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In mini-review, deals with the theory of exciton quasimolecules in a nanosystem consisting
of double quantum dots of germanium synthesized in a silicon matrix. An exciton quasimolecule
was formed as a result of the interaction of two spatially indirect excitons. It is shown that,
depending on the distance D between the surfaces of the quantum dots, spatially indirect
excitons and of exciton quasimolecules was formedin the nanosystem.The binding energy of the
singlet ground state of the exciton quasimolecule has been gigantic exceeding the binding energy
of the biexciton in a silicon single crystal by almost two orders of magnitude. The emergence of
a band of localized electron states in the band gap of the silicon matrix was found. This band of
localized electron states appeared as a result of the splitting of electron levels in the chain of
germanium quantum dots.

The nature of formation in the Ge/Si heterostructures was analyzed depending on the
distance D between the surfaces of ODs SIEs and of exciton quasimolecules. It was shown that
the binding energy of the ground singlet state of an exciton quasimolecule was gigantic,
exceeding the binding energy of a biexciton in a silicon single crystal by almost two orders of
magnitude.The possibility of using quasimolecules of excitons to create elements of silicon
infrared nanooptoelectronics, including new infrared sensors, was established.

The emergence of a band of localized electron states in the band gap of the silicon matrix
was found.In this case, the band of localized electron states appeared as a result of the splitting
of electron levels in the chain of germanium QDs.It was shown that the movement of an electron
along the zone of localized electron states in the linear chain of germanium (QDs caused an
increase in photoconductivity.The effect of increasing photoconductivity can make a significant
contribution in the process of converting the energy of the optical range in photosynthesizing
nanosystems.

Keywords: spatially separated electrons and holes, exciton quasimolecules, binding energy,
Coulomb and exchange interaction, electron tunneling, splitting of electron states, charge-
transfer exciton, quantum dots.

Introduction

In the Ge/Si heterostructure of the second type, the spatial separation of electrons and holes
was experimentally found. In this case, spatially indirect excitons (SIE) appeared in the
heterostructure [1, 2].In the SIE, the electron was localized above the surface of the QD, and the
hole was in the QD [1-11].
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A giant increase in the binding energy of SIE (by almost two orders of magnitude) for
nanosystems containing semiconductor (cadmium sulfide, zinc selenide, germanium) and
dielectric (aluminium oxide) QDs has been shown, compared with the exciton binding energy in
the corresponding single crystals [12-16]. This circumstance, apparently, will make it possible in
the future to create new nanolasers.Such nanolasers will operate on SIE transitions at room
temperatures.

Linear germanium QD chains,with an average QD radii not exceeding 30 nm, were obtained on
silicon substrates in experimental works [3, 7].In [3,7], a photoluminescence signal was
discovered at room temperature in the infrared spectral regionregion

(0.20 tol.14) eV (1)

It has been shown that, in the Ge/Si heterostructuredepending on the distance D between
the surfaces of the QDs, SIEs [15, 16] and of exciton quasimolecules [17] was formed. The
average distance (~N %) between the surfaces of germanium QDs at low concentrations N QDs
in the Ge/Si heterostructure significantly exceeded the Bohr electron radius (a, = 0.63 nm) in
the silicon matrix. In this case, the condition was fulfilled:

Abstract

a, N’ <1 )

When (2) is fulfilled, the interaction between electrons and holes localized above the surfaces of
germanium QDs can be neglected.In this case, in the Ge/Si heterostructure, SIEs can appearnear
the surface of single germanium QDs [15,16].

The appearance of SIE in the Ge/Si heterostructure was due to the Coulomb interaction of
an electron with a hole, which depended on the dielectric constant of the QD and the matrix [15,
16]. It was found that the binding energy of an SIE in the Ge/Si heterostructure has been gigantic
exceeding the binding energy of the exciton in a silicon single crystal by almost two orders of
magnitude [15, 16].

The average distance between QD surfaces in linear chains of germanium QDs
significantly decreased with increasing concentration N of QDs. In the case when the distance
between the surfaces of the QD has decreased to a, in the Ge/Si heterostructure, it is necessary
take into account the interaction between electrons and holes localized above the surfaces of the
QD [17].In this case, the condition should be satisfied

a, N'"° ~1 (3)

When condition (3) is satisfied, the distance between SIEs localized above the QD surfaces
decreases to a size comparable to the Bohr electron radius a,. This caused a significant increase
in the overlapping integral S(a,D) of the electron wave functions. A significant increase in the
energy of the exchange interaction of electrons in this case caused the appearance of a coupled
state of two SIEs in the nanosystem; i.e., an exciton quasimolecule appeared in the nanosystem
[17]. In this case, at a distance between the surfaces of the QDs D = Dgz)the exciton
quasimolecule disintegrated into two SIEs.It has been shown that the binding energy of the
singlet ground state of the exciton quasimolecule in the Ge/Si heterostructure significantly
exceeded the binding energy of biexciton in a silicon single crystal by almost two orders of
magnitude [17].

In the Ge/Si heterostructure, at distances D between the QD surfaces exceeding 952 ), the
splitting of electron states localized over spherical interfaces (QD is a silicon matrix)
occurred. This splitting of electron states was caused by the tunneling of electrons through a
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potential barrier separating the double QDs. In this case, a band of localized electronic states
appeared in the band gap of the silicon matrix[18, 19-33].

The mini-review considers the appearance of in the Ge/Si heterostructure SIEs and exciton
quasimolecules depending on the distance D between the surfaces of germanium QDs.It was
shown that the binding energy of the singlet ground state of an exciton quasimolecule took on a
gigantic value, exceeding the binding energy of a biexciton in a silicon single crystal by almost
two orders of magnitude.It was found that, as a result of the splitting of electron levels in the
chain of germanium QDs, a band of localized electron states appeared.

Exciton Quasimolecule Containing Double Quantum Dots
The Binding Energy of the Singlet Ground State of Exciton Quasimolecule

In [17], a nanosystem model was studied in which double germanium QD(A) and QD(B)
with radius @ were placed in a silicon matrix. The dielectric constant of the silicon matrix & =
11.7. The germanium QDs had a dielectric constant &, = 16.3. Holes A4(A) and A(B) with
effective mass ((m,/m,) = 0.39) were located at the centers of QD(A) and QD(B).Electrons
e(1)ande(2) with effective mass ((m,"/my) = 0.98) were localized above the surfaces QD(A)
and QD(B) in the silicon matrix, respectively (g is the electron mass in free space).It was
assumed in [17] that electrons did not penetrate into QDs.

Within the framework of the adiabatic approximation and the effective mass
approximation, the Hamiltonian of the exciton quasimolecule in [17] was presented in the form:

[—A[ = ﬁA(1)+ [‘}B(Z)+ ﬁmt (4)

where gﬂ@_} and gg[?) are the Hamiltonians of the SIEs were localized above the surfaces
QD(A) and QD(B), respectively. In the Hamiltonians of the excitons ﬁ_‘m) and ﬁg@)the
contribution of the energy of polarization interaction with the surfaces QD (A) and QD (B) was

not taken into account [15, 16]. In [15, 16], the Hamiltonian SIE localized above the surface

QD(A) was written as:
2

H o) = - 5 A(1) +V (l)h(A)(rA(1)>rh(A)) + Eg’ )

e

where the first term is the exciton kinetic energy operator and E, was the bandgap energy of the
germanium (E; = 0.661 eV).

In the Hamiltonian (5) of the SIE V¢qypeqywas the energy of Coulomb interaction between
electron e(1)and hole A(A4):

2
e

V =—— (6)
e(1)h(4)
frA(l)

where &= 2g,&,/(g; + &) is the dielectric constant of the nanosystem,ry¢;y was the distance of
the electron e(1) from the QD(A)center.

The Hamiltonian H;,, did not take into account the interaction energies of electrons e(1)
and e(2) and holes 4(A) and A(B) with polarization fields induced by these charge carriers on the
surfaces QD(A) and QD(B) [ 15 - 17]. Therefore, the Hamiltonian gmfcontained only the
energies of Coulomb interaction of electron e(1) with hole #(B), and electron e(2) with hole
h(A), as well as that between electrons e(1) and e(2), and holes 4(A) and 2(B) [17].

We represent the normalized wave function of the ground singlet state of the exciton
quasimolecule in the form of a symmetric linear combination of wave

ﬁlﬂCtiOHSq“[l (?"_4 (1B @})and “']“(2 (?"A (2B [:l)} [ 1 7] :
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v (rA(l)’rA(Z)’rB(l)’rB(Z)) = [2 (1+5° (D’“))]_m [qfl (rA(I)’rB(Z) )+ v, (”A(z)’rg(l))} (7)

where S(D, a) is the overlap integral of single-electron wave functions (D is the distance
betweenthesurfaces of the QD). The wave function of the ground singlet state of the exciton
quasimolecule (7) was written under the assumption that the spins of the electrons e(1) and e(2)
were antiparallel. In [17], the wave functions Wi (74 ¢1,75¢2)) and¥s (¥4¢2),1e¢1))(7) were written
as a product of single-electron wave functions @gey(racy)and @peay(rpe)), as well as
@42y (Taczy)and  @peqy(rpery).respectively [17].Let us also represent the single-electron wave
functions as variational functions of Coulomb type [17]:

) (’”A(1)) = A exp (— u(a) (’21(1) la;’ )j,

(03(2)(”3(2)) = gexP(_,u(d)(’”B(z) /(aexZD))9 3

?u (7a ) = Aexp (_ E(ﬁj (ru /@2 )j
Ps0) (rB(l)) = A exp[— E(;I)(rB(l) /a’P )j

where fE(@)is a variational parameter, @ = (a/a22), where a22 = & (my/p22) (k2 /mye?), is
the Bohr radius of two — dimensional (2D) exciton localized over the flat interface between the

germanium and the matrix of silicon,p22 = mgl)mh / (mgl)+mh)is the reduced mass of the 2D

exciton (of spatially separated electrons and holes), 12y is the distance of the electron e(2) from
theQD(B)center; 1y¢5yis the distance of the electron e(2) from the QD(A) center;rgyyis the
distance of the electron e(1) from the QD(B) center[15, 16].

In [17], the energy of the ground singlet state of an exciton quasimolecule was obtained by
the variational method.This energy was determined by the average value of the Hamiltonian

H(4) over the states described by the wave functions of the zeroth approximation ¥; (5) [17]:
E (D,E(a,D),aJ = W () Taay Toay Ta) | s Tagys Fagay Ty T o) 9)

In [17], taking into account the explicit form of wave functions (7), (8), the energy functional of
the ground singlet state of an exciton quasimolecule was obtained:

5 (5.2(55)a)oar (52 +J(D,ﬁ[d,Dj,aj+K[D,ﬁ(a,oj,aj 0
( ’ [ jj [ (D 1+S2(D,,L7(d,D),dj (1o

here (D = (D /aZ?). In expression (10) E,(&,ji(a)) istheenergyfunctional of the SIE ground

state:
E,, (d’ﬁ(djj =240 uqy)

The second term in (10) is a functional

H .

§0A(1)(rA(1)) (11)
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Eé(D,a):

(12)

which described the binding energy of the ground singlet state of an exciton quasimolecule .The
functionals J (5, ﬁ(&,ﬁ},&} and K (5, ﬁ(&,ﬁ},&} in (12) were presented in [17] as follows:

J[D ”( lﬂ j (40000 P )| Honl 000 00050y o)) 013)

(o

Moreover, in [17] the functional J(D, (@, D ),&) (13) was represented as an algebraic sum of the

/ﬁ\

J J (ﬂg(l)(rg(l)) ¢A(2)(FA(2))| H,, @A(])(rA(1))¢B(z)(”B(2))> (14)

functionals of the average energies of Coulomb interaction. The functional K {ﬁ, E(&,ﬁ}, éf}
(14) was determined by the algebraic sum of the functionals of the averageenergiesof the
exchange interaction [17].

Within the framework of the variational method at the first approximation the total
energyEo(ﬁ,ﬁ) (9) of ground singlet state of exciton quasimolecule was determined by average
value of the Hamiltonian H(4) for states, which was described by wave functions of the zero

approximationllf‘s(rﬂ (1 Tazp ey e [2)} (7) [17]:

Eo(ﬁ,&jzzEex(derEd(ﬁ,&j (15)

where E, (D, &) is the binding energy of the ground singlet state of the exciton quasimolecule and
E...(@&) is the binding energy of the ground state of the SIE localized over the surface of QD [15,
16].

Numerical Results and Discussions

The binding energy Eﬁ(ﬁ,&'} of the of the ground singlet state of the exciton quasimolecule
was obtained in [17] in the Ge/Si heterostructure consisting of double germanium QDs with
mean radius @; = 12.8 nm(the Bohr radius of the 2D exciton a22 = 2.6 nm) under the

condition:
[Ed[ﬁ,dj/Eex(dj J <1 (16)

SIE binding energy was E,,(@; )} = —64 meV [15, 16]. The ground state energy of the excitonic
quasimolecule (15) the in this casewas Eo(Dy,@; ) ~ —134.1 meV. In this case, condition (16)

was fulfilled ((Egl){ﬂl,ﬁl)ngx(ﬁl)) = 0.09). An exciton quasimolecule with an increase in

the distance D between the surfaces of the QD, so that D = DEZ) = 4.4 nm, decayed into two

SIE [17]. In this Ge/Si heterostructure, the binding energy Egl)(ﬂl,ﬁl) == —6.1 meVof the
ground singlet state of the exciton quasimolecule significantly exceeded the binding energy of
biexciton in a silicon single crystal by almost two orders of magnitude [17]. The energy of the
exchange Such Ge/Si heterostructures was investigated in experimental works [17].
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The exciton quasimolecule appeared in the nanosystem at distances D = DC@'} = 2.1 nm
between the surfaces of QD [17].The binding energy E,(D,&) of the exciton quasimolecule
ground state in a nanosystem with QD germanium of the mean radius & = 12.86nm had a

minimum EEI)(DJ_,.EI) ~ —6.1 meV (at the distance D; = 3.1 nm) [17]. In this Ge/Si
heterostructure, interaction of electrons and holes made the major contribution to the binding
energy of an exciton quasimolecule in this Ge/Si heterostructure.This energy significantly
exceeded the value of the Coulomb interaction between electrons and holes (i.e. the ratio <
0.08) [17]. In experimental works [5, 11] in Ge/Si heterostructure, a blurring of the absorption
edge was observed in the infrared wavelength range (1) up to room temperatures. Such blurring
of the absorption edge was caused by interband electron transition in SIE [15, 16].

The Splitting of Electron States in Germanium/SiliconNanosystem with Germanium
Quantum Dots

Electron Tunneling in the Germanium/Silicon Heterostructure with Germanium Quantum
Dots

In the Ge/Si heterostructure model (ref. [17]), electrons e(1) and e(2) with effective masses
m, P'were localized over the spherical surfaces of QD(A) and QD(B) in potential wells caused
by Coulomb attractionV,;(x) (6) electrons and holes (where x is the electron distance from the

surface of the QD).An exciton quasimolecule with an increase in the distance D between the

surfaces of the QD (condition (3) is satisfied), so thatD = BEZ} = 4.4 nm, decayed into two SIEs
[17]. Such SIEs appeared when the photon with the energy smaller than the width of the
bandgap(Eq(s;y= 1.17 €V) of the silicon matrix was absorbed by the nanosystem [15- 19].With
an increase in the QD radius a (so that @ > 22.2 nm), SIE withenergy Ey(a) turned into 2D SIE
with energy Eo(a) = - EZ2 = 2R?/pu22(a22)? [15,16]. In this case, EZ? = 82 meV is the
binding energy of the 2D SIE and a2?= 2.6 nm.In refs. [15,16] and [18,19], the energy of the
SIE state Ey(a)was measured from the bottom of the conduction band of the silicon matrix
(Beesiy= Egesiy)-

The potential barrier
2

e

U(x)——g((D/z)_x))/, 0<x<(D/2) (17)
62

U(x)——g((D/z)er))/, (-D/2)<x<0 (18)

separating double QDs was caused by the Coulomb attraction ¥, (x) (6) of electrons e(1) and
e(2) to their holes. Electrons e(1) and e(2) localized above the spherical surfaces of double QDs
can tunnel through the potential barrier U(x) (17), (18).

This electron tunneling resulted in the splitting of the SIE energy level E,.(a) at two close
SIE levels E., "(a) and E,. “(a). In [18, 19], using the semiclassical approximation, an
expression was obtained that describes the splitting AE,.(a, D) = (E.. "(a) —E,. ®(a)) of the
SIE level (E,.(a)=—Egy):

AEex(a,D) =932 {[1 _ B(EO,D)(EOD”/Z](ZEO)JQ " ln[(EOﬁ)l/z 4 B(EOD~] }—1 '[(E~0D~)1/2 + (19)
+ B(E,D)]" " exp[-2D"*B(E,, D)]E2P
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whereEy = (Eo/E2P), D = (D/a?2 )y and B(E,, D)= (E; D - 1}1’;2.Expression AE,(a, D) (23)
was obtained in [18, 19] under the condition of weak splitting (23) of the SIE level E,,.(a), that
is, with

(AE, (a,D)/E,) <1 (20)

.Numerical Results and Discussions

Tables 1 and 2 (see [18, 19]) show the splitting values AE,.(a,D)(19) of SIE levels
(Ee(@ )=—Ey(a;) = —64 meV)and (B, (@ )=—Ey(@;) = —72meV) in the Ge/Si
heterostructures. Such Ge/Si heterostructures were placed chains of germanium QDs with
average radii @ = 12.8nm and @ = 15 nm. These Ge/Si heterostructures were investigated in
experimental works [3, 7].From Table 1 it follows that in the case of continuously changing
distances D between the surfaces of the QDs (in the range from Dy = 7.8 nm to D, = 8.4 nm)
splitting (19) also monotonically changes in the range AE.(@;, D7) = 8 meV to AE.(@;,D9) =
0.16 meV [18, 19]. The values of the splitting (19), with continuously changing distances D
between the surfaces of the QDs (in the range from P; = 7.8 nm to D, = 8.4 nm), also
monotonically changed in the range from AE, (@, P;) = 8.8 meV toAE.(@,,P,) = 0.2 meV(see
Table 2) [18,19].Requirements (20) for the smallness of splitings AE, (@, D) and AE, (@5, D) in
comparison with the value of the energy of the exciton levels Eo(@;) and Ey(a,) were satisfied
[18, 19].It should be noted that the values of splitting (19) were described by a strong
exponential dependence on the distance D (see Table 1 and Table 2) [18, 19].

In a Ge/Si nanosystem with germanium QDs with radii @ = 12.8 nm and @ = 15 nm
SIE levels appeared (E,.(@;) = —64 meV)and (E,(Gx) = —72 meV). This required light
quanta with energies frag, (@;) = 266 meV and hew,, (@) = 258 meV [18, 19].Such energies
ha,, (@) = 266 meV and hw,, (G,) = 258 meV were contained in the infrared spectral region
(1), which was observed under experimental conditions up to room temperature [3,7].
The emergence of a band of localized electron states in the band gap of the silicon matrix was
found in [18, 19]. This band of localized electron states appeared as a result of the splitting of
SIE levels in the chain of germanium QDs.In this case, the width of the band of localized
electron states was determined by the order of splitting AE,..(a, D)(19) of the SIE levels E,.(a).
The position of the zone of localized electron states in the nanosystem was determined by the
position of the SIE level E..(a).In this case, in the linear chain of germanium QDs [3, 7], an
charge-transfer exciton moved along the band of localized electronstates [21].In this charge-
transfer exciton, the hole was in the valence band of the germanium QDs, and the electron,
tunneling between the QDs, moved along the band of localized electronic states [18, 19].

Conclusion

The nature of formation in the Ge/Si heterostructures was analyzed depending on the
distance D between the surfaces of QDs SIEs and of exciton quasimolecules.It was shown that
the binding energy of the ground singlet state of an exciton quasimolecule was gigantic,
exceeding the binding energy of a biexciton in a silicon single crystal by almost two orders of
magnitude.The possibility of using quasimolecules of excitons to create elements of silicon
infrared nanooptoelectronics, including new infrared sensors, was established [34 -38].
The emergence of a band of localized electron states in the band gap of the silicon matrix was
found.In this case, the band of localized electron states appeared as a result of the splitting of
electron levels in the chain of germanium QDs.It was shown that the movement of an electron
along the zone of localized electron states in the linear chain of germanium QDs caused an
increase in photoconductivity.The effect of increasing photoconductivity can make a significant
contribution in the process of converting the energy of the optical range in photosynthesizing
nanosystems [34,38].
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Table 1. Dependence of the splitting AE..(&, D)(19) of the exciton level
(Eo(@) = —64 meV)in a nanosystem that consists of two germanium QDs with
average radii @ = 12.8nm, on the distance D between the surfaces of the QD
[18,19].

. Ey(a;) D AE,.(@.,D)
nm meV nm meV
12.8 64 7.8 8

12.8 64 8 24
12.8 64 8.2 0.64
12.8 64 8.4 0.16

Table 2. Dependence of the splitting AE,.(@2,D)(19) of the exciton level
(Eo(@,) = —72 meV)in a nanosystem that consists of two germanium QDs with
average radii @ = 15 nm, on the distance D between the surfaces of the QD [18,
19].

@, Ey(a,) | D AE,.(@2,D)

nm meV nm meV

15 72 7.8 8.8

15 72 8 2.8

15 72 8.2 0.78

15 72 8.4 0.2
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TEOPIA TPOCTOPOBO HEITPAMUX EKCUTOHIB ¥
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V' mini-oenadi poszensioacmvca meopisi eKCUMOHHUX KBA3IMONEKYI 8 HAHOCUCMEMI, WO
CKAA0AEMBCSL 3 NOOBIIHUX KEAHMOBUX MOYOK 2ePMAHII0, CUHME308AHUX ) KDEMHIEGI MAmpuyi.
V' pesynomami 63aemo0ii 060X npoCcmMopo8o HEnpAMUX eKCUMOHI8 GUHUKANA KEA3IMONeKYld
excumoHny. Iloxazano, wo 6 3anexcnocmi 6i0 giocmawni D mid nogepxHamu K8AHMOBUX MOYOK Y
HaHocucmemi ymeopioiomuvCsa npPoCmMopo80 HENnpAMi eKCUMOHU Ma KEA3IMONEeKYAU eKCUMOHIE.
Enepeis 36's13ky 0CcHO8HO20 cunenemno20 CMAHYy eKCUMOHHOI K8A3IMONEKYIU BUABULACS
2l2AHMCbKO, Matice HA 08a NOPAOKU Nepesuwyy8ald euepeilo 38'a3Ky Oiekcumoua 6
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MOHOKpUcmani Kpemuilo. Busaeneno euHukHenHs cmyeu JOKANI308AHUX €IeKMPOHHUX CMAHIE y
3a00poHenill 30Hi Kpemuiegoi mampuyi. L1 cmyea 10Kani308aHUX e1eKMPOHHUX CIMAHIE GUHUKIA
8 pe3yibmami po3uenjieHHs eleKmpOHHUX PIGHIE Y TAHYIOICKY KEAHMOBUX MOYOK 2ePMAHIIO.

IIpoananizosano npupody ymeopenus 6 cemepocmpykmypax Ge/Si 6 3anexcnocmi 6i0
giocmani D midic nogepxHAMU NPOCMOPOBO HENPAMUX eKCUMOHI8 Ma eKCUMOHHUX K8A3IMOIeKY L.
Bcmanoeneno moscnugicme ukopucmants KaziMoneKyl eKCUmonie 0isi CMeopeHHs eeMeHmie
KpeMHI€80i [H(pauepeoHoi HAHOONMOENeKMPOHIKU, Y MOMY YUCIi HOBUX IHGpauep8oHUX
ceHcopis.

Busieneno eunukHenHs cmyeu JOKANI308aHUX eLeKMPOHHUX CMAHI8 ) 3a00pOHeHil 30Hi
KpemHieoi mampuyi. ¥ yvomy eunaoky cmyea 10KANi306aAHUX €eKMPOHHUX CMAHI8 SBUHUKILA
BHACNIOOK PO3UieNIeHHsl eleKMPOHHUX PIGHI8 V JIAHYIOJCKY KBAHMOBUX MOYOK 2epMAHIIo.
Ilokazano, wo pyx enekmpoua 6300624C 30HU NOKANIZ08AHUX €IeKMPOHHUX CMAHIE V JNIHIUHOMY
JIAHYIONCKY KBAHMOBUX MOYOK 2ePMAHII0 GUKIUKAE 30inbueHHsi pomonposionocmi. Egexm
niosuwjerHs GomonpogioHoCmi Modxce GHecmu ICMOMHUL 6HECOK Yy Npoyec nepemeopeHHs
eHepeii onmuuHo20 0ianazony y homocuHme3youux HaHOCUCMeMax.

KuarouoBi cioBa: npocmoposo pozoinenuii eiekmpoHu i OipKU, eKCUMOHHI K8A3iMOJeK)u,

eHepeis 36'A3Ky, KVIOHIBCbKA MA OOMIHHA 63AEMOOis, MYHENI08AHHS eIeKMPOHIE, PO3UjenIeH s
e/IeKMPOHHUX CIAHIB, eKCUMOHU I3 NepeHeCeHHIM 3apsaoy, KBAHMOGI MOUKU.
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