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Relevance of the scientific research

Currently, we find ourselves amidst the Second Quantum Revolution, harnessing the quantum
attributes of materials to engineer a new generation of computers, computational systems, and
telecommunication devices. Cutting-edge technologies are emerging, capitalizing on individual
quantum states and unique features like superposition and entanglement. In this context, quantum
computing draws heavily from the conceptual and technological advancements in semiconductor
nanophysics, specifically relying on variously shaped and sized quantum dots (QDs) to establish
qubits within these systems. Given this, the imperative study of semiconductor QDs for their
integration into quantum computing applications becomes evident.

The main objectives of the dissertation

The goals of the dissertation work are as follows:

Investigate direct interband light absorption in spherical and cylindrical QDs using
modified Poschl-Teller and Morse potentials, with a focus on providing a more realistic
description of charge carrier behavior.

Study one-electron states in prolate and oblate spheroidal QDs, exploring their potential
applications in near-infrared detectors, optical sensors, and QD LEDs.

Analyze the binding energy and oscillator strength of hydrogen-like donor impurities
in strongly oblate and prolate ellipsoidal QDs, employing the variational method.
Calculate the exciton, negative and positive trions, and biexciton states in strongly
prolate ellipsoidal QDs using the variational method, emphasizing their potential as one
and two-photon sources.

Investigate exciton and biexciton behavior in ellipsoidal QDs under the influence of
intermediate light fields, and analyze the resulting changes in optical properties and
recombination lifetimes.

Demonstrate the Talbot effect in vertically coupled cylindrical QD ensembles, shedding
light on their potential applications in modulated coupling fields.

Investigate the parabolic confinement potential in strongly oblate ellipsoidal QDs, and
explore its potential for resonance frequency control through geometric adjustments.
Examine the implementation of the generalized Kohn theorem for a gas of heavy holes
in lens-shaped Ge/Si QDs, showcasing the formation of a two-dimensional parabolic
confining potential.

Obtain analytical expressions for the electron energy spectrum and wave function of
core/shell/shell spherical QDs with Kratzer confining potential, and study the resulting
dipole and quadrupole moments.

Theoretically investigate the linear and nonlinear intraband optical properties of
colloidal spherical CdSe/CdS core/shell QDs in the presence of a donor impurity in the
center.

Study the electronic states and optical properties of conical QDs made of GaAs, and
explore their potential as base elements for QD LED:s.

Investigate the electronic states and optical properties of conical QDs in the presence
of an external electric field, examining the effects on electron localization and energy
levels.



Scientific novelty

o Impurity Behavior in Ellipsoidal Quantum Dots: The examination of hydrogen-like
donor impurities in strongly oblate and prolate ellipsoidal quantum dots, using the
variational method, uncovers non-monotonic dependencies and reveals novel behaviors
in impurity position-dependent oscillator strengths.

o FExcitonic Complexes in Prolate Ellipsoidal Quantum Dots: The analysis of exciton,
negative and positive trions, and biexciton states in strongly prolated ellipsoidal
quantum dots provides valuable insights into their binding and recombination energies,
offering new possibilities for controlling radiative lifetimes.

o Intermediate Light Field Effects: The investigation of exciton and biexciton behavior
in ellipsoidal quantum dots under the influence of intermediate light fields (ILF)
represents a novel approach, shedding light on the impact of external influences on
excitonic complexes.

o Talbot Effect in Vertically Coupled Quantum Dots: The demonstration of the Talbot
effect in vertically coupled cylindrical quantum dots under the influence of probe and
modulated coupling fields, utilizing the double MPTP model, provides a unique insight
into their behavior under controlled conditions.

o Generalized Kohn Theorem in Ge/Si Quantum Dots: The presentation of experimental
results suggesting the implementation of the generalized Kohn theorem for heavy holes
in the lens-shaped Ge/Si quantum dots introduces a new understanding of confinement
potentials in specific geometries.

o Core/Shell/Shell Spherical Quantum Dots: The derivation of analytical expressions for
the electron energy spectrum and wave function, along with the study of dipole and
quadrupole moments, provides a unique perspective on impurity electron leakage and
electrostatic field behavior.

o [Effect of External Electric Field in Conical Quantum Dots: The investigation of energy
levels and wave functions in conical quantum dots under the influence of an external
electric field offers fresh insights into the behavior of electron localization and energy
in response to applied fields.

Scientific and practical impact

The findings presented in this dissertation hold significance both in academic and practical
domains. On an academic front, novel numerical and simulation techniques have been established
to analyze the linear and nonlinear optical characteristics of semiconductor nanostructures. In
practical terms, QDs systems emerge as promising contenders for utilization in quantum
technologies, particularly in quantum computing. Alternatively, QDs can be employed in QD-
based LED technologies to achieve RGB output.

Dissertation structure

The dissertation begins with a “List of Abbreviations and Notations Used in the Dissertation”.
It is followed by “Introduction”, which formulates the relevance of the proposed work. After
the literature overview and description of the current state of the problem, the main statements of
the work have been listed.



Chapter 1 is devoted to the theoretical investigation of spherical and cylindrical quantum dots
with various confinement potential models in different size quantization regimes. This Chapter
consists of four sections.

Section 1.1 is devoted to the investigation of spherical QD with modified Poschl-Teller potential
(MPTP). Based on the obtained results for the energy states and wave functions interband light
absorption spectra have been calculated for the ensemble of quantum dots.

To compare the results with the experimental ones the dispersion of the geometric size of QDs
should be taken into account. It should be noted that taking into account the geometric dispersion,
the study of light absorption will lead to a series ofblurring lines instead ofclear lines of maxima
of the absorption frequencies. During the growing process of QD’s ensemble, depending on the
technological parameters of the growth, symmetrical or asymmetrical distribution of the
geometric parameters of QD around certain average values may occur.

To describe the symmetric distribution of the geometrical parameters around the average value,
the Gaussian distribution function is used, and for asymmetrical - the Lifshits-Slezov and gamma
functions. Forms of these functions are given below:
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where the variable u is the ratio of dispersive parameters to their average values.

Figure 1 (a) shows the dependence ofthe energy ofthe particle from the half-width ofthe quantum
dot confining potential for MPTP and the parabolic potential. Figure 1 (b) shows the dependence
ofthe summary absorption coefficient for first forth levels on the frequency of the incident light
for the ensemble of spherical QDs with MPTP. Inset shows a comparison of three distribution
functions for which absorption coefficients are calculated.

Figure 1. (@) The dependence of particle energy from half-width of confining potential in
spherical QD with MPPT and parabolic potential in strong size quantization regime. (b) The
dependence of the absorption coefficient on the frequency of the incident light for the ensemble
of spherical QDs.



Section 1.2 is dedicated to the investigation of absorption spectra of an electron in cylindrical QD
with MPTP, while Sections 1.3 and 1.4 dedicated to the investigation of effects of hydrostatic
pressure on the donor impurity exciton states and interband absorption in a cylindrical quantum
dot with Morse confining potential.

There is a necessity to take into account the dependence of the effective mass, dielectric constant,
as well as the parameters of the Morse potential of the pressure and temperature for calculating
the effect of hydrostatic pressure on the energy levels of electrons and holes. In this case we must
rewrite the Hamiltonian of the system under consideration of hydrostatic pressure and
temperature effect:
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Dependence of electron effective mass on the hydrostatic pressure and temperature, can be written
in following form.
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where mj - is the free electron mass. In this problem we consider the heavy hole case,
iy, (P) = m, (0.45—0.1x10*3P), (6)

Note also that effect of temperature on the effective mass of heavy hole is absent. Hydrostatic
pressure and temperature influence on dielectric constant of Gads is given by:

K(P,T) = x el @)
where x, — permittivity of material. Note that constants in (7) are changed depending on the
temperature, specifically T <200K — x, =12.65, oq = -1.67x107kbar™" , o, =9.4x107° K™
and T >200K -k, =1229, o, ==1.73x107 kbar™, o, =204x10°K "

The pressure-dependent characteristic sizes of cylindrical QD, which are obtained from
the fractional change in the sample volume:

R(P)=R(0)(1+7,x107P). h(P)=h(0)(1+7,x107P).. 8)
where 7, =-19, n,=-49.



Chapter Il is devoted to the investigation of optical properties of ellipsoidal and spheroidal
quantum dots. This Chapter consists of four sections.

In Section 2.1 binding energy and photoionization cross-section of hydrogen-like donor impurity
in strongly oblate ellipsoidal quantum dot have been presented.

According to the variational method, the expression for the electron energy has the following

form:
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After the minimization of the eldd (X) energy over X, we get the energy of the electron with
impurity sinp in the QD. Note that electron energy sinp calculated by the help of variational

method has been compared with the energy calculated by the exact numerical method. The
relative difference between two energies for the geometrical parameters ¢ = 0.5aB and a - 5aB

are 2.64%. It is clear that this accuracy is caused by the high accuracy of adiabatic method for
such fixed parameters, when the ellipsoid has a pronounced oblate character. The binding energy
of the electron will be defined as the difference between the electron energy without and with
impurity:
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Squared dipole matrix element of the optical transition describes the probability of transition and
it is proportional to the oscillator strength of the transition. The dependence of the oscillator
strength on the radial coordinate pO is represented in Figure 2 (a) for the first three energy levels.

As expected, the oscillator strength is bigger for the ground state. It is obvious that the value of
oscillator strength depends on the angle of incidence of the light. The angle of incidence is the
angle between the normal directed along the Z axis and the direction of light propagation. This
dependence illustrated in the Figure 2 (b). For all levels, the oscillator strength monotonically
decreases with the increase of the incident angle and tends to the zero.

Figure 2. The dependence of the oscillator strength on the radial coordinate of the impurity pO
for the first three energy levels (a) and on the incident angle for the first three energy levels (b).

Section 2.2 investigated the same dependences but for strongly prolate prolate ellipsoidal
quantum dot, while Sections 2.3 and 2.4 are devoted to the investigations of oblate spheroidal
guantum dot, namely electronic states, direct interband light absorption and pressure dependence,
and prolate spheroidal quantum dot, namely electronic states, direct interband light absorption
and electron dipole moment, respectively.



Chapter 111 is devoted to the investigation of excitonic complexes, such as excitons, negative
and positive trions, biexcitons in ellipsoidal and cylindrical quantum dots. This Chapter consists
of four sections.

In Section 3.1 binding energy and photoionization cross-section of hydrogen-like donor impurity
in strongly oblate ellipsoidal quantum dot have been presented. The calculation of the
quasiparticles’ energies allows to obtain the binding energy for each one. The binding energies
are defined below:

Er =(Ee+En) Ex,
E“ =(2Ee+Eh) Ex,

E* =(Ee+2En) Ex+
ebind . 2E E

XX X XX9
where Ee and Eh, respectively, the energies of the electron and hole in the ellipsoidal QD. The

binding energy of the exciton is determined from the ratio of the non-interacting electron-hole
pair and the binding energy ofthe biexciton is relative to the two non-interacting monoexcitons.
In Section 3.2 relativistic correction of biexciton fine structure in ellipsoidal quantum dots have
been calculated. First of all, let us mention that the relativistic correction energy has a small

impact on the biexciton energy since its order is about ERC~10 6meV . It is worth mentioning

that the relativistic correction ofthe same order has been obtained by a number of authors for the
hydrogenic electron in quantum dots with different shapes. And in second, relativistic correction
energy of the biexciton fine structure is always negative and it decreases the energy.

In Section 3.3 the impact of intense laser Bessel beam on excitonic complexes in ellipsoidal
quantum dot have been discussed. Our theoretical study analyzes the response of ellipsoidal QD
to an Intense Laser Field (ILF) with a Bessel intensity profile at non-resonant extreme violet and
resonant radiation at mid-infrared wavelengths. Both beams are linearly polarized along the z-
axis. The possible experimental setup (Figure 3) involves first illuminating the QD with a resonant
mid-infrared beam, which excites excitonic and biexcitonic states within the QD. Subsequently,
the non-resonant Bessel beam is applied to the system. To generate the Bessel beam, a variety of
techniques, such as an annular slit placed at the focal plane of a lens, optical, or diffractive
axicons, or a spatial light modulator can be utilized. Each of these methods enables the creation
of a laser beam with a specific Bessel intensity profile, which can be tailored to suit the required
parameters.

(11)

Figure 3. Schematic of the simultaneous illumination of a strongly oblate ellipsoidal quantum
dot with a non-resonant ultraviolet Bessel beam and resonant mid-infrared irradiation. The optical
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axicon is implemented to generate a non-diffracting Bessel beam, as illustrated by the transverse
intensity profile shown in the inset.

And finally in Section 3.4 the possibility of realizing of Talbot effect in coupled cylindrical
quantum dots ensemble have been presented using four-level ladder-type system.

Figure 4. (a) The energy diagram of the four-level ladder-type InAs/GaAs coupled cylindrical
QDs system. (b) The formation of Talbot carpet from vertically coupled cylindrical QDs
ensemble.

The four levels of the ladder type system are described in the following section. A ground state
|0 ofthe system is taken to be the state where the electron-hole pair is not yet generated. The

first excited state |0 is taken to be the state when the electron-hole pair is localized in the first

QD (direct exciton). As the second excited state |0 , a state is taken where the hole is localized

in the first QD and the electron is in the second QD (indirect exciton). And finally, the third
excited state |0 is defined by the direct and indirect excitons (biexciton) in a vertically coupled
QD system (Figure 4 (a)).

For achieving Talbot carpet from a medium obtained from a cylindrical coupled QD ensemble
the tunneling-induced transparency occurs. As the coupling field has periodical intensity
distribution the absorption of the medium as a whole will also have a periodical character. Thus,
the probe field passing through the tunneling-induced periodically transparent medium will be
diffracted and a Talbot carpet will be formed at the near field. The simulation showed that in the
case where the tunneling effect Te=0 is absent the Talbot carpet was not observed. Thus, the

carpet is simulated in the case of the maximum value of the tunneling parameter Te =T (Figure
4 (b)). In the figure, we clearly can see the Talbot images at Talbot half-distances. Moreover, we

can discern the revivals of Talbot sub-images shifted with doubled, tripled, and quadrupled
frequencies at ZT/2, ZT/3, ZT/4 distances. It is shown that revivals at half-distances exhibit

phase shifts which are typical for the Talbot phenomenon.

Chapter 1V is devoted to the implementation of Kohn’s theorem for quantum dots with oblate
and prolate geometries. This Chapter consists of four sections.

In Section 4.1 implementation of Kohn’s theorem for the oblate ellipsoidal quantum dot have
been presented, implementation of Kohn's theorem for the oblate ellipsoidal quantum dot in the
presence of external magnetic field is included in Section 4.2, realization ofthe Kohn’s theorem



in Ge/Si quantum dots with hole gas is presented in Section 4.3 and finally, in Section 4.4 the
implementation of Kohn’s theorem for the prolate ellipsoidal quantum dot have been involved.
To construct the theoretical model, we note those important provisions, which underlie the
proposed theory and are implemented in the experiment:

1 QD contains few-particle gas (particularly, gas of heavy holes);

2. The effective mass of particles is scalar;

3. The QD has specific geometry, which allows dividing the particle’smotion into “fast”

and “slow™;

4. The incident perturbation on the system is long-wavelength.
It is important to note that QDs in the experiment are MBE grown Ge dots in Si matrix with a
deep potential well in the valence band for holes. Special attention should be paid to possible
coupling ofthe heavy and light hole states in this case. However, numerical estimations show that
in case of Ge/Si QDs, the low-level QD states are formed mainly by the heavy hole states and the
intermixing effects of the heavy and light hole states can be neglected due to both the small value
of the light hole effective mass in Ge and the strong vertical confinement. As a result, one can
consider the holes in QD as a heavy hole gas characterized by the scalar effective mass, non-
interacting with light hole band, and thus one can write the multiparticle Hamiltonian with scalar
effective mass u .
Measured transmission spectra of doped QD samples are plotted in Figure 5 together with the
experiment schematics. All doped samples demonstrate a broadened absorption peak with the
center at about 30 meV. Moreover, the shape and position of the absorption peaks seems to be
the same for the structures with nominal doping of 2, 4, and 6 holes per dot, or, in other words,
independent of the number of holes in the QDs.

Figure 5. Experiment schematics and the measured far-IR transmission spectra of the Ge/Si
quantum dot structures with different doping levels at 80 K. The labels at the curves indicate the
nominal doping level.

For resonant frequencies Q in the case ofa plane-convex lens, we can immediately write:
1/2

Q=m (12)
M 3
For the parameters given above, the theoretically calculated energy gives the value:
Sheor = 31meV (13)

In turn, the experimentally measured value of the energy of the resonant transitions in the center
of the broadened absorption band that, again, corresponds to large dots, is
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&Qep =30meV (14)
Thus, there is very good consistency between the experimentally found and theoretically
calculated values of the resonant transition energies. Therefore, we observe the single-particle-
like optical transitions in the multi-particle system with the pair Coulomb interaction.

Chapter V is devoted to the investigation of electronic and optical properties of core/shell
nanostructures. This Chapter consists of five sections.

There are confinement potentials, which can well describe core/shell/shell structure, and on the
other hand in the case of impurity placement in the center of the nanolayer, allow us to give an
exact analytical solution of the Schrodinger equation. This problem considered in Section 5.1.
One of them is a molecular Kratzer potential having the following form:

u(r) =r4 ; +Uo, (15)
where a , p and UO characterize the sample. Profiles of the potential are presented in Figure 6

for different values of its parameters. Here UO describes the height of the potential at the

"nanostructure - environment" transition. Important specific feature of this potential is the
finiteness at the outer boundary. Due to this feature the impurity electron can leakage into the
environment.

Figure 6. Profiles of Kratzer potential for different values of its parameters: (a) re =2as,

re =4as U0:5ER,b) ro=2aB, Un=5er, Uz =7Er .

In Section 5.2 linear and nonlinear optical absorption of CdSe/CdS core/shell quantum dot in the
presence of donor impurity have been presented. The optical transitions in semiconductor
nanospherical core/shell/shell heterostructure in the presence of radial electrostatic field have
been investigated in Section 5.3, while the exciton states and optical absorption in core/shell/shell
spherical quantum dot have been presented in Section 5.4. Finally, in Section 5.5 the modelling
of quantum dots with the finite element method have been performed.

In such a system we have to take into account the change of the effective mass, dielectric

permittivity, and potential depth and the effects caused by the diffusion. The V(x,y, z) will have

to change to a more complex form like a piecewise Woods-Saxon potential. For the sake of
showcasing both the effective mass and the dielectric constant anisotropy we will consider a
system with a hydrogen-like impurity at the center that has the following Hamiltonian:

11
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where r =82+ .y2+z2 - is the radius vector for the electron. For modeling the band structure
of a spherical CdSe/CdS core/shell structure we can use:

=E"8y.z), (16)

80 J(r o
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n=(vr - vCd - ° ’ r<Rr,
vin =( -, exp[(r R@®) . ]-

CdSe
V(r)y= V(r)= vc 0 r>R,, a7

I+ exp [(r Rcore)/a ]~

V(r)=a, r >R,

Here the MR =4.8eV, MIEBE=4.9V - is the position of the conduction band minimum for
CdSe, CdSrespectively, Rae - is the core radius in our case CdSe region, Rd®/ is the shell radius

in our case CdS region, a - is a transition smoothness parameter which varies with the degree of
diffusion. You can see the potential form in Figure 7.

Figure 7. Piecewise Woods-Saxon Potential plotted for the following parameters: Rare =Inm ,

R*« =L3«m, «,re=0G .

The effective mass and dielectric permittivity can be defined by a standard Woods-
Saxon potential:

* *
m (r) - n‘@B m Cds rm CimSe. (18)
1+exp
a

Here mMmese = °.112 *mo, m@B5=0.25+m0- are the electron effective masses in the respective
materials.

scise  8QB
rr - RCOI’S ]

80(r) = 8@8
1+exp

(19)
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Here s@B=9.29, s@5=8.28- are the dielectric permittivity constant of the respective
materials.

Figure 8. The segmented blue line is the probability density ofthe particle's ground state localized
in the core region, the solid red line is the ground state energy of the particle depending on the
inner core size for an electron (a) and a hole (b). In Figure (a) you can see three regions the region
that has a red patterns represents the core radii where the localization probability of the hole in
the core is less than 50%. The second region represented by the red and blue pattern shows the
core radii where the hole’s localization probability in the core is larger than 50% but the electron’s
localization probability is lower than 50%. The third region does not have pattern, and shows the
core radii where the both hole’s and electron’s localization probability in the core are larger than
50%.

Quasi type-11 structures are actively investigated experimentally. For example, in [14], the authors
have investigated the temperature dependence of the spectral properties such as the band gap,
bandwidth, and fluorescence intensity of CdSe/CdS dot-in-rod nanocrystals. Quasi type-II
structures were synthesized with core sizes of Raxre=2.3nm . The values for quasi-type-1I

structure core size obtained by our calculations are very close to the experimental values, which
attests to the quality of our chosen model.

Overall, we can say that the FEM can not only be used to model one material QDs but core/shell,
core/shell/shell, or dot in bulk structures successfully. Even allowing us to obtain structures with
quasi type-11 band alignment.

And finally, Chapter VI is devoted to the investigation of electronic and optical properties of
conical quantum dots. This chapter consists of four sections.

In Section 6.1 direct interband light absorption and in Section 6.2 magneto-absorption in conical
guantum dot have been investigated. In Section 6.3 the dipole moment of conical quantum dot
and in Section 6.4 electronic states in conical quantum dot in the presence of electric field have
been presented.

The electronic states in all cases have been found in the framework of the geometrical adiabatic
approximation. To compare, the energies of the ground and first excited levels in the adiabatic
approximation, in the adiabatic approximation with the quadratic and cubic corrections, and for
two above-mentioned numerical methods are given in Table 1

13



Table 1. Ground-state energies (R =0.5aB) for the adiabatic approximation, the adiabatic

approximation with the quadratic and cubic corrections, the finite element method (FEM) and the
Arnoldi method.

H /R 8 12 16 20 24 26
The adiabatic approximation 29.794 28.216 27.329 26.749 26.335 26.022
The adiabatic approximation 36.189 31.764 29.448 28.175 27.369 26.812
w ith the quadratic correction
The adiabatic approximation 36.811 33.150 30.096 28.533 27.589 26.956
with cubic correction
FEM 38.375 34.225 32.075 30.735 29.800 29.111
The Arnoldi method 38.287 34.157 32.017 30.683 29.758 29.089

Table 1 shows that the deviation of the adiabatic method from the exact value becomes smaller
with an increase in the ratio H/R . A similar picture is observed when one uses the combined
adiabatic approximation method with the quadratic and cubic corrections, with the only difference
that these methods give good results even at the relatively small values of H/R . Also, note that
the values obtained by numerical methods are close to each other.

Figure 9 shows the probability density ofthe electron distribution in the conical QD cross-section.
As seen from the figure, with the increase in the quantum number n, the region of electron
localization shifts in the z-direction from the base of the cone. Note also that with an increase in
the quantum number n , the additional maxima of the probability density arise. The density ofthe
probability distribution in the conical QD cross-section for first excited levels with m =1 and
np =1 are shown in Fig. 9 (d) and (e), respectively.

Figure 9. Probability density of the electron distribution in the conical QD cross-section: (a)
np=0m=0,n=0,(b) np=0m=0n=1, (c) np=0m=0n=2,(d) np=0m=1Ln=0, (e)

np=1m=0,n=0, (f) Energy-level diagram of the elongated conical QD.
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The key findings ofthe dissertation are presented in Conclusion. After that, the list of References
is brought, followed by the List of Published Works on the Dissertation Topic and
Acknowledgments.
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The main statements of the dissertation

The goals of the dissertation work are as follows:

Permitting interband transitions between arbitrary axial quantum numbers in cylindrical
quantum dots, governed by Morse and MPTP potentials.

Increase of absorption edge (blue shift) with the increase of external hydrostatic
pressure for the donor impurity in cylibndrical QD with Morse potential.
Cupola-shaped character of the oscillator strength for the transitions between states with
and without impurity center in strongly oblate ellipsoidal QD depending on the impurity
position.

Proofing the validity of geometrical adiabatic approximation with comparison to exact
numerical calculations and finding applicability regions of three size quantization
regimes for the oblate and prolate spheroidal QDs.

Equality of relativistic correction energy magnitude for the biexciton in oblate
ellipsoidal QD to 10 mel .

Enhancement of exciton and biexciton recombination radiative lifetimes in ellipsoidal
QDs due to the influence of an ILF, resulting in lifetimes on the order of nanoseconds.
Formation of Talbot carpet with 11mm Talbot distance from Inds/Gads cylindrical

coupled QD ensemble via tunneling-induced transparency at the near field for the
2700nm probe field.

Realization of Kohn’s theorem for the QDs exhibiting both oblate and prolate
characteristics, encompassing ellipsoidal and lens-shaped QDs, in the presence and
absence of an external magnetic field.

Consistency between the experimentally measured (=30meV) and theoretically
calculated (=31meV) values of the resonant transition energies for the few-hole gas in
the oblate lens-shaped QD.

Feasibility of shifting from type-I to quasi type-II structure by changing the sizes of
CdSe/CdS core/shell QD with the critical value 2.3nm of the core size.

Equivalence to zero the dipole correction to the electrostatic field for the core/shell/shell
QD, modeled with Kratzer confinement potential, subsequently quadrupole correction
calculation, which is a tensor and depends on the quantum numbers

Possibility of modelling RGB LED devices based on conical QDs ensemble, since the
interband transition frequency between energy levels of conical QD falls into the visible
part of spectrum and can be precisely controlled through size adjustments.

Approbation of the work

The main results obtained in this dissertation work were discussed during scientific seminars of
the Department of General Physics and Quantum Nanostructures of the Engineering Physics
Institute of Russian-Armenian University, Armenia, Department of Material Science of
University of Patras, Greece, Department of Chemistry of Hamburg University, Germany,
Institute of Nanotechnology (CNR Nanotec), Italy, “B-PHOT” Brussels Photonics Group of Vrije
Universiteit Brussel, Belgium, Chair of Physical and Theoretical Chemistry of Saarland
University, Germany, Department of Semiconductor Physics and Nanoelectronics of Peter the
Great St. Petersburg Polytechnic University, Russia, Department of Semiconductor Physics of
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Riga Technical University, Latvia, as well as were reported at the following local and
international scientific conferences and schools:

The 8th Nanotech France 2023 International Conference and Exhibition, 28-30 June,
Paris, France.

School NanoQIQO: School on Optics and Photonics (SOP-2023), 15-20 May, Yerevan,
Armenia.

Russian-Armenian Workshop on perspective scientific directions, 8-9 December,
Yerevan, Armenia.

Pan-Armenian Conference 2022, 26 September - 01 October, Vanadzor, Armenia.
Global Summit on Semiconductors, Optoelectronics and Nanostructures (GSSON-
2022), March 23-25, 2022, Dubai, UAE.

6™ International Advanced School Frontiers in Optics & Photonics (FOP-2021), 30
August - 11 September, 2021 Yerevan - Ashtarak, Armenia.

Summer school Electronic and Optical Properties of Nanomaterials, 12-16 July, 2021.
International School on Optics and Photonics (ISOP-2019), 1-7 July, 2019, Yerevan,
Armenia.

7™ International Conference on New Frontiers in Physics (ICNFP 2018), 4-12 July,
Kolymbari, Crete, Greece.

5th International Advanced School on “Frontiers in Optics & Photonics” (FOP-2018),
22-27 June, 2018, Yerevan-Ashtarak, Armenia.

International School on Metamaterials and Nanotechnologies, 24-28 December,
Tsakhkadzor, Armenia, 2017.

Armenian Wolfram Technology Conference 2017, 23-24 September, Yerevan,
Armenia, 2017.

Laser Physics 2017 Conference, 19-22 September, Ashtarak, Armenia, 2017.

School Natural Science and Applications, 26-28 August, Tsakhkadzor, Armenia, 2017.
Conference Devoted to the 75 Anniversary of E.M. Kazaryan, Russian-Armenian
University, February 23-24, Yerevan, Armenia, 2017.

11th Annual Scientific Conference of Russian-Armenian University, 5-9 December,
Yerevan, Armenia, 2016.

3rd Russian School of young Scientists, St Petersburg, 21-25 June, 2016.

Energy Materials and Nanotechnology (EMN) Guangzhou Meeting, December 3-6,
Guangzhou, China, 2015.

School on Anomalous Transport, Superconductivity and Magnetism in Nanosystems,
15-20 June, Kyiv — Ukraine, 2015.

SPIE Microtechnologies, 4 - 6 May, Barcelona, Spain, 2015.

2nd International Symposium on Optics and its Applications, September 1-5, Yerevan
— Ashtarak, Armenia, 2014.

2nd International Advanced School on “Frontiers in Optics & Photonics™ 30 August -
5 September, Yerevan-Ashtarak, Armenia, 2014.

SPIE Optical Metrology, 13-16 May, Munich, Germany, 2013.

Laser Physics 2013, 8-11 October, Ashtarak, Armenia, 2013.

Scientific Conference “Actual Problems of Nanoscale Systems Physics™ dedicated to
the 70th anniversary of NAS RA academician E.M. Kazaryan NAS of Armenia, March
21-22, Yerevan, Armenia, 2012.
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e International Advanced School on “Frontiers in Optics & Photonics” (FOP-2012) 2-7
July, Yerevan-Ashtarak, Armenia, 2012.

o International Scientific Workshop Photonics & Micro- and Nano- structured Materials
(PMNM - 2011), Yerevan, Armenia, June 28-30, 2011.

e International Symposium "OPTICS and its applications" (OPTICS-2011), Yerevan —
Ashtarak, Armenia, 5-9 September 2011.

o International Conference Laser Physics 2011, Ashtarak, Armenia, 11-14 October,2011.

e Second International School on Nanophotonics and Photovoltaics, Tsakhkadzor,
Armenia, 15-22 September, 2010.

e  Third International Forum “ROSNANOTECH”, Moscow, 1-3 November, 2010.

e Annual Scientific Conference of State Engineering University of Armenia, Yerevan,
November 22-26, 2010.

e  5th Annual Scientific Conference of Russian-Armenian University, 6 - 10 December,
2010.

e  Second International Forum “ROSNANOTECH”, Moscow, 6-8 October, 2009.

e  4th Annual Scientific Conference of Russian-Armenian University, 30 November - 4
December, 2009.

e International Advanced Research Workshop Modern Problems in Optics & Photonics
(MPOP), Yerevan, Armenia, 27 August — 2 September, 2009.

e  Virtual Conference on Nanoscale Science and Technology, “VC-NST-2008 USA,
July 24-29, 2008.

e  First International Forum “ROSNANOTECH?”, Moscow, 6-8 October, 2008

e  3rd Annual Scientific Conference of RAU, 5-10 December, 2008.

e  Annual Scientific Conference of State Engineering University of Armenia, Yerevan,
October 6-9, 2008.

e  Semiconductor Micro and Nanoelectronics. The sixth international conference,
Tsakhcadzor, Armenia, September 18-20, 2007.

e Conference dedicated to the 50th anniversary of YSU Solid State Physics Chair,
Yerevan, October, 2007.

e 2nd Annual Scientific Conference of Russian-Armenian University, 3-7 December,
2007.

e  Annual Scientific Conference of State Engineering University of Armenia, Yerevan,
October 8-10, 2007.

e  Semiconductor Micro and Nanoelectronics. The fifth international conference,
Aghveran, Armenia, September 16-18, 2005.

e  3rd National Conference of Young Physicists, Yerevan, YSU, Armenia, November 4-
8, 2003.

Conclusion

To sum up, the main results of this dissertation, expressing the relevance of the subject,
scientific novelty as well as practical importance, are as follows:

1. The direct interband light absorption in an ensemble of non-interacting spherical and
cylindrical quantum dots with modified Poschl-Teller potential and Morse potential have
been studied. The application of modified Poschl-Teller potential gives opportunity of more
successful and realistic description of charge carriers behavior in QD. In particular, in the
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contrast to the parabolic confined potential it is possible the quantum emission of charge
carrier from spherical or cylindrical QD. In the regime of strong and weak size quantization
analytical expressions for the particle energy spectrum, absorption coefficient and
dependencies of effective threshold frequencies of absorption on the geometrical size of QD
have been obtained. The selection rules corresponding to different transitions between
quantum levels are found. To facilitate the comparison of obtained results with the probable
experimental data, size dispersion distribution of growing quantum dots by the geometrical
sizes by three experimentally realizing symmetric and asymmetric distribution functions
have been taken into account.

One-electron states in a prolate and oblate spheroidal QDs have been studied. Three regimes
of size quantization have been considered. Flexible manipulation of the absorption edge of
the semiminor axis of prolate and oblate spheroidal QD makes them potential candidates for
the construction of near-infrared detectors, optical sensors, QD LEDs etc. The probability of
the direct interband transitions has been calculated and the selection rules for quantum
numbers have been received. It has been shown that the adiabatic approximation is
applicable for this problems and gives results that are very close to the exact ones. The
dependence of z component of the electron dipole moment on the small semiaxis of the
prolate spheroid has been studied. The eftect of the hydrostatic pressure and temperature on
the electron ground state energy and absorption edge for oblate spheroidal QD have been
considered.

The binding energy and oscillator strength of the hydrogen-like donor impurity in strongly
oblate and prolate ellipsoidal QD have been investigated using the variational method. The
binding energy for the ground and first excited levels monotonically decrease with the
increase of the small semiaxis while the binding energy dependence on impurity position
behavior on the coordinate is non-monotonically for oblate ellipsoidal QD. It has been shown
that the oscillator strength with the increase of semiaxis tends to the definite value for the
ground state. For the first excited state, the dependence of the oscillator strength on the radial
coordinate has the bell-like appearance and is equal to zero when impurity located in the
center or close to the wall of the ellipsoid. It has been demonstrated the break of the
cylindrical symmetry of probability density distribution with the change of the impurity
position and the restore of symmetry in the limit when the impurity near to QD wall. The
displacement of the impurity leads to the shift of the photoionization cross section threshold
frequency for transitions and the peaks height decrease. In contrast to this, the threshold
frequencies remain unchanged with the increase of the incident angle. Similar dependences
and behaviours have been obtained for the prolate ellipsoidal QD.

The exciton, negative and positive trions, and biexciton states in the strongly prolate
ellipsoidal QD were calculated using the variational method. The binding energies of the
biexciton and positive trion have the maximum, while the energies of the negative trion and
exciton monotonically increase with the increase of the small semiaxis. It has been shown
that the recombination energies of trions and biexciton are close to each other. The radiative
lifetime of the one-dimensional exciton and biexciton in SPEQD made from GaAs is about
30ps and 7ps for the average values a=0.5a4, and a=35a,, respectively. Thus,

manipulation of the geometrical parameters of the prolate QD brings control of the radiative
lifetime of the excitonic complexes. This feature is important for the possible application of
the excitonic and biexcitonic complexes as one and two-photon sources.

The calculations were done for the exciton and biexciton in the ellipsoidal QD made from
GaAs under the influence of ILF. To ensure accurate results, all the calculations for the
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exciton and biexciton energies are done in the framework of the variational method. In
particular, one and three variational parameters were used for exciton and biexciton,
respectively. It turned out that the biexciton energy is approximately equal to the double
value of exciton energy in all interval change of the small semiaxis of SOEQD. To construct
the quantum transitions between biexciton and exciton, corresponding oscillator strengths of
excitonic transitions, namely, for biexciton-exciton and exciton-ground state transitions,
have been considered in the scope of three level model (biexciton-exciton-ground state). The
results show that the energy levels of both excitons and biexcitons increase with the value
of ILF and decrease as the small semiaxis increases. The dependencies of the biexciton’s
real and imaginary third-order susceptibility, absorption coetficient, and induced refractive
index change on photon energy near one-photon and two-photon resonances have been
analyzed. The absorption coefficient and induced refractive index change undergo blue shifts
with increasing ILF magnitude. This is due to the enhancement of the dressed potential
caused by ILF, leading to a consequent rise in the energy of excitonic complexes. The
radiative recombination lifetimes of excitons and biexcitons were estimated for different
values of semiaxes and ILF magnitudes. The results indicate that the biexciton lifetime
decreases with increasing ILF magnitude, while the exciton lifetime is about four times
longer than the biexciton lifetime.

The Talbot effect was shown in a InAs/GaAs vertically coupled cylindrical QD ensemble
illuminated by the probe and periodically modulated coupling fields. The coupled QDs were
modeled using the double MPTP, this model has made it possible to control the depth, the
width and the interdot distance. The exciton states were considered in these systems in the
presence of an external electric field. The nonlinear refractive index changes and the
nonlinear absorption coefficients were calculated for different values of the tunneling
parameters. The exciton lifetime and tunneling time are calculated directly: exciton lifetime
lies in the ns range, while the tunneling time is in the ps range. The exciton lifetime’s
dependence on the half-width of the first QD displayed a linear growth, while tunneling
time’s dependence on the same parameter exhibited an exponential decrease. Note, that

dependence of the tunneling time on the electric field had a clear exp{-1/F.} form. The

influence of the tunneling on Talbot effect formation was observed in our system. It was
shown that the tunneling effect combined with the unit value of visibility induced the
periodic pattern of the probe field. Nevertheless, increasing the tunneling parameter caused
the periodic waveform to become less visible. The induced periodic waveform had the
highest value of visibility because small values of the tunneling parameter resulted in exactly
zero values for the absorption at the coupling field’s distribution nodes and absorption peaks
at its antinodes. Furthermore, raising the tunneling parameter’s value caused the tunneling-
induced transparency to have wider line widths, which reduced the output probe field’s
visibility.

Within the framework of adiabatic approximation, we have shown that in the case of strongly
oblate ellipsoidal QD with impenetrable walls for the relatively low levels of the electron
gas the parabolic confinement is realised for confining potential. At the same time, in such
a system, a situation may arise when the conditions are realized perform generalized Kohn
theorem. Notably, the parabolic confinement potential depends on the geometry of the
ellipsoid, which allows, together with the magnetic field to control resonance frequencies of
transitions by changing the geometric dimensions of the QD. The same is shown also for the
prolate ellipsoidal QD. We have shown a possibility to reveal one-particle transitions in a
many-particle system for the case of electron gas located in strongly prolate ellipsoidal QD
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11.

in the presence of the uniform external magnetic field. In this case the formation of the
parabolic confining potential of the electron gas is caused by a specific geometry of QDs.
Experimental results suggesting feasibility of the implementation of the generalized Kohn
theorem for a gas of heavy holes in the lens-shaped Ge/Si QD are presented. In the
framework of the adiabatic method, it was theoretically shown that the specific geometry of
a QD leads to the formation of a two-dimensional parabolic confining potential in the
sectional plane of the asymmetric biconvex quantum lens. Considering the interaction
between heavy holes as paired and depending only on the modulus of distance between
particles, the single-particle nature of the far-IR absorption is shown. For this QD model, the
analytical expression for the resonant absorption frequencies gives a good quantitative
agreement with the results of the far-IR spectroscopy. In particularly, there is consistency
between the experimentally measured (=30meV) and theoretically calculated (=31meV)
values of the resonant transition energies.

The analytical expressions for the electron energy spectrum and wave function of
core/shell/shell spherical quantum dot with Kratzer confining potential are obtained. The
possibility of the impurity electron leakage in the external environment is shown. The
character of the electrostatic field created by the impurity and the electron for ground state
is observed. For one electron states dipole and quadrupole moments are studied. It is shown
that dipole moment is zero for the considered system. An analytical formula for quadrupole
moment is derived. Parallel to this, the problem of the exciton states in core/shell/ shell
spherical quantum dot with three-dimensional Winternitz-Smorodinsky confinement
potential is considered. The distribution of the geometrical parameter around the mean value
has been taken into account by using Gaussian distribution and the absorption peaks
corresponding to the quantum transitions between energy levels are plotted. The peaks that
correspond to the diagonal transitions appear with relatively high intensity, while the peaks
for non-diagonal transition have non-zero intensity. This is due to the asymmetry of the
Winternitz—Smorodinsky confinement potential. The dependence of the PL intensity on the
frequency of the incident light decays exponentially.

The linear and nonlinear intraband optical properties of colloidal spherical CdSe/CdS
core/shell QDs in the presence of donor impurity in the center are theoretically investigated.
The modified Poschl-Teller potential was chosen as the model confinement potential for the
spherical core/shell QD. The energy and binding energy of an electron were calculated as
functions of the half-width of spherical core/shell QD and the dependence was shown to be
monotonic. The spectra of the linear, nonlinear and total absorption coefticients of the
incident light energy were obtained for various values of the half-width. It is shown that at
smaller QDs, light absorption occurred with higher energy than at large QDs, and the
nonlinear correction was bigger for the large radius QDs; therefore, the intensity of the total
absorption coefficient will be more for the smaller QDs. The change in the refractive index
as a function of the incident light energy was also considered. Thus, the calculation of the
change in the refractive index using only the linear term may be incorrect for systems
operating especially with high optical intensity, due to the strong dependence of the
nonlinear component on the incident optical intensity. As the final step, the generation of the
second and third harmonics has been calculated for the system under consideration. As the
radius of QD increased, SHG and THG increased and also exhibited a red shift. The peaks
of SHG and THG occurred in a merged form, which were split for the smaller values of half-
width.

The electronic states and optical properties of conical QD made of GaAs are studied. The
dependence of energy levels on the geometrical parameters of conical QD is obtained
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analytically with the help of adiabatic approximation. Each level ofthe “fast” subsystem has
a family of “slow” subsystem levels positioned thereupon. Note that the intraband transition
frequency between energy levels falls into the IR part of spectrum, while the interband
transition frequency falls into the visible part of spectrum. This allow to consider conical
QD as potential base elements for the design of QD LEDs. It is shown that for radial quantum
numbers transitions are allowed between the levels with the same quantum numbers, and for
the principal quantum number any transitions between different levels are allowed.

The dependence of energy levels on the geometrical parameters of conical QD and external
electric field magnitude are obtained analytically with the help of adiabatic approximation.
The applied field lead to the change of the electron localization area and the decrease of the
electron energy. For the more accurate description of both energy levels and wave functions,
it is necessary to take into account the next corrections in the expansion of the effective
potential for the ‘slow’ subsystem. In the case when the ratio height/radius has sufficiently
large values, the adiabatic approach without corrections gives the acceptable result. An
analysis of the axial wave functions showed that with the increase in the axial quantum
number the region of electron localization shifts toward the conical QD vertex. For small
values of the height/radius ratio, the dependence of the z-component of the dipole moment
is nonlinear.
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Mundbuhpyty G GaAs-hg wuupuunyjud  §nomal LG-tiph  Lhupnbwghl
Yyhawitippn b owwhluubt humyn pnitipp: Unhwpuawljub dnnunnpo pjut
opowbwjiipmyd umwgyty G thtpghwliubt  dwliupmuitiph Jipuowuub
Jupjuwonmpnibtipn Yntwa LG-h Gppuswhwlut yupudtimptiphg:  «Wpogy
Lbpuwhuduljupgh jupuwpwbygnmp dwljuppul nith «qubiguny Ghpwhuniujupgh
dwjupyulyitinh pnwitthp, npntp mbinuijuyywd i gpu Jpu: Botitp, np thitipghwtut
dwjupyulyitinh dhelt ipgnunphujut whgiw b hwowhpubn pnibotpp poytmd th
uytijmph  Ghpwumihp whpnypemd,  dhbvptie dhegnuwhwljubh  wbgdwb
hwtwhuubnipmbbbppy’ uvybliuph whuwbh whpnypmd: Uw ey ©owuhu
nhuuplty Ynhwal LG-tipp npytiu L4 LED-tiph twhiugdiwb hwpunjnp hpdju@
wwnptip: 8nyg L wmpyty, np yupunnuyhtt pywtmught pytph hunfwn poyguopgod Gh
whgnuifitip tmyt  pYywbwuwyhtt pYtpny dwuppujatiph dheli, hul] hpiub
pYuittnught pyh hudwp guijugud wignid mupphin dwljuppuljatinh thel:
Gnimah LG-tph  hwdwp  wphwpunmuwut dnmudnpmipjubt  ppewbal tipnid
unwgyty b thipghuut dwupmujotiph Jipudwut juhnudm pynbotpp
wpuawpht Gaumpuut qupwh didmput b ippuosunhului gupudtimptiphg:
Ghpuoynn nupup  hwbghghmd ¢ Ghumpnbh - wtiquybugdwt whpnyph
thnjmpmipuip & Lhupnth  totipghagh oqiwbp: 64 thipghuatut
dwjupyulyitinh, 0" uphpughtt $nrayghwbtinh wytgh Gqphum dpupugpnipyut huniwp
wbhhpwdtipm Lt hupdh  webtly  «qubnuny Gipwhudwljupgh wpym bunftim
ynubighungh upph Yhpnidnpjub hwenpy nmipnudbbpp: W pliygpmd, bpp
pwpapm i b/Hpuounhy hwpupbpmpniin mbth  pojuiub d6d  wpdtiphtip,
wumhwpunhl] dnwmunpn pincip wewtg mynniittiph wughu £ panjupup wpnm bp:
Unwligpuyhl ughpughtt $n1bghwmbttiph Ytipnidnipmi iin gniyg L wyty, np wnwbgpuyghtt
pywitnughtt pyh wéh htim Hhumpnih wtquyiugdwb whpnypep wtquthnhnond
ntigh Ynbwalt LG-h ququp: Pwpapnpm/yupanhy hwpuplipppyui  tipnp
wipdtipliiph niypmy nhuynuyght dYmitinh z pununphsh Juhnjudnipini i ns gduyhl
t:

Pesiome

HOZ[BOZLS[ UTOr', MOJKHO BBIJACIUTL CICAYIOMUEC OCHOBHLIC PE3YJILTAThI JaHHOM Jauccepranuu,
OTpaKaromue akTyaJlbHOCTL TCMBL, HAYTHYIO HOBU3HY, 4 TAKIKC IMPAKTUICCKYIO 3HAUYUMOCTL!

1.

Hecnenorano npsiMoe MeX30HHOE TIOTIIOIIEHHE CBeTa B aHcaMbIle HEB3aNMO/IEHC TBYIOMHX
chepruuecKUX U HUIHHAPHISCKUX KBAHTOBBIX TOUESK ¢ MOJUPUIMPOBAHHLIM MTOTEHI[HATIOM
Tlemns—Tennepa u norennuanom Mopca. IIpumenenne MoanUIMPOBAHHOTO NOTEHIIMAA
Tlemns—Tennepa maeT BO3MOXKHOCTE Jyisi Golice YCNEIMHOTO W PeaTNCTUIHOTO OMHCAHUS
noBesieHnst HocuTenel 3apsiga B KT. B uwacTHocTH, B OTiMYMe OT mapaboiMYecKoro
OTpaHMYMBAIOINETO TMOTCHIMANA BO3MOXKHA KBaHTOBas SMHCCHS HOCHTENeH 3apsga W3
coepuueckux umn mummpApudecknx KT. B pexuMe cuiabHoro u cnaboro pasMepHOro
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KBaHTOBaHMS TIOJIYUEHbl AHAJIMTUUYECKUE BBIPAXKEHMS Uil SHEPreTUUECKOIO CIEKTpa
qacThll, Kod(pPUIIHCHTA TOTIOMECHNA W 3aBUCHMOCTH d(PQPEKTUBHBIX MOPOTOBBIX YaCTOT
MOTTIONMEHUsT OT TreoMeTpuueckoro pasmepa KT. Haiinenst mnpasmna otbopa,
COOTBETCTBYIOIIME pa3MUHLIM [EpPeXo/laM MeXJAY KBAaHTOBLIMM  ypoBHsSMH. Jlnst
oOnerueHns cpaBHEHUS MOJIYUYCHHBIX PE3VILTATOB ¢ BEPOATHBIMH HKCIICPUMEHTATHHBIMA
JIAHHBIMH YUTEHO JMUCIEPCUOHHOE paclipeie/icHue KBAHTOBLIX TOUYEK 110 FEOMETPUUECKUM
paszMepaM o TPeM DKCIEPUMEHTATBLHO peau3yeMbIM CUMMETPUUHBIM U aCUMMETPUUHBIM
(YHKITHAM pacTpe/ieieHHs.

Hccnenoransl 0IHODNEKTPOHHBIE COCTOSIHUS B BBITSHYTHIX U CTUTIOCHY THIX C(hepOUIaTbHBIX
KT. PaccMoTpeHBI TpH peXUMa pasMEpHOTO KBaHTOBaHWS. | MOKOe MaHUIYJIHPOBAHUE
KpaeM IOTJIOIMIEHUS ¢ [OMOIILIO MaJlol IMONYyOoCH BBITSHYTBIX W CIUIIOCHYTBHIX
chepounanbupix KT femaeT uX NoTeHNHATBHBIMEA KaHAUAATAME JUTS CO3JIAaHUS AETCKTOPOR
OnmuzkHero WH(ppaKpacHOTO JAWana3oHa, ONTHYECKUX CeHCOpOB, cBeToauonioB KT u 1. 1.
PaccunTtana BeposITHOCTh MPAMBIX MEK30HHBIX MEPEXOI0B H OTPEIeTICHBI MpaBuia 0Toopa
JUIs KBAaHTOBBIX umcenl. [lokazaHo, uto ajmabathieckoe MpUOIMIKCHUE TPUMEHUMO IS
ITUX 3a7a4 W JaeT pe3yIbTaThl, OUeHb OMM3KME K TOUYHBIM. V3ydeHa 3aBHCUMOCTH Z-
KOMITOHEHTHI IMTIONLHOTO MOMEHTA DJIEKTPOHA OT MANbIX MOJIyOocel BRITSHYTOTO chepouna.
PaccMoTpeHo BhusiHMe THAPOCTATUUECKOTO JaBlICHHMS U TeMIEpaTypbl Ha HHEPrHIO
OCHOBHOTO COCTOSHHS SIIEKTPOHA U Kpail MOTIOIEHU CIUTIOCHYToH cdepoupanbHoit KT.
BapuanuonnsiM  MeTOAOM  HccliefloBaHBl  DHEPIHS CBA3M W CHIa  OCHWLISATOpa
BOJIOPOJIONONO0HOM JIOHOPHON TIPUMECH B CHJIBHO CIUTIOCHYTBIX ¥ BBITSHYTHIX
annuncounex KT. DHeprus cBs3u Ui OCHOBHOTO W TEPBOTO BO30OYIKICHHBIX YPOBHEH
MOHOTOHHO YOBIBACT C YBETHUCHHEM MaJloil TONYOCH, a 3aBHCUMOCTh SHEPTHHU CBI3H OT
MOBEJICHUS MOJIOKEHUSI MPUMECH IO KOOpJAMHATE MMEeT HEMOHOTOHHBIH XapakTep AJis
cruntocHy ThIX  annmuncouaansubix KT, Ilokazano, 4To cuila ocUMIIIATOpPa € POCTOM
CTPEMHUTCSI K OIPEJEeIEHHOMY 3HAUYE€HUIO JJIi OCHOBHOTO cocTosHus. J[si mepBoro
BO30Y)KICHHOTO COCTOSHUS 3aBUCHMOCTh CHJIBI OCITHILIATOPA OT PafraibHON KOO PAUHATHI
uMeeT KOJIOKOM000pa3HbIl B M paBHA HYIIO IPH PACIIONOKCHAN TPUMECH B TICHTPE HITH
BOMM3M cTeHKW »Hinuncona. [lokazano HapyileHHe [TUIHHAPHYESCKON CUMMETPUA
pacripesielieHus TUIOTHOCTH BEPOSITHOCTH MPU W3MEHEHUM IMOJIOKECHUS IPUMECH U
BOCCTaHOBIICHHE CUMMETPHUH B Mpeene npudnmkenns npuMecu k ctenke KT. Cvermenne
MpPUAMECH MTPUBOJIUT K CMEITICHHIO TIOPOTOBOM YACTOTHI CCUCHHUS (POTOMOHM3AIMHN MTEPEXOI0B
U YMEHBINEHUIO BBHICOTHI NMUKOB. B OTIMYME OT HTOro, MOPOrOBbIE YaCTOTHI OCTAIOTCS
HEU3MEHHBIMU ¢ YBEJMUECHUEM YIja MajieHusl. AHAJOTMYHbIE 3aBUCUMOCTH U TIOBEACHUE
OBLITH MOMYYEHBI IS BHITAHYTOH amnconnansaon KT.

BapuanyonHsiM MeTOJOM paccUMTaHbl SKCUTOHHBIE, OTPHUIIATEIbLHbIE, MOJIOKUTEILHBIC
TPHOHBI M OMAKCUTOHHBIC COCTOSHUS B CHILHO BRITAHYTOM srmmnconpansioit KT. O630p
Pe3yNbTATOR TMOKA3bIBACT, YTO CYINECTBYET o0paTHAs 3aBUCHMOCTH MEXKAY DHEPTHAMH
CBA3U U PEKOMOMHAIIAH JJT BCEX OJTHOMEPHBIX KBA3UUACTHI] M TTApaMeTPOM. DHEPTUH CBS3H
OMAKCUTOHA W TIOJIOKHUTEILHOTO TPHOHA MMEIOT MAaKCHMYM, a SHEPTHH OTPHIATETLHOTO
TPHOHA M PKCUTOHA MOHOTOHHO BO3pacTaloT ¢ yBeIuueHHeM Majiod nonyocu. [lokasaHo,
YTO SHEPTHH PeKOMOWHATINH TPHOHOB M OM3KCHTOHOB OJIM3KH JIPVT K IpyTy. Paguaimonnoe
BpeMs JKI3HH OJJHOMEPHOTO sKcuToHa U OmskenToHa B KT n3 GaAs coctapmiser okoio 30mc
u 70c Ans cpeJHMX 3HaueHUH a=0.5a, M a=S5a, cooTBeTcTBeHHO. Taxum oGpasom,

MaHUITYJINPOBaHUC TFCOMCTPUICCKUMHU napaMeTpaMu BLITﬂHyTOﬁ KT IIO3BOJIACT
KOHTPOJHUPOBaThL paJMAllUOHHOC BPEMS JKU3HU SKCUTOHHBIX KOMILIICKCOB. DTa 0coOeHHOCTE
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BaXHA IS BO3MOXHOTO TNPUMEHEHHUS SKCHTOHHBIX M OWBKCHTOHHBIX KOMIUICKCOB B
KauecTBE OJIHO- U JIBYX(POTOHHBIX HCTOUHHKOB.

PacueThl IPOBEJICHBI I SKCHTOHA M OHOKCHTOHA B arutunconanbHol KT, u3rotosneHHON
u3 GaAs 1oJ Bo3JeHCTBHEM JazepHOro wusnydeHus. Jins oOecredyeHHs TOYHOCTH
Pe3y/bTATOB BCE PACUEThl DHEPIUH SKCHTOHOB M OUAKCHTOHOB TIPOBOJATCS B paMKax
BapHAIMOHHOTO MeTojla. B 4acTHOCTH, MCIOJB30BAJIHCh OJUH M TPH BapHallMOHHBIX
napameTpa JUisi SKCHTOHA W OMIKCHTOHA COOTBETCTBeHHO. OKa3ajloch, UTO BHEPIUs
OUOKCHTOHA TNPHUMEPHO paBHA YABOCHHOMY 3HAUCHHMIO SHEPTHM DKCHTOHA BO BCEM
HHTepBalie H3MeHeHHUs Maloit monyoc KT. 1 MoCTpOSHHUS KBAHTOBBIX IIEPEXO/0B MEIKIY
OUOKCUTOHOM M 3KCHTOHOM B paMKax TPEXypPOBHEBOH Mojenu (OMAKCHTOH-3KCHTOH-
OCHOBHOE COCTOSHHE) OBUTM PACCMOTPEHB COOTBETCTBYIOIIHE CHIIBI OCIMIUIATOPOB
SKCHUTOHHBIX TEPEXOJOB, 4 MMEHHO JUI HEpexXoi0B OMAKCHTOH-3KCHTOH M BKCHTOH-
OCHOBHOE COCTOSHHE. Pe3ynbTaThl IOKA3bIBAIOT, YTO SHEPreTHUYECKHE YPOBHH Kak
HKCHUTOHOB, TaK U OU3KCHTOHOB YBEIMYUBAIOTCS C YBEIHYCHHEM 3HAYCHUS HHTEHCHBHOCTH
Jasepa U YMEHBIIAKOTCS ¢ YBETMUCHHEM Malloil mosyocH. [IpoaHaln3upoOBaHbl 3aBUCHMOCTH
pealbHOW W MHHMOM YacTeli BOCIHPHUMYMBOCTH TPETHErO MOpsiKa, KodhduimeHTa
HOTJIOMICHHS M M3MEHEHHS 1oKazaTess NPeloMICHNs OMIKCHTOHA OT SHEPrud (HOTOHOB
BONMM3M OAHO(DOTOHHBIX M JBYX(POTOHHBIX pezoHaHcoB. KosddumnmeHT mormomenus u
HHYIIUPOBaHHOE U3MEHEHHUE NTOKA3aTelIs TIPETOMIICHHS TPETEPIICBAIOT CHHEE CMEITICHHE C
VBEJIMYCHUEM BEJIMYMHBI HHTCHCHBHOCTH Jlazepa. DTO CBA3AHO ¢ YCHIICHHEM «OJIETOrO»
HOTEHIMANIA, BBI3BAHHBIM JIA3EPOM, 4TO HPHBOAUT K HOCIIEAYIOMEMY YBETHUCHHIO SHEPTHH
SKCHUTOHHBIX KOMILIEKCOB. OllCHEHbl BpeMEHa JKM3HM H3/Iy4YaTelIbHOW PEKOMOMHAIMH
SKCUTOHOB M OWMBKCHTOHOB JJI PAa3IMYHBIX 3HAYCHWI TOJyocedl M BEJIMYHMH Jazepa.
PesynbpTaThl MOKA3bIBAIOT, YTO BPEMs JKU3HH OMAKCHTOHA YMEHBINACTCS C YBEIMYCHHEM
BEJIMYHHBI MFHTCHCHBHOCTH JIazepa, [IPH HTOM BpeMsl KU3HU SKCHTOHA MPUMEPHO B UEThIPE
pasa MpeBbIIIaeT BpeMs KU3HU OUIKCHTOHA.

Oddexr Tanpbota ObIT TOKA3aH B aHCAaMONE BEPTUKATBLHO CBI3AHHBIX IUIHHPUICCKAX
KBaHTOBBIX ToueK InAs/GaAs, ocBelmaeMoM —30HAMPYIOIMMH M [EPHOJUYECKH
MOJIYJTHPOBAHHBIMH TI07MH cBs3u. CeszanHble KT MoJenMpoBaluch ¢ MCIOJIB30BAHHEM
JBoHHOTO moTeHnMana Ilemuia-Temiepa, U 53Ta MOJENb IMO3BOJNHIA KOHTPOJIMPOBATH
r1yOMHY, ITHPUHY M PACCTOSHUE MEXAY TOUKAMH. B 9THX cHCTEMaX paccMaTpHBAIMCh
SKCHUTOHHBIE COCTOSIHHSA TIPM HAJIWYHM BHEIIHEro sJeKTpHueckoro mnons. HenuHeitHbie
U3MEHEHH NOKa3aTes NpenoMiIeHus H KodhPUIHEHTH! HeTMHEHHOTO MONIOIEeH s ObLIH
paccUUTaHbl JUIsS Pa3MYHBIX 3HAYCHHM NapaMeTpOB TYHHEIMPOBaHWS. Bpems KU3HU
SKCHUTOHA W BPEMs TYHHEIMPOBAHMS PACCUMTHIBAIOTCS HEIOCPEICTBCHHO: BPEMsl XKH3HH
HKCHTOHA JICHKHUT B JIHAIIA30HE HC, & BPeMs TYHHEIIMPOBAHHS - B JIHAIIa30HE 11C. 3aBUCHMOCTh
BPEeMCHH JKM3HH SKCHTOHA OT moiymupuubl neppoit KT uMmena nuHeHHBIH pocT, a
3aBUCHMOCTb BPEMEHHM TYHHEIMPOBAHHS OT TOTO JKE MapaMerpa 3KCIOHEHIHAIBHO
yMeHbINanack. B Hameldt cucteMe HaOmIOJanoch BIHMSHAE TYHHEJIMPOBaHHS Ha
¢dopmuposanue 3¢pdekra TansboTa. [lokazano, uto 3hdeKT TYHHETHPOBAHHS B COUCTAHUN
¢ BEJMYMHON BHJIMMOCTH TNPHUBOJHT K BO3HUKHOBEHHIO TNEPHOJMYECKON CTPYKTYPHI
npo6Horo mons. TeM He MeHee, YBeIHUCHHE MapaMeTpa TyHHETHPOBaHUS PHBEIIO K TOMY,
4TO Mepuoandeckas GopMma curHaia crtaia MeHee 3aMeTHOM. HaBejeHHas neprouueckast
(dopMa BOIHBI MMesa HaubOJbIlee 3HAUCHHE 3aMETHOCTH, MOCKOJIBKY Maible 3HAUCHHS
HapameTpa TYHHEJIUPOBAHWS NMPHUBOIIM K TOYHO HYJCBBHIM 3HAUEHHSAM TIOIVIOICHHS B
V318X paclpe/ieieHUs MO CBA3M M IMKaM MOTJIOMEHUs B ero mydHocTsx. Kpome Toro,
VBEJIMYCHHE 3HAYCHMS TapaMeTpa TYHHEIMPOBAHUS MPUBOJMIO K YBEIHUYCHHIO LIIHPHHBI
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10.

JMHAN TpO3pavHOCTH, BBI3BAaHHON TYHHETUpPOBAHMEM, UTO YMEHBINANO BUAUMOCTH OIS
BBIXOJJHOTO IIPOGHOTO MOJIL.

B pamxax apmabatrdeckoro mpuOnukeHUs IOKa3aHO, UTO B cllydac CHILHO CIUTIOCHYTOM
snmnmuncousansaol KT ¢ HenmpoHuIaeMbIMU CTeHKaMH [Tl OTHOCHTEIFHO HU3KUX YPOBHEH
SMEKTPOHHOTO Tasa peanusyercs Mapaboauueckuil yAepKUBaromuil noTeHIal B 1o xe
BpeMsl B Takol CHCTeME MOXET BO3ZHMKHYTh CHUTyalUs, KOIJla pEalnu3yloTCs YCIOBHS
BBITONTHEHUsT 00oO0menHo#f Teopembl Koma. IlpumeuartenbHo, dTO  yjAep KUBalOMMH
napaGonuyeckii TOTEHIMAN 3aBUCHT OT TCOMETPHM DJUIMICOWAA, UYTO IIO3BONISET
COBMECTHO ¢ MATHUTHBIM IIOJIEM YIIPABIATh PE30HAHCHBIMU YaCcTOTAMHU HEPEXOAOB MyTeM
u3MeHeHHs reoMeTpuieckux paszmepoB KT. To xe camoe mokasaHO W JUisi BBITSHYTOMH
smnuncousansaoit KT. ITokazana BO3MOKHOCTD BBISIBICHUS OJJHOYACTUUHBIX [IEPEXOA0B B
MHOTOYAaCTHYHON cHCTeMe JUIsl cilydas SJICKTPOHHOTO Trasa, HaXOJAINErocs B CHIIBHO
BBRITSIHYTOM srmuiiconHoi KT, B mprcyTcTBUE OAHOPOIHOTO BHEITHETO MAarHTHOTO IOJIS.
B otom cnyuae dopmupoanue mapaGonuueckoro yACpKUBAIOMETO MOTEHIHAIa
AMEKTPOHHOTO ra3a o0ycnopieHo cenuduieckoil reometpueii KT.

IIpenctaBneHsl  SKcepUMEHTATIbHBIE — PE3yAbTAThI, IO3BOJLIOMIME  NPENOIOXKHUTH
BO3MOJKHOCTh peanusaliun oboOmeHHoN Teopembl KoHa Ui rasa TSDKENBIX ABIPOK B
manzoo0pasuoit KT Ge/Si. B pamkax ajnabaTHueckoro MeTOJla TEOPETHUECKH MOKa3aHo,
qro ocobas reomerpus KT mpuBogut x o6pa3oBaHHIO JBYMEPHOTO IMapaGoIHIecKOro
VP KUBAIOIIETO MOTEHNMANAa B INIOCKOCTH CEUSHUS] aCHMMETPUUHOM JBOSIKOBBIIYKIION
KBaHTOBOMU NUH3bI. CUKTast B3aMMO/ICHCTBHE TSIKEITBIX ABIPOK ITAPHBIM U 3aBHCSIIAM TOILKO
OT MOJYNS PacCTOSHUS MeXJy 4YacTUIlAMHU, [OKa3aH OJHOYACTHYHBIA XapakTep
nornomenus B fanbHeM MK-nnanasone. J{ns o1oi mogemu KT ananutuueckoe BhIpakeHUE
JUIL 9acTOT PEe30HAHCHOTO TOTIOMEHUSI JaeT XOpolllee KOIMUECTBCHHOE coIvlache ¢
pesynbraTamu jganbHel MK-cnektpockonmu. B wactHOocTH, HaGmiogaeTcs COOTBETCTBHUE
MEXKJY SKCIIEpPUMEHTAIbHO U3MepeHHBIMH (=30 MdPB) M TeopeTHUecKH paccUMTaHHBIMU
(=31 m5B) 3HaueHUSIMHU PHEPTUI PE30HAHCHOTO MEpexXo/a.

Tlonyduensl aHaTMTHYeCKHe BBIPAXKCHMS ATl DHEPTreTHUECKOTO CIIEKTpa DIEKTPOHOB U
BOTHOBOW (YHKIMU cdepuueckoil KBaHTOBOM ToUkH sa7po/oGoiouka/obonouka ¢
yaepxkuBalomuM noteHrmanoM Kpatiepa. Iloka3aHa BO3MOXKHOCTb YTEUKH MTPHUMECHBIX
SMIEKTPOHOB BO BHEINMHIOIO cpeny. PaccMoTpeH XapakTep SIeKTpOCTATHYECKOTO OIS,
CO37aBaEMOTO IIPUMEChIO M HICKTPOHOM B OCHOBHOM cocTosHHMH. [l opHoro
SMEKTPOHHOTO COCTOSHMUSI M3yUCHBI AUMONBHLIN U KBaAPYIOJbHLIH MoMeHTHI. 1loka3aHo,
4TO JAUNONBLHBI MOMEHT JUIs paccMaTpHBacMOW CHCTEMBI paBeH HYJIO. BriBegeHa
aHanuTHdeckas ¢opMyna s KBaJpyHolbHOTO MoMeHTa. IlapamiensHo ¢ 9TuUM
paccMarpuBaeTcs npobleMa SKCHTOHHBIX COCTOSHHI B cephueckoi KBaHTOBOU TOUke
siapo/oGonouka/oboIouKa ¢ TPeXMEepHBIM YAEPKUBAIOMUM IOTeHNHaIoM BHHTepHUIA-
Cmopoaunckoro. Pacnipeenenue reoMeTpUIECKOTO apaMeTpa BOKPYT CPeAHEro 3HaUCHHS
VYTEHO ¢ HWCHOJB30BAHHEM paclpefesicHusl l'aycca M MOCTPOCHBI NUKH TOTIIOMICHHUS,
COOTBETCTBYIOIIME KBAaHTOBLIM IepexojaM MeEXJAy YpOBHIMH »SHeprud. llukw,
COOTBETCTBYIOIINE JHMATOHANILHBIM MEPEX0AaM, MPOSBISIOTCS ¢ OTHOCHTEILHO BBICOKOM
MHTCHCHBHOCTLIO, TOTJ[a KaK MHMKM HEJIMaroHaIbHBIX IMEPEXOJ0B MMEIOT HEHYJIEBYIO
MHTCHCHBHOCTL. DTO CB3aHO ¢ acMMMeTpuel MOoTeHIMana yAepxaHWs BUHTepHMIa—
CmMmopoauHckoro. 3aBucuMocTs HHTeHCHBHOCTH DJI 0T 4acTOTHI Ta[aloMero cBeTa cajaeT
SKCIIOHEHITUANBHO.

Teopetnueckn wuccnepoBaHbl JTHHEHHbIE W HETMHEHHBIE BHYTPH3OHHBIC ONTHUYECKHE
cBolicTBa koJonaHbIX chepuueckux KT sapo/oGomouka CdSe/CdS B mpucyTcTBHM
JOHOpHOHM mHpuMecH B IieHTpe. MoaudunupoBanusiit notennuan lléms-Tennepa Gbut
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11.

12.

BLIOpaH B KauecTBE MOJICILHOTO MO TeHIIHANA yepxanus chepudeckoit KT sapo/obomnouka.
OHeprus M SHEPTUsl CBA3M AMIEKTpOHa ObLTH paccUMTaHbl KaKk (QYHKIHU MOMYIIAPHHBI
cheprueckoit sapa/obonoukn KT u mokazano, 4To 3aBHCHMOCTh MOHOTOHHA. [lomydeHs
CHEKTPBl JTHHEHHOTO, HEIMHEHHOTO W MOJHOTO KOO (GHUIMEHTOB MOTIOMCHUS SHEPTHH
NaJalolero cBeTa AJis pa3IuuHbIX 3HaueHu| nonymupussl. [lokazano, yto B KT Menbinero
pasMepa MOTIIOINECHNE CBeTa MPOUCXOJMI0 ¢ Oomnbinedl sHeprue, uem B KT Oombimoro
pasMepa, a HelmmHeiHas Tompaska Obina Gombime ani KT Gombimoro paamyca, mo3ToMy
WHTECHCUBHOCTH TONHOTO Ko3ddunuenta nornomenus 6yaet oonpime mis KT MeHbmmero
pasmepa. Takxke paccMaTpuBaioch U3MEHEHUE [TOKA3aTeNs IPEIOMIICHUS B 3aBUCUMOCTH OT
SHEPTHUH MaJAIoNEeTo cBeTa. TakuM 06pa3oM, pacueT H3MEHEHHUS MoKa3aTelis PeIOMICHIS
¢ HCTONL30BAaHUEM TOJBKO THHEHHOTO UieHa MOXET ObITh HEKOPPEKTHBIM JJIS CHCTEM,
paboTaromux, OcoOCHHO C BBLICOKOW OINTHYECKON WHTEHCHBHOCTBIO, W3-3a2 CHIBHOM
3aBHCHMOCTH HETMHCHHON COCTABIIAIONMICH OT HaJalomei onTHYeckol HHTeHCHBHOCTH. Ha
3aKIIOYUTENIHHOM dTane JAJl paccMaTpUBaeMOW CHUCTEMBI PacCUMTBHIBAETCSl TeHepalus
BTOpOoil U TpeThel rapmoHuk. Ilo mepe yBenmuenus pajaumyca KT reHepanust Bropoi
FapMOHMKM M TpPEeTeH TapMOHMKHU YBEJIMUMBAIMCh, a TaKKe JEMOHCTPUPOBAIM KpacHOE
cMelrenne. OTH THKH HaXOJWJINCh B CIUTHOM BHE, KOTOphie ObIIH pa3leneHbl Js
MEHBINUX 3HAUECHUN TOIYITUPUHBIL.

Hcenenoranbl 27eKTPOHHBIE COCTOSHUS M onTHYecKUe cBolcTBa koHnueckuX KT us GaAs.
3aBUCUMOCTb PHEPreTUUECKUX YPOBHEH OT reoMeTpuuecKuX napaMeTpoB koHuueckoi KT
MoNy4eHa aHATMTHYECKH ¢ TOMOIIILIO afiuadaTiuyeckoro npubmmkenns. Ha kaxxaom ypoBHe
«OBICTPOI» TIOACHCTEMBI PACTIONOKEHO CEMEHCTBO YPOBHEH «MEMICHHONW» MOJCHCTEMBI.
OTMETHM, 4TO YacTOTa BHYTPU3OHHOTO IEepexo/ia MEX/y YPOBHIMM DHEPIUM NOMNAJacT B
HK-uacTh cniekTpa, a 4acToTa MEXK30HHOTO Tepexo]a — B BUJUMYIO 4acTh ClIeKTpa. JTO
MO3BOJIIET paccMaTpuBath KoHndeckne KT kak moTeHnuaibHbie 0a30Bbie HIEMEHTHI JJIS
cozpanus KT-cBetoauoos. Ilokazano, 4To 171 pajnaibHLIX KBAHTOBBIX YHCE! pa3peleHbl
MEPEXOJbl MEXKJY YPOBHSMU € OJMHAKOBLIMM KBAHTOBBIMH UHWCIIAMH, a JAJIs TJaBHOTO
KBaHTOBOT'O UHCIIA pa3pelIeHbl TIOOBIE TIEPEX0Ibl MEKY Pa3HBIMU YPOBHIMH.
3aBUCUMOCTb PHEPreTUUECKUX YPOBHEH OT reoMeTpuuecKuX napaMeTpoB koHuueckoi KT
W BEJIMYMHBI BHEIIHErO SIEKTPUUECKOTO IMOJIs TOJIyueHa aHaTUTHUYECKH ¢ TOMOIIBIO
agurabatrueckoro mpuOmmkeHus. [IpunoxenHoe mone MPUBOAUT K M3MEHEHHIO 00IacTH
JIOKATH3AIHH SICKTPOHOB U YMEHBITICHUIO WX SHepruu. J[ng Goee TOUHOTO OMUCAHUS Kak
SHEPreTHUCCKUX YPOBHEH, TaK W BOTHOBBIX (PYHKIHH HEOOXOAMMO YUECTh CIICAYIOIHE
MOMpPaBKA B pasioxeHUH HPPEeKTHBHOTO MOTEHIHANA «MEIJICHHOMW» TojAchcTeMbl. B
cilydae, KOTJla COOTHOINCHHWE BLICOTA/pajiyc HUMeEeT JOCTATOUHO OOJbINNE 3HAUCHHUS,
anguabaTryeckuil Mo[x0]| 0e3 MOMPaBOK JlaeT MPHEMIIEMbIH pe3ynbTaT. AHATH3 aKCHATBLHBIX
BOJTHOBBIX (YHKITHI TIOKa3all, 4TO ¢ YBEIMUCHAEM aKCHaILHOT'O KBAHTOBOTO UHca 061acTh
JIOKaNM3alluy dJIEKTPOHA cMelraeTes B ¢cTOpoHy KoHuueckod BepmuHbl KT. Ilpu mManbix
3HAUCHHUIAX OTHOINCHHUS BHICOTA/PaIYC 3aBUCUMOCTh Z-KOMIIOHEHTHI AUTOILHOTO MOMEHTA
HOCHUT HEJIMHEHHBIA XapakTep.
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