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A theory of exciton quasimolecules (formed from spatially separated electrons and holes) in a nanosystem
consisting of double quantum dots (ODs) of germanium synthesized in a silicon matrix is presented. It is shown that
the binding energy of the singlet ground state of the quasimolecule of an exciton is considerably larger than the
binding energy of biexciton in a silicon single crystal by almost two orders of magnitude.

It is shown that the exciton quasimolecule formation is of the threshold character and possible in a
nanosystem, where D is the distance between the surfaces of QD that satisfies the following condition:
DY <D< DY (where D and DY are some critical distances). Using the variational method, we obtain the

binding energy of the exciton quasimolecule singlet ground state of the system as a function of the distance
between the surfaces of QD D, and the QD radius a.

It is shown that the convergence of two ODs up to a certain critical value of the distance between the
surfaces of OD Dc leads to the effective overlapping of the electron wave functions and the appearance of
exchange interactions. As a result, the exciton quasimolecules can be formed from the ODs. It is shown that the
existence of such a critical distance Dc arises from the quantum size effects. Dimensional quantization of electrons
and holes motion leads to the following fact: as the distance between the surfaces of the QD D¢ decreases, the
decrease in the energies of interaction of the electrons and holes entering into the Hamiltonian of the exciton
quasimolecule cannot compensate for the increase in the kinetic energy of the electrons and holes. At larger values
of the distance between the surfaces of the QD D, D> D, the exciton quasimolecule breaks down into two
excitons (consisting of spatially separated electrons and holes), localized over the QD surfaces.

The fact that the energy of the ground state of singlet excitonic quasimolecule is in the infrared range of the
spectrum, presumably, allows us to use a quasimolecule for the development of new elements of silicon infrared
nanooptoelectronics.

Keywords: spatially separated electron and holes, quantum dots, binding energy, coulomb and exchange
interaction

INTRODUCTION absorption in such nanoheterostructures must be
studied [1-5]. The Ge/Si heterostructures with
germanium QDs are classified as those of the
second type. Such nanoheterostructures are
characterized by the presence of significant gaps
in the valence and conduction bands. The ground
electron state therein is located in the silicon
matrix, and the ground hole level is in the bulk
of the germanium QD. The significant gap in the
valence band causes hole localization in the QD

At present, the optical properties of Ge/Si
heterostructures with germanium quantum dots
(QD) are a subject of the intense study. In Ge/Si
heterostructures, the structures that have self-
assembled Ge/Si nanoislands are promising for
the implementation of effective sources of
infrared radiations, since the photoluminescence
signal of such nanostructures, is in the spectral

range of bulk. A significant gap in the conduction band is
0.20-1.14 eV, (D the potential barrier for electrons (electrons
and observable at room temperatures [1, 2]. In move throughout the matrix and do not penetrate
order to create new Ge/Si — based into the QD volume) [1-5]. In Ref. [1], the study
heterostructures with new effective of the optical properties of Ge/Si heterostructures
optoelectronic devices, the mechanism of light with germanium QDs was the first to discover
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the spatial separation between electrons and
holes, as a result of which the electrons localized
on the QD surface, and the holes moved through
the QD bulk.

The energy of the Coulomb interaction of
electron with hole form is a potential well, in
which electron is localized above the surface of
the QD. In the bulk of the QD, there is a hole,
while the electron is localized above the
spherical surface of the QD-matrix interface
[6, 71.

In [8], it is theoretically analyzed the exciton
transitions in double vertically conjugated QD of
germanium, separated by silicon layer of
thickness d. The QD of germanium was in the
form of pyramids with the ratio of the height 4 to
the lateral dimension /=10, 15,20 nm equals
approximately to 0.1. The spatial structure of
excitons and the oscillator is studied theoretically
in Ref. [8]. The ground state of the exciton in a
single germanium QD corresponded to the
configuration in which the hole was in the
ground state in germanium QD, and an electron
moving in the silicon matrix was localized near
the apex of the pyramidal QD. It is shown that
for small distances (D < 3 nm) between QDs, the
electron configuration is analogous to the case of
single QDs. It is found that with the increase in
the distance D up to the values of 3.0-3.5 nm for
[=10, 15 nm, the oscillator strength for the
interband transition with the formation of the
ground state of the exciton can be much larger
(up to a factor of 5) than the analogous value in
single QD. In [8], in contrast to the present work,
when studying the occurrence of exciton states
between the QD surfaces, the exchange
interaction between electrons was not taken into
account. Such exchange interaction, as it will be
shown in the present paper, gives the main
contribution to the binding energy of the exciton
quasimolecule.

In [6], the theory of the exciton formed by
spatially separated electron and hole is
developed (the hole moves in the bulk of a
germanium QD and the electron is localized
above the spherical interface between the QD
and the silicon matrix). It was found that the
binding energy of an exciton in such a
nanosystem is much higher (almost an order of
magnitude) than the binding energy of an exciton
in the silicon single crystal. In [6], in the
framework of classical electrodynamics, an
expression was obtained that describes the
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Coulomb interaction between an electron and
hole. In [6], the exciton appeared as a result of
the Coulomb interaction between the electron
and hole, which, in contrast to [1,2, 8], was
dependent on the dielectric permittivities of the
QD and the matrix. The energy spectrum of the
exciton, as a function of the radius of the
germanium QD, was obtained in [6] for radii of
QDs exceeding 3 nm. This is due to the fact that
the study of exciton states in the nanosystem
containing germanium QD with radii a less than
3nm is incorrect in the framework where the
expression for the Coulomb interaction between
the electron and hole was obtained by the
methods of classical electrodynamics.

The convergence of two QDs up to the
certain critical value D¢ between surfaces of QD
leads to overlapping of the electron wave
functions and the emergence of exchange
interactions [9]. As a result, the conditions for
the formation of quasimolecules from QDs can
be appeared [1, 2, 8,9]. One can also assume
that the above conditions of formation of
quasimolecules can be provided by external
physical fields. This assumption is evidenced by
results of [10, 11], in which the occurrence of the

effective  interaction between QDs at
considerable distances under conditions of
electromagnetic field was observed

experimentally. In [12, 13], the energies of the
ground state of “vertical” and “horizontal”
located pair of interacting QDs (“molecules”
from two QDs) were determined as a function of
the steepness of the confining potential and the
magnetic field strength. The quantum part of
nanocomputer, which was implemented on a pair
of QDs (“molecules” from two QDs) with charge
states is n qubits [14]. The first smoothly
working quantum computer has been on QDs
with two electron orbital states as qubits,
described by a pseudospin (*2). As a single cell
was taken as a couple of asymmetric pair QDs
with different sizes and significantly different
energy. The electron is injected into the
heterostructure from the channel occupied the
lower level. That is, it was located in a QD with
larger size.

In [3], the heterostructures which are linear
chains of QDs germanium on Si substrates were
obtained by electron-beam lithography method.
The average sizes of the QD Ge is less than
60 nm. With increasing concentration of Ge QDs
linear chains in the average distance between the

ISSN 2079-1704. CPTS 2022. V. 13. N 4



On the theory of the binding energy of exciton quasimolecules in germanium/silicon double quantum dots

surfaces decreases QDs [3]. In such
nanostructures at distances D¢ between the
surfaces of QD (which is about the Bohr radius
of the electron in a silicon matrix, a. = 0.63 nm)
the interation between them must be taken into
account. In this case, the overlap integral of the
electron wave functions takes a significant value.
As a result, the conditions for the formation of
the excitonic quasi-molecules from of double
QDs can be created.

Therefore, in the present paper, which is a
continuation of the research [6], using the
variational method, we obtain the binding
energy of the excitonic quasimolecule singlet
ground state in the system as a function of the
spacing between the QD surfaces and the QD
radius. We show that the excitonic quasi-
molecule formation is of the threshold character
and possible in a nanosystem, where the
distance D between the surfaces of QD is
given by the condition D’ <p< D (where

DY and p{» are some critical distances). A

significant increase in the binding energy of the
singlet ground state of excitonic quasimolecule
(of spatially separated electrons and holes) in a
nanosystem that consists of germanium QDs
grown in a silicon matrix has been predicted; the
effect is almost two orders of magnitude larger
than the binding energy of biexciton in a silicon
single crystal. It is shown that the major
contribution to the excitonic quasi-molecule
binding energy is made by the energy of the
exchange interaction of electrons with holes and
this contribution is much more substantial than
the contribution of the energy of Coulomb
interaction between the electrons and holes.

THE BINDING ENERGY OF THE SINGLET
GROUND STATE OF EXCITON
QUASIMOLECULE

Let us consider a model nanosystem that
consists of two spherical germanium quantum
dots: QD(A4) and QD(B) with radius a, grown in
a matrix of silicon with a dielectric constant
(e1=11.7) (D is the distance between the
surfaces of the QD). The QDs contain
germanium with the dielectric constant of
(e2=16.3) in their bulk. For simplicity, we
assume that holes h(4) and A(B) with the
effective mass ((m."/mo) = 0.39) are located at
the centers of QD (4) and QD(B), and electrons
e(1) and e(2) with effective mass
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((mdV/mg)=0.98) are localized above the
surfaces of QD(4) and QD(B) in a matrix of

silicon, respectively, (m, is the electron mass in

free space; r4u) is the distance of the electron
e(1) from the QD(A) center; r«) is the distance
of the electron e(2) from the QD(B) center; r42)
is the distance of the electron e(2) from the
QD(A) center; () is the distance of the electron
e(1) from the QD(B) center). Let us assume that
there is an infinitely high potential barrier on a
spherical interface (QD — matrix). Therefore, in
such a nanosystem, the holes do not escape from
the volume of the QD as well as the electrons do
not enter the QD. Thus, we can make the
assumption that the holes 4(4) and h(B) are
located at the centers of QD(4) and QD(B).

Let us now use this model to consider the
possibility of the formation of excitonic
quasimolecule from spatially separated electrons
and holes (the holes are located at the centers of
QD(4) and QD(B) and electrons are localized
near their spherical surfaces). Using adiabatic
approximation and the effective mass
approximation, the Hamiltonian of the excitonic
quasimolecule (of spatially separated electrons
and holes) can be written in the following form

[9]:

H=H,,+H,+H

B(2) int (2)
where Hy1y and Hpp) are the Hamiltonians of the
excitons of spatially separated hole /(4) and
electron e(1) and hole A(B) and electron e(2),
respectively.

The contribution of the energy of
polarization interaction with the surface of QD to
the Hamiltonians of the excitons H can be and
Hpw), as the first approximation is neglected
[6, 7]. Thus, the exciton Hamiltonian H) takes
the form of [6, 7]:

_ 7
Hy = _ZA(I) Ve Tays Tea) T Eg >

A3)

where the first term is the exciton kinetic energy
operator and the energy of Coulomb interaction
Ve between electron e(1) and hole #(4) is
given be the following expression [6, 7]:
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and E, is the bandgap energy of the germanium
(E,=0.661 eV). The Hamiltonian Hpo) is of the
same form as Hy (2). In the first approximation
we can neglect the contributions to the
Hamiltonian Hi, of the interaction energies of
the electrons e(1) and e(2) and the holes 4(A) and
h(B) with polarization fields induced by these
charge carriers on the surfaces of QD(4) and
QD(B) [6]. Thus, the Hamiltonian Hine
incorporates only the energies of Coulomb
interaction of electron e(1) with hole 4(B), and
electron e(2) with hole A(A4), as well as that
between electrons e(1) and e(2), and holes A(A4)
and A(B) [9].

Under the assumption that the spins of the
electrons e(1) and e(2) are antiparallel, let us
write down the normalized wave function of the
ground singlet state of the exciton quasimolecule
as a symmetric linear combination of wave
functions Wi(r41), 782)) and Ya(r42), 751)) [9]:

lPs(rA(l)f rA(2)’rB(l)’rB(2)) =

= [2(1 +8%(D, a))]m |:\P1 (i 70 ) +

+¥, (rA(Z),rB(l) )] (5)

where S (D, a) is the overlap integral of single-
electron wave functions. Assuming that the
electrons e(1) and e(2) move independently from
each other, let us represent the wave functions
lPl(VA(l), I”B(z)) and le(I”A(z), 7”3(1)) (5) as a product
of single-electron wave functions @) (741)) and
ps)(r8), as well as pa)(ra@) and gzay(rsm),
respectively [9]. Let us also represent the single-
electron wave functions as variational functions
of Coulomb type [9]:

P (7uy ) = ?lexr)(—ﬁ (@)(ry /a2 )

Oucs (1o ) = Aexp (= (@) 1y 1a)). (©)
i (1)) = /]exp(—ﬁ(fl)(rA(z) /aj;’)),

Ouy (1) = Aexp(~71(@) (1 a27))-

where 7(a) is a variational parameter,

a :(a/a:xD) where ¢ =(25¢,/(5 +82))-(h2/,%62)

is the Bohr radius of two—dimensional (2D)
exciton localized over the flat interface between
the germanium and the matrix of silicon,

u =m"m, /(m£1)+mh) is the reduced mass of
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the 2D exciton (of spatially separated electrons
and holes) [6, 7].

In the framework of the variational method,
the energy of the excitonic quasimolecule ground
singlet state, as a first approximation, is given by
the mean value of the Hamiltonian H (2) over
the states described by the wave functions of the
zeroth approximation ¥s (5) [9]:

With the explicit form of the wave functions
(5), (6), the energy functional of the exciton
quasimolecule singlet ground state takes the
form

®)

Here, E_ (aj ﬁ,(d)) is the energy functional

of the exciton ground state (for the exciton
formed from an electron and a hole spatially
separated from the electron):

€))

Py (’2:(1) )> :

The second term in (8) is a functional
E.D, a) representing the binding energy of
singlet ground state of excitonic quasimolecule.
In the functional determined by formula (8),

E, (53 /L_l(d)) = <(0A(1) (VA(I) )‘FIA(I)

J(D,ﬁ(&,ﬁ),&) is determined by the
expression (here ([) - (D/a;D)) ):
J(D,ﬁ(&,/j)d)z

:<‘PA<1) (% D) (Vaz))%k”/«u (%)% (raz))> ' (10)

The functional J(ﬁ, ﬁ(d,[)),d) (10) can

be represented as the algebraic sum of the
functionals of the average energies of Coulomb
interaction [9]. In the functional described by

(8), K(D,ﬁ(&,é),d) is determined by the

formula
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K(b.7(a.D).a)=
=<%(1) (%)%(2) (72 ))\ﬁm\ 20 (ran) 2o 1 )> - (D

The functional K(é,ﬁ(a,é),a) (11) can be

represented as the algebraic sum of the
functionals of the average energies of the
exchange interaction [9].

Within the framework of the variational
method at the first approximation the total
energy of ground singlet state of excitonic
quasimolecule is determined by average value of
the Hamiltonian H (2) for states, which are
described by wave functions of the zero
approximation Wy(r4q), r42), ¥801) ¥32) (5) [9]:

E,(D.d)=2E, (a)+E,(D.a) (12)

where Ee( [),El) is the binding energy of the
ground singlet state of the excitonic

quasimolecule and E, (&) is the binding energy

of the ground state of the exciton (consisting of
spatially separated electron and hole) localized
over the surface of QD, which was worked out in
[6, 71.

RESULTS AND DISCUSSION

Fig. presents the results of the variational
calculations of the binding energy Ee( [),d)

studied in [1-3,8] of the excitonic
quasimolecule ground state in a nanosystem with
germanium QD of the mean radius @ =12.8 nm,

grown in a matrix of silicon (the Bohr radius of
the 2D exciton @’” =2.6:nm). The variational

method that we used for the calculation of the
excitonic quasimolecule ground state binding
energy Ee( D,d) is applicable provided that ie

much smaller than the binding energy of the
exciton ground state E, (a), i.e. the following

condition must be fulfilled [9]:

(E.(D.a)/ B, (a))<<1. (13)

The binding energy EQ(D,[;) of the

excitonic quasimolecule ground state in a
nanosystem with QD germanium of the mean
radius @ =128nm has a  minimum
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E" (D,,a,) ~—6.1meV (at the distance D, =3.1nm)
(Fig.) the

temperature 7, ~ 71 K). As it follows from Fig.,
the excitonic quasimolecule appears in the

(E" corresponds o critical

nanosystem at distances D> DL(,I) =2.1nm

between the surfaces of QD. The formation of
such excitonic quasimolecule has of the
threshold character and can occur in a
nanosystem with quantum dots of the mean
radius g, where the distance D between the

surfaces of QD exceeds a certain critical value
D). The existence of such distance D' arises

from quantum size effects in which the decrease
in the energies of interaction of the electrons and
holes entering into the Hamiltonian (Eq. (2)) of
the excitonic quasimolecule with decrease in the
distance D between the surfaces of the QD
cannot compensate for the increase in the kinetic
energy of the electrons and holes.

The binding energy of the exciton E, (a)

amounts to E, (@ )=—-64meV [6], with the

energy of the excitonic quasimolecule ground
state (12) taking the value of

E, (ﬁl,ﬁl) ~—134.1meV. It should be emphasized

that the criterion (13) of the applicability of the
variational method for the calculation of the

exciton quasimolecule binding energy Ee( [),Zz)
is fulfilled ((£0(D,7)/E, (7))=009). At

larger distances D between the surfaces of QD:
D> DL(,z) ~ 4.4 nm, the excitonic quasimolecule

breaks down into two excitons (consisting of
spatially separated electrons and holes), localized
over QD surfaces (Fig.). Thus, the excitonic
quasimolecule can be formed in a nanosystem
where D! <D< D? (see Fig.). Furthermore, a

excitonic quasimolecule can exist only at
temperatures lower than the critical temperature
T.=71 K. In the germanium monocrystal with
the binding energy E.=0.34 meV [15] (which
corresponds to the temperature 4 K) the exciton
binding energy E!is almost two orders of

magnitude.

As follows from the results of the variational
calculations, the major contribution to the excitonic
quasimolecule binding energy is from the energy of
exchange interaction of electrons and holes, which
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by far surpasses that from their Coulomb
interaction (i.e. the ratio < 0.08) (see Fig.). Since
the calculations of the excitonic quasimolecule
ground state binding energy ‘ Ee( [),5)‘ in the

nanosystem are variational, the values of

Ee(D,d)‘ and ‘Eﬁl)‘ can be somewhat

underestimated.

E,(D), meV ==

Fig. The dependence of the binding energy of the

ground singlet state E,(D.,a,) of the excitonic

quasimolecule  (continuous line) in a
nanosystem made up of two spherical
germanium quantum dots QD(4) and QD(B)
with the mean radius @ =12.8nm, on the
distance D between the surfaces of QD(4) and
QD(B). Dependence of the exchange
interaction energy of the electrons and holes
(dashed line) and the energy of the Coulomb
interaction between electrons and holes (dot
dashed line) at the distance D between the
surfaces of the quantum dots

As such, the interband electron electron
transitions between the quantum-level of the hole
located in the valence band of the germanium QD,
and the quantum-level of the excitonic quasi-
molecule located in the conduction band of the
silicon matrix cause a significant absorption of
radiation in the infrared wavelength region. In the
considered energy intervals, located in the spectral
range (1), where the absorption in the experiments
from Refs.1,2 was observed, the indicated
transitions ensure the significant experimentally-
observed blurring of the absorption edge, all the
way up to room temperatures.

In [8], the energy of the Coulomb interaction
between electron and hole decreased (from 28.8 to
24.4 meV) with increasing the lateral size / (from
/=10nm to /=20nm) of pyramidal germanium
QD. In [6], the exciton from spatially separated
electron and hole (the hole was moving in QD, and
the electron was localized over spherical surface
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seperataion (QD - matrix)) arose as a result of the
Coulomb interaction V,; (4) between electron and
hole, which, in contrast to [1, 2, 8], was dependent
on the dielectric permittivities of the QD and
matrix. In [6], the nanosystem consisting of
spherical shape germanium QD was studied as
well. It was shown in [6] that the energy of the
Coulomb interaction between electron and hole
decreased (from 94 to 26 meV) with increasing the
radius of germanium QD a (from ¢=3nm to
a=5nm). Since in [6] the expression V. (4),
which describes the Coulomb interaction between
electron and hole, was obtained in the framework
of classical electrodynamics, the study of exciton
states in nanosystem containing a QD with radii a
less than 3 nm is incorrect.

CONCLUSIONS

Thus, it has been shown that the exciton
quasimolecule formation is of the threshold
character and possible in a nanosystem, where
the distance D between the surfaces of QD is
given by the condition D’ <D< D> (where

DY and D are some critical distance). A

significant increase in the binding energy of the
singlet ground state of excitonic quasi-molecule
(of spatially separated electrons and holes) in a
nanosystem that consists of germanium QDs
grown in a silicon matrix has been predicted; the
effect is almost two orders of magnitude larger
than the binding energy of biexciton in a silicon
single crystal. It is shown that the major
contribution to the exciton quasi-molecule
binding energy is made by the energy of the
exchange interaction of electrons with holes and
this contribution is much more substantial than
the contribution of the energy of Coulomb
interaction between the electrons and
holes (see Fig.).

The fact that the energy of the ground state
singlet excitonic quasi-molecule is in the infrared
range of the spectrum, presumably, allows the
use of a quasi-molecule to create new elements
of silicon infrared nano-optoelectronics [12—14].
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Teopist eneprii 3B’A3Ky eKCUTOHHMX KBa3MMOJICKYJI y FepMaHiil/KpeMHIiIOBUX NOABIHHUX
KBAHTOBHMX TOUYKaX
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Po3zsunymo meopito eKcumoHHUX K8A3IMOAEKYN (YMEOPEHUX i3 NPOCMOPO80 PO30LIEHUX eleKMPOHIE | OIpoK) y
Hanocucmemi, wo CKIA0AEMbCA 3 NOOSIUHUX Keaumosux mouok (KT) eepmaniro, cunme308aHux y KpemHicsill
mampuyi. [loxkazano, wo enepeis 36 513Ky OCHOBHO20 CUH2IEMHO20 CIAHY eKCUMOHHOI K8A3IMOIEKYIU 3HAUHO OLlblld
(matidce Ha 08a NOPAOKU) 30 eHepeito 38 'A3KY OieKCUMOHY 8 MOHOKPUCMALL KDeMHIl0. YCcmaHnoeieHo, wo YmeopenHs
EKCUMOHHOI K8A3UMOAEKYIU MAE NOPO20SULl XaApakmep i MOdCIUse 8 Hamocucmemi, 8 AKill siocmanb D midc
nosepxnamu KT eusnauacmocs ymosoo DY) <D< D (de DI i DI — Oeaxi wxpumuuni eiocmani).

Bukopucmosyrouu eapiayiiinuii memoo, ompumaHo euepeilo 38'A3Ky OCHOBHO20 CUH2IEMHO20 CMAHY eKCUMOHHOI
K8a3iMoneKyIu ¢ makiu cucmemi, Ak yukyito siocmani D miowe nosepxuamu KT ma padiyca a KT. Ilokazano, wo
soudicenns 06ox KT 0o nesnozo kpumuunoco snauents Dc midxic nosepxusmu KT, npuzeooums 00 egexmusrnozo
nepexpumms X6unb08UX (QYHKYIll eneKmpoHa ma 6UHUKHEHHs OOMIHHUX 63a€MO0ill. B pe3yiemami modcymos 6ymu
cmeopeni yMosu Oa BUHUKHEHHA eKcumoHHux xeasumonexyi 3 KT. Ycmamoeneno, wjo icHysanHa KpumuuHoi
siocmani Dé‘) 6Y10 HACTIOKOM KEAHMOBUX PO3MIPDHUX epekmie. Posmipne keanmysamHs pyxy eiekmpouis i Oipok

npu3eoouUno 00 moeo, wo 3i 3menutennam eiocmani D mioc nosepxusmu KT smenwenns euepeiil 63aemo0ii
e1eKmpoHia i OipoK, AKI 6X0OUNU 8 2AMINbIMOHIAH eKCUMOHHOI K8A3IMONEK)YIU, He 3M0210 KOMNEHCY8amu 30i1bluleHH s
KinemuyHoi enepeii enekmponie ma Jdipox. Ha Oinvwux éiocmansx D misc nogepxuamu KT, maxux wo D > D(Cz),

EKCUMOHHA KBAZUMONEKYIA PO3NAOANACH HA 08a eKCUMOHU (WO CKAAOANUCh 3 HPOCMOPOBO PO3OINEHUX eNeKMPOHIE |
0ipok), nokanizosanux Hao nosepxuamu KT. Toii ¢paxkm, wo enepzis OCHOBHO20 CMAHY CUHEIEMHOI eKCUMOHHOI
K6A3IMONEKYIU 3HAXOOUMbCA 6 iH(pauepeoHomy 0ianazoHi cnekmpad, iMOGIPHO, 00360.19€ BUKOPUCHOBYEAMU
K6A3iMONeKYU 0151 CMBOPEHHS HOGUX e/IeMEeHmMi6 KPEMHIEOT iHghpauepeoHoi HanoonmoeneKmpoHiKu.

Knrouosi cnosa: npocmoposo po3oineni enekmpouu i OipKu, K8AHMOSI MOUKU, eHep2is 36 3KV, KYJIOHIBCbKA ma
006MIHHA 83a€MO0iT
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