetic field of the
Earth, and modern methods of digital processing of
analog signals allow to determine with a fairly high
accuracy the mass, direction and speed of the
aforementioned objects [52].

Magnetoresistive structures - objects that have the
ability to change their volt-ampere characteristics,
depending on the change of the externa magnetic field.
Sensors based on magneto-resistive structures have high
sensitivity to magnetic field changes.

Modern biosensors are analytical devices in which
high-specific chemical reactions are used to determine
the components of the sample, are catalyzed by enzymes,
immunochemical reactions or reactions occurring in
organelles, cells or tissues. The main function of the
biosensor is to convert highly specific biochemical
processes into an anaytical signa captured by the
detector and serves as a source of information on the
gualitative and quantitative content of one or more
bicanalysts in the test sample. There are severd
classifications of biosensorsinvarious features.

There are two main classes of biosensors - enzyme
and affinity biosensors. Affinity biosensors include
DNK-sensors and immunosensors. The main difference
lies in the nature of the analytical signa. In the enzyme
biosensors, the anaytical signa reflects the rate of
conversion of the substrate under the action of the
enzyme and reaches a maximum in the first minutes of
the reaction. After that, the intensity of the signa is
sharply reduced. The basis of the affine biosensors is the
reversible biochemical reactions of the type "antigen-
antibody" and "DNA-protein”. In this case, the maximum
andytical signal is observed when the biochemical
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response isreached.

Enzyme sensors - one of the most common types of
biosensors, with a unique structure and properties of
enzymes - selective catalysts of biological processes.

There are 2 groups of enzyme biosensors. catalytic
(substrate) and inhibitor [53]. Catalytic or substrate
biosensors are based on the direct interaction of an
enzyme immobilized on a substrate or plate, and a
substrate to form areaction product, dividing energy and
a low molecular weight substance (for example,
hydrogen peroxide). In this case, one or more anaytical
signals and methods of their detection can be identified.
The principle of action of inhibitory biosensors is to
inhibit the activity of the enzyme by the substrate. An
andytical signd in this case is the degree of decrease in
the activity of the enzyme (degree of inhibition).
Inhibition of the activity of the enzyme can be as specific
due to interaction with the substrate, and non-specific
because of the presence of strong acids, bases, organic
solvents in the sample, as well as the effects of high
temperature, radiation, etc.

The main problem with the development and use of
enzyme sensors is the immobilization of the enzyme on
the surface of the transducer. Many enzymes are
extremely labile and physical sorption is often not
enough for strong containment. Chemical methods of
immobilization can lead to partial or complete loss of
enzyme activity [54]. The use of nanomaterials based on
carbon [55] or metals [56] due to the developed surface
and low resistance allows more firmly fix the enzyme on
the substrate and improve the sensitivity of the sensor.
Difficulties are also possble in the analysis of
multicomponent systems, since such admixtures in the
matrix as heavy metals, some organic compounds can
also cause a decrease or complete disappearance of the
catalytic activity of the enzyme.

Biccatalytic enzyme sensors based on the detection
of an integral index of enzyme activity and catalytic
activity of a nonbiological component in relation to a
specific  component, can significantly improve the
sensitivity of detection [57].

One of the modern trends in the development of
enzyme sensors is the development of biosensors based
on inorganic catalysts and enzyme-like complex
compounds. The authors [58] developed a catalytic non-
enzyme sensor based on organic complex compounds of
nicked to determine creatinine. The signals of the
oxidation of certain components were amperometrically
recorded.

DNK sensors. A digtinctive feature of this group of
biosensors is the use as a biological component of a
DNK fragment. The principle of action of DNK sensors
is based on the complementary interaction between
single-stranded DNK sections of the component of the
anayzed sample and the receptor of a known structure.

The most promising among biosensors for the
identification of bacterial pathogens are sensors and
methods based on the use of immunoreactic reactions.

For use in the bicanalysis, the most commonly used
nanoparticles consist of an "inorganic' core and a
polymeric membrane. Inorganic materia that exhibits
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magnetic properties often acts as a nucleus, and a
polymeric membrane, modified by various functiona
compounds, allows for asignal from ananocomposite. In
order to obtain such nanocomposites, physical
encapsulation is generally used.

This method consists of one-step or sequentia
adsorption of a polymer on a charged nanoparticle.
Adsorption is mainly regulated by eectrostatic
interaction processes and is realized by means of charged
groups or specific interactions (eg, ion-ion interaction,
complex formation, dipole-dipole interaction, etc.). The
main purpose of this method is to physically involve
inorganic nanoparticles inside a charged polymer, which
ultimately forms a shell of nanocomposite particles.
Sometimes they conduct a multi-stage layered coating
process. In this way, "quantum dots' are often
encapsulated, for example, by covering the nanoparticles
with a polysaccharide, by el ectrostatic interaction [59].

Polymerization is one of the most widdy used
methods for coating nanoparticles on the surface. In the
process of microemulsion polymerization, to obtain
identical submicron droplets of the monomer, which are
converted into stable colloidal particles, intensive phase
mixing takes place. The monomer in most cases is a
lipophilic substance dispersed in an aqueous solution of
surfactant. Large surface area of small droplets of
microemulsion (submicron sizes) increases their ability
to capture growing radicals that are generated by the
initiator used. Consequently, each drop is converted into
a micro-reactor in which polymerization takes place. At
the final stage, each drop is converted into a solid
particle. Unlike conventional emulsion polymerization,
in a microemulsion there is no diffusion of monomer (s)
through a continuous disperse phase, which makes it
possible to obtain mono-size particles. A large number of
papers are devoted to the coating of inorganic
nanoparticles by polymer using radical microemulsion
polymerization. The literature describes a similar coating
of nanoparticles: titanium oxide (Ti0,), cacium
carbonate (CaC0,), cod tar particles, ZnO, quantum dots
(CdSe/ CdS) and iron oxide (Fe;0,) [60].

Shotber's method is one of the simplest methods that
allows obtaining a durable coating on the surface of the
nanoparticle with a wide range of possibilities for
functionalization and further modification. Simplicity of
synthesis also plays an important role in attracting the
attention of researchers to this class of materials. The
advantages of the method [61], which alowed him to be
widely used in the synthesis of nanocomposites, in
particular, include:

» the possibility of creating different structures with
an ultrafine phaseg;

* ensuring high purity of both the source material and
the resulting product;

* the homogeneity of the distribution of components
(including small modifying additives) and, as a
consequence, the possibility of reducing the micro-
heterogeneity of the formed compounds to the molecular
andionic leves;

* the possibility of obtaining new crystalline and
amorphous phases, materias with cations in ther
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unusual degrees of oxidation, the synthesis of which by
traditional methods is difficult or impossible.

Heterostructures with spatial constraints of charge
carriersin al three directions (quantum dots) realize the
limiting case of dimendonal quantization in
semiconductors, when the modification of eectronic
properties of amaterial is most pronounced. The eectron
spectrum of an ideal quantum dot (QD) is a set of
discrete levels separated by areas of forbidden states and
corresponds to the eectron spectrum of a single atom,
although the real quantum dot can thus consist of
hundreds of thousands of atoms.

Conclusions

A review is made of the practica application of
semiconductor nanoparticles as materials for different
types of sensors on their basis, different methods of
obtaining quantum dots and their properties, depending
on the synthesis conditions, have been shown that
guantum-dimensional  effects play a key role in
optoel ectronic properties of QD. The energy spectrum of

QD is fundamentally different from the spectrum of a
bulk semiconductor. Materials possessing controlled
[uminescence, in particular on the basis of semiconductor
nanocrystals, are promising as chemica sensors, for
fluorescence microscopy, as components of information
processing and storage systems.
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HaniBnpoBiTHMKOBI KBAHTOBI TOYKH SIK MaTepiaju
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Tpuxapnamcoxuii nayionanvhuti ynisepcumem imeni Bacuns Cmeghanuxa, gyn. Lllesuenka, 57, lsano-@pankiscok,
76025, Vrpaina, e-mail: svitlana.bardashevcka@gmail.com

KsanToBi Touku (KT), Ha cbOrofHi Hajexarb J0 HEHTPAIBHUX 00 €KTiB JOCII/DKCHb OaraThOX HayKOBHX
rpyn. BuBueHHsT BnacTHBOCTEH CTPYKTYp MaluX PO3MipiB Ba)JIMBE SIK JUISI TIOJAJIBIIOTO PO3BUTKY €JIEKTPOHIKH,
TaKk 1 JUId YIOCKOHAJEHHsS B)K€ ICHYIOUMX HaIiBIIPOBIIHMKOBUX NpmianiB. Ha ceoromni € Garato MeTonis
orpuManHs KT B nabopaTopHUX yMOBax: METOJ YIbTPa3ByKOBOTO INOAPIOHEHHs, MOJICKYISPHO-IIPOMEHEBOI
emiTakcii, iMIyJIbCHOI J1a3epHOi a0usmii, a TakoXK 3a JOIOMOTOI0 TAaKUX METOIIB XiMIYHOTO CHHTE3y, SK
METaJIOpraHiuHUil CUHTE3, CHHTE3 y 3BOPOTHIX MiLleax, COIbBOTCPMalIbHUM CUHTE3 , 30JIb-TelIb CHHTE3, CHHTE3 3
BUKOPHCTaHHSIM TioJ-CTablIi3aTOpiB, CHHTE3 Y HEBOZHOMY cepenoBuili . HaliOuIbI nepcekTHBHUMU Ha IaHMi
MOMEHT € METO/IM, 3aCHOBaHI Ha BUKOPHCTaHHI sBMINA caMmoopranizauii. Lle Meroau MoneKkynsipHO-IIpOMEHeBOl
emiTakcii Ta KOJMOinHOI XiMil, MPUYOMY OCTAHHIM METOZOM MOXKHA CHHTE3YBATH KPHUCTalH, SKi MarOTh PO3Mip
JIeKiJlbka HAHOMETPIB 1 B AKMX MIMPUHA 3a00POHEHOI 30HM Ta €HEpris MakCUMyMy iKYy JIFOMiHECLEHLI,
BU3HAYAIOTHCS PO3MIPOM YaCTHHOK.

KoarouoBi cjoBa:  KBaHTOBI  TOYKHM, TiIpOTEPMAJIBHUHA  CHHTE3,  COJIBBOTEPMAaJIbHUH  CHHTE3,
HaITiBIIPOBIJTHUKOBI KBAaHTOBI TOUKH, KBAHTOBO-PO3MipHHH €(EKT.

128


mailto:svitlana.bardashevcka@gmail.com

