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In review, deals with the theory of exciton quasimolecules (formed of spatially separated
electrons and holes) in a nanosystems that consists of semiconductor and dielectric colloidal
quantum dots (QDs) synthesized in a dielectric and semiconductor matrixs. 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
DV <D< D? (where DV and D are some critical distance).

We have shown that in such a nanoheterostructures acting as ‘“exciton molecules” are
the QDs with excitons localizing over their surfaces. The position of the quasimolecule state
energy band depends both on the mean radius of the QDs, and the distance between their
surfaces, which enables one to purposefully control it by varying these parameters of the
nanostructure.

It was found that the binding energy of singlet ground state of exciton quasimolecules,
consisting of two semiconductor and dielectric OQDs is a significant large values, larger than the
binding energy of the biexciton in a semiconductor and dielectric single crystals almost two
orders of magnitude. It is shown that the major contribution to tue binding energy of singlet
ground state of exciton quasimolecule 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 the Coulomb interaction between the electrons and holes. It is established that the
position of the exciton quasimolecule energy band depends both on the mean radius of the QDs
and the distance between their surfaces.

It is shown that with increase in temperature above the threshold (T >T,), a transition

can occur from the exciton quasimolecule to exciton state. It has been found that at a constant
concentration of excitons (i.e. constant concentration of QD) and temperatures T below T., one

can expect a new luminescence band shifted from the exciton band by the value of the exciton
quasimolecule binding energy. This new band disappears at higher temperatures (T >2T.). At a

constant temperature below T, an increase in exciton concentration (i.e. in QD concentration)

brings about weakening of the exciton luminescence band and strengthening of the exciton
quasimolecule.

These exciton quasimolecules are of fundamental interest as new quasi-atomic colloidal
nanostructures;, they may also have practical value as new nanomaterials for
nanooptoelectronics. The fact that the energy of the ground state singlet exciton quasimolecule
is in the infrared range of the spectrum, presumably, allow the use of a quasimolecule to create
new infrared sensors in biomedical research.
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Introduction

The studies of quasi — zero dimensional (0-D) nanosystems made up of spherical
colloidal quantum dots (QDs) with the mean radius a in the range of 1 to 10 nm consisting of
semiconductor (germanium, cadmium sulfide and selenide, gallium arsenide, zinc selenide) and
dielectric (aluminum oxide) materials synthesized in dielectric (semiconductor) matrices attract
considerable interest due to their unique photoluminescence properties, ability to effectively emit
light in the visible and near infrared spectral range at room temperatures [1-11]. Optical and
electro-optical properties of such quasi 0-D nanosystems are to a large extent governed by the
energy spectrum of the spatially confined electron-hole pair (exciton) [1, 2, 5—21].

In Ge/Si heterostructures, structures that have self-assembled Ge/Si nanoislands are
promising in the implementation of effective sources of infrared radiation, since the
photoluminescence signal of such nanostructures, in the spectral range (0.25 to 1.14 eV) is
observable all the way to room temperature [1,2,6]. To create new Ge/Si - based heterostructures
with new effective opto-electronic devices, the mechanism of light absorption in such
nanoheterostructures must be studied [1-6]. Ge/Si hetero structures with germanium QDs are
classified as heterostructures 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 volume of the
germanium QD. The significant gap in the valence band (in the order of 610 meV) causes hole
localization in the QD volume. A significant gap in the conduction band (in the order of
340 meV) is the potential barrier for electrons (electrons move throughout the matrix and do not
penetrate into the QD volume) (see Fig. 1) [1-6].
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Fig. 1. Band diagram of the QD—matrix nanoheterostructure. In the nanoheterostructure, the QD

is a potential well for a hole and a barrier for an electron. The energies E, ), E,,,, and
E.,), E,,, correspond to the positions of the bottom of the conduction band and the top

of the valence band of the matrix and QD, respectively

The idea of a superatom (or artificial atom) was fruitful for the development of
nanophysics [22, 23]. A superatom (quasiatomic nanoheterostructures) consists of a spherical
QD with radius a, the volume of which contains a semiconductor (or dielectric) material. The
QD is surrounded by a dielectric (semiconductor) matrix. In this nanosystem, the lowest
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electronic levelis in the matrix, and the lowest hole level is within the volume of the QD. A
electron can be localized in a potential well above the QD surface and, at the same time, the hole
moves in the volume of the QD. The electrons move in the matrix and do not penetrate the
volume of the QD. The energy of the Coulomb interaction of electrons with holes and the energy
of the polarization interaction of electrons with the interface (QD-matrix) form a potential well
in which the electron is localized over the surface of the QD. Certain orbitals, localized to the
surrounding QD correspond to the electrons in a superatom [15-21]. A substantial increase in the
binding energy of the ground state of an electron in a superatom in comparison with the binding
energy of an exciton in zinc selenide, cadmium sulfide and selenide, germanium, aluminum
oxide and single crystals was detected in Refs. [15-21].

The convergence of two (or more) QDs up to a certain critical value D, between surfaces
of the QD leads to the overlapping of electron orbitals of superatoms and the emergence of
exchange interactions. In this case, the overlap integral of the electron wave functions takes a
significant value. As a result, the conditions for the formation of quasimolecules from QDs can
be created [24-28]. One can also assume that the above conditions for the formation of
quasimolecules can be provided by external physical fields [29,30]. This assumption is
evidenced by the results of Refs. 29 and 30, in in which the occurrence of the effective
interaction between QDs at considerable distances under conditions of an electro magnetic field
was experimentally observed. In Refs. 31, energies of the ground state of “vertical” and
“horizontal” located pairs 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 a nanocomputer which was implemented on a pair of QDs (“molecules”’from two QDs)
with charge states is n qubits [32].

Ref. 33, theoretically analyzed the exciton transitions in the double vertically conjugated
QD of germanium, separated by a silicon layer of d thickness. The QD of germanium was in the
form of pyramids, in which the ratio of the height 4 to the lateral dimension / = (10, 15, and 20)
nm was (= 0.1). The spatial structure of excitons and the oscillator was theoretically studied [33].
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) among QDs, the electron configuration is analogous to the case of single QDs. It is
found that with the increase of the distance d to the values (d = (3,0 to 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 a single QD.

In [4] using the method of electron-beam lithography obtained heterostructures which are
linear chains of QDs germanium on Si substrates. The average sizes of the QD Ge is less than 60
nm. It was noted [27] that, at such a QD content in the samples, one must take into account
the interaction between charge carriers localized above the QD surfaces.

In Ref. 33, in contrast to work [27], when studying the occurrence of exciton states
between the QD surfaces, the exchange interaction between electrons was not taken into account.
Such exchange interactions, as was shown in [27], made the main contribution to the binding
energy of the biexciton.

In Refs. 19 and 20, 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 Refs. 19 and 20,
in the framework of classical electrodynamics, an expression was obtained that describes the
Coulomb interaction between an electron and hole. In Refs. 19 and 20, the exciton appeared as a
result of the Coulomb interaction between the electron and hole, which, in contrast to Refs. 1, 2
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and 33, was dependent on the 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 Ref. 19 and 20, for
QDs with radii exceeding 3 nm. This is due to the fact that the study of exciton states in the
nanosystem containing germanium QDs with radii @ less than 3 nm in the framework of the
approach in which the expression describing the Coulomb interaction between the electron and
hole was obtained by the methods of classical electrodynamics is incorrect.

When there were large concentrations of cadmium sulfide, zinc selenide, germanium QDs
in the samples (from x = 0.6% to x = 1% ) a maximum, interpreted on the basis of the appearance
of bonded QD states, was detected in the low-temperature absorption spectra. In order to explain
the optical characteristics of such nanosystems, we proposed a model of a quasimolecule
representing two cadmium sulfide, zinc selenide and germanium QDs that form an exciton
quasimolecule as a result of the interaction of electrons and holes [24-28].

It was noted [24-28] that at such levels of QD content in the samples (from x ~0.6% to

x ~1%), one must take into account the interaction between charge carriers localized above the

QD surfaces. Therefore, in Refs. [24-28], we developed the theory of an exciton quasimolecule
(or biexciton) (formed from spatially separated electrons and holes) in a nanosystem that consists
of zinc selenide, cadmium sulfide and selenide, germanium, aluminum oxide QDs synthesized in
a dielectric and semiconductor matrixs. Using the variational method, we obtained the total
energy and the binding energy of the exciton quasimolecule (or biexciton) singlet ground state in
such a systems as functions of the spacing D between the QD surfaces and of the QD radius a.
We showed that the exciton quasimolecule formation is of a threshold character and is possible
in a nanosystem, in which the spacing between the QD surfaces exceeds a certain critical
spacing.

It was found that the binding energies E;, of the exciton quasimolecule consisting of two
zinc selenide, cadmium sulfide and selenide, germanium, aluminum oxide colloidal QDs
acquired an anomalously high value that exceeds the binding energy of the biexciton in zinc
selenide, cadmium sulfide and selenide, germanium, aluminum oxide by almost two orders of
magnitude. This effect consisted in a significant increase in the binding energy of the ground
singlet state exciton quasimolecule due to the fact that because of their presence in nanoscale
interfaces (QD-matrix), the energy of the exchange interaction of the electrons with the holes
(renormalized Coulomb interaction between electrons and holes) in the exciton quasimolecule
was much greater than the energy exchange interaction between electrons and holes in a single
crystal [24-36]. It is established that the spectral shift of the low-temperature luminescence peak
[8] in such a nanosystems is due to quantum confinement of the energy of the exciton
quasimolecule ground state.

In review, deals with the theory of exciton quasimolecules (formed from spatially
separated electrons and holes) in nanosystems consisting of semiconductor and dielectric
colloidal QDs is insufficiently studied. Therefore, in this review, deals with the theory of exciton
quasimolecules (formed of spatially separated electrons and holes) in a nanosystems that consists
of semiconductor and dielectric QDs synthesized in a dielectric and semiconductor matrixs. It is
shown that exciton quasimolecules formation is of the threshold character and possible in
nanosystems, in with the spacing between the QDs surfaces is larger than a certain critical
spacing. It was found that the binding energy of singlet ground state of exciton quasimolecules,
consisting of two semiconductor and dielectric QDs is a significant large values, larger than the
binding energy of the biexciton in a semiconductor and dielectric single crystals almost two
orders of magnitude. It is shown that the major contribution to tue binding energy of singlet
ground state of exciton quasimolecule 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 the Coulomb interaction between the electrons and holes. It is established that the
position of the biexciton state energy band depends both on the mean radius of the QDs and the
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distance between their surfaces. This circumstance allows one to purposefully control the
position of the biexciton state energy band by varying these parameters of the nanostructure.

Energy of the exciton quasimolecule ground singlet state

Consider a model of a nanosystem that consists of two spherical semiconductor (or
dielectric) QDs [24-28]: QD(A) and QD(B) with radius @, grown in a matrix of semiconductor
(or dielectric) with a dielectric constant ,. Let the spacing between the spherical QD surfaces
be D, and the spacing between the spherical QD centers be L. Each QD is formed from a
semiconductor (or dielectric) material with dielectric constant ¢,. For simplicity and without loss
of generality, we assume that holes /#(A4) and A(B) with effective masses m, are localized in

centers of QD(A) and QD(B) and electrons e(1)nde(2) with effective massesm'” are localized
near the spherical surfaces of QD(A) and QD(B), respectively (7,
e(1) from the QD(A) center; ry,, is the distance of the electron e(2) from the QD(B) center; 7, ,,

1s the distance of the electron

is the distance of the electron e(2) from the QD(A) center; 1y, is the distance of the electron
e(1) from the QD(B) center; 7, is the distance between the electron e(1) and e(2) (see Fig. 2).
The above assumption is reasonable, since the ratio between the effective masses of electron and

hole in the nanosystem is much smaller than unity ((m;” / m, ) < 1). Let us assume that there is

an infinitely high potential barrier on a spherical interface (QD — matrix). In the nanosystem the
holes do not therefore escape from the volume of the QD while the electrons do not enter the

QD.

e(1) > e(2)

: L

Fig. 2. Schematic representation of a nanosystem consisting of two spherical semiconductor (or
dielectric) QDs: QD(A) and QD(B) of radii a. The holes 4(A4) and A(B) are located in the
QD(A) and QD(B) centers, and the electrons e(1) and e(2) are localized near the QD(A)
and QD(B) surfaces. r,, is the distance of the electron e(1) from the QD(A) center;

T32) 18 the distance of the electron e(2) from the QD(B) center; r,,, is the distance of
the electron e(2) from the QD(A) center; 1y, is the distance of the electron e(1) from the

QD(B) center, and r,; is the distance between the electrons e(1)and e(2}, L is the
spacing between the QD centers, and D is the spacing between the QD surfaces.

Let us now use this model to consider the possibility of the formation of an exciton
quasimolecule from spatially separated electrons and holes (the holes are located at the centers of
QD(A) and QD(B) and electrons are localized near their spherical surfaces). Using adiabatic
approximation and the effective mass approximation, the Hamiltonian of the exciton
quasimolecule (of spatially separated electrons and holes) can be written in the form [24-28]:
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where H Am and H B2y are the Hamiltonians of the excitons of spatially separated hole #(4) and
electron e(1) and hole 4(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 4q) and

H B(2) can be, as a first approximation neglected [24-28]. Thus the exciton Hamiltonian H A1)
takes the form The contribution of the energy of polarization interaction with the surface of QD

to the Hamiltonians of the excitons H.qy and H @) can be, as a first approximation neglected
[24-28]:

2
Ham = _ZAa) Vi Ty i) U Cays Ty s @ + Ve Paa) + Vi Gy ) + E» 2)

In (2), the first term is the kinetic energy operator of the exciton; the energy of Coulomb
interaction V,,, ,, between the electron e(1) and the hole 4(A) is described by the formula

[15]:

2
e

v

e(Wh(a) —
e a g

3)

Ty _rh(A)‘

where u= —mil)mh /(mi” +mh) is the reduced mass of the 2D exciton (of spatially separated

electron and hole) [6,7], &=2¢¢,/(s +¢&,)is the dielectric constant of nanosystem.The

potentials
0,7,,<a
> "h(4)
Vh(A)(rh(A)) = 4)
00, rh(A) >a
Voy(ryay) =0, 1,y S a (5)

describe the motion of quasiparticles in the nanosystem in the model of an infinitely deep
potential well; and E; is the band gap in the semiconductor (or dielectric) material with

dielectric constant e,.

The Hamiltonian Hgyy is of the same form as Hyg4, (2). In the first approximation we can
neglect the contributions to the Hamiltonian H,,, of the interaction energies of the electrons e(1)
and e(2) and the holes k(4} and k(B} with polarization fields induced by these charge carriers on
the surfaces of QD (A) and QD (B) [5]. Thus the Hamiltonian . incorporates only the

energies of Coulomb interaction of electron e(1) with hole /(B), and electron e(2) with hole i(4),
as well as that between electrons e(1) and e(2), and holes 4(4) and A(B).

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 ‘I’l(rA(l),rB(z)) and

W, (740 oy ) [24-28),
1

\PS(FA(I)’rA(Z)’rB(l)’rB(Z)) = [2((1 +SZ(Daa)):|7E |:\Pl (’}1(1)3’"3(2))'*‘ \Pz (rA(Z)’rB(I)):IJ (6)
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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

¥, (VA(I),}"B(Z)) and ¥, (rA(Z),rB(I)) (6) as a product of single-electron wave functions @, (7,,)
and @, (75,,), as well as ¢, (r,,)and @, (75,,), respectively. Let us also represent the

single-electron wave functions as variational functions of Coulomb type [15-21]:

Dy (Fay) = Aexp(—p(@)(ryy 1 a2)),

Py (Tyy) = Aexp(—pu(@)(ryry 1 a2)).. (7)
a0y (Tary) = Aexp(— (@), / a2)).
Psry Ty = Aexp(—p(a) (1) 1 a2)),

where g(a) is a variational parameter, a.” =(h’-&/ue’) is the Bohr radius of two —

dimensional (2D) exciton localized over the flat interface between the zinc selenide (or
aluminum oxide) and the matrix of dielectric.

In the framework of the variational method, the energy of the exciton quasimolecule
ground singlet state, as a first approximation, is given by the mean value of the Hamiltonian &

(1) over the states described by the wave functions of the zeroth approximation

E(D,ﬁ(a,D),a) = <\Ps (rA(l)’rA(Z)’rB(l)’rB(Z) ‘F[‘\PS(FA(IVrA(Z)’VB(l)ﬂrB(Z))>7 (®

where jf{a, I} 1is a variational parameter.

With the explicit form of the wave functions (5), (6), the energy functional of the exciton
quasimolecule singlet ground state takes the form [24-28]

Jj(D,u(a,D+K(D, t(a,D),a)
1+S8*(D, i(a,D),a)

Ey(D, p(a,D),a =2E, (a, u(a)) + ; )

Here, E, (a,u(a)) is the energy functional of the exciton ground state (for the exciton formed
from an electron and a hole spatially separated from the electron):

E, (a,p(a)= <¢A(1)(FA(1))‘;IA(1) ¢A(1)(FA(I))> (10)

The second term in (9)
J(D, p(a,D+K(D, p(a,D),a)
1+8*(D, fi(a, D), a)

E,(a, p(a,D),a) = an

is a functional of the binding energy of singlet ground state of excitonic quasimolecule. In the
functional determined by formula (9), j(D, ti(a, D),a) is determined by the expression.

J(D, u(a,D),a) = <¢A(1)(VA(I))¢B(2)(FB(2))‘Hi“t ¢7A(|)(rA(l))(ﬂB(z)(rB(z))> (12)
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The functional j(D,u(a,D),a) (12) can be represented as the algebraic sum of the

functionals of the average energies of Coulomb interaction. In the functional described by (9),
K(D, ti(a,D),a)is determined by the formula

K(D, u(a,D),a) = <¢B(1)(rB(l))¢A(2)(rA(2)) Hiw

@A(l)(rA(l))¢B(2)(rB(2))> (13)

The functional K(D, t(a,D),a) (13) can be represented as the algebraic sum of the

functionals of the average energies of the exchange interaction.

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 & (1) for states, which are described by wave functions of the zero approximation

‘I’S(rA(l),rA(2),rB(1),rB(2)) [24-28]
E,(D,a)=2E, (a)+E,(D,a) (14)

where E (D,a) is the binding energy of the ground singlet state of the excitonic quasimolecule
and E, (a) 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 [15
-21]. In (14) energy is measured in units

E,. =4(u/my)Ry, | ()’ (15)

where Ry, =13.606 eV is the Rydberg constant.

In [24, 25] presents the results of the variational calculations of the binding energy
E,(D,a) of the exciton quasimolecule ground state in a nanosystem with a QD of zinc selenide

with the mean radius @ =3.9nm, (permittivity &, =9.25, effective mass of the hole in QD
(m, /my)=0.7, the reduced exciton mass (with a spatially separated electron and hole)
(1/m;)=0.30, the dielectric constant of nanosystem & =3.29, synthesized in a dielectric
matrix of the borosilicate glass (permittivity ¢, =2, the effective mass of the electron in the
matrix (m|’ /m,) was deduced in Ref. 34 and amounts to 0.537), as well as in the nanosystem
with a QD of aluminum oxide with the mean radius a, =3.2nm, (permittivity &, =10, effective

mass of the hole in QD (my/mg) = 6.2, the reduced exciton mass (with a spatially separated
electron and hole) (x/m,)=0.49, the dielectric constant of nanosystem & =3.28, synthesized

in a dielectric matrix of the vacuum oli VM - 4 (permittivity &, =1.96, the effective mass of the
electron in the matrix (m.” / m,) = 0,537. The variational method that we used for the calculation
of the exciton quasimolecule ground state binding energy ¢, =(D,a) is applicable provided that

it is much smaller than the binding energy of the exciton ground state &, _=(a), i.e. the
following condition must be fulfilled [24-28]

(E,(D,a)/ E, (a)<1. (16)
The binding energy E, =(D,a) of the exciton quasimolecule ground state in the

nanosystem containing QDs of zinc selenide with average radii @, =3.9nm, has a minimum of
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EM(D,,@, ~—42 meV (at the distance D, =3.2 nm) (The value of E*' corresponds to the
temperature T, 49 K) [24]. As it follows form [24], the exciton quasimolecule appears in the
nanosystem at distances D, > D" =2.4 nm between the surfaces of QD. The formation of such

a exciton quasimolecule is of threshold character and can occur in a nanosystem with QDs of the
mean radius &,, 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. (1)) of the exciton quasimolecule with decrease of the distance D between the surfaces of
the QD cannot compensate for the increase in the kinetic energy of the electrons and holes [24].
The binding energy of the exciton ¢, =(a) amounts to ¢, =(a,)=-54 meV [15], with the

energy of the exciton quasimolequle ground state (8) taking the value
& =(D,,a,) ~—112.2 meV . It should be emphasized that the criterion (16) of the applicability of

the variational method for the calculation of the exciton quasimolecule binding energy
&, =(D,a) is fulfilled (E;”(Dl,ﬁ1 lE,, (c_zl)) = 0.08. At larger distances D between the surfaces

of QD: D>D"® =16.4 nm, the exciton quasimolecule breaks down into two excitons

(consisting of spatially separated electrons and holes), localized over QD surfaces. Thus a
exciton quasimolecule can be formed in a nanosystem where D" < D < D [24]. Furthermore,

a exciton quasimolecule can exist only at temperatures lower than the critical temperature
T. =49 K. In the zinc selenide single crystal, the biexciton is formed with the binding energy

E, =0,45 meV corresponding to the temperature 5.2 K. At the same time, the exciton
quasimolecule binding energy E'" in the nanosystem is about an order of magnitude higner than
Eb

The binding energy E,(D,a) of the exciton quasimolecule ground state in the
nanosystem containing QDs of aluminum oxide with average radii g, =3.2 nmhas a minimum
of E"(D,,a)~-7.03meV (at the distance D,=2.9nm) (Fig. 3) (The valueof Eé"l
corresponds to the temperature 7, ~82 K ). In such a nanosystem, an exciton quasimolecule can
be formed where D" <D< D' (where D =2.1nm and D® =4.4 nm) [25] (see Fig. 3).
The binding energy of the exciton &, =(a) amounts to &, =(a,)=-100.8 meV [18], with the

energy of the exciton quasimolequle ground state (8) taking the wvalue
&, = (Dya,) = -208.63 meV . It should be emphasized that the criterion (16) of the applicability

of the variational method for the calculation of the exciton quasimolecule binding energy
E, =(D,a) is fulfilled (E;”(Dl,a_l)/ E, (El)) =0.07 [25]. Furthermore, a exciton quasimolecule
can exist only at temperatures lower than the critical temperature T, = 82 K. In the aluminum

oxide monocrystal, the biexciton is formed with the binding energy £, = 0.61 meV

corresponding to the temperature 7.04 K. The exciton quasimolecule binding energy E.” in the
nanosystem is more than an order of magnitude higner than Ej,.
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Fig. 3. 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
aluminum oxide quantum dots QD(A) and QD(B) with the mean radius @, =3.2nm, on

the distance D between the surfaces of QD(A) 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) on the distance D between the
surfaces of the quantum dots

The values of the binding energy E,(D,a) of the exciton quasimolecule, as well as the
total energy E (D,a,)(14) of the excitonic quasimolecule in the nanosystem consisting of QD of
of aluminum oxide significantly exceed the corresponding values of  E,(D,a) and
E,(D,a,)(14) in the nanosystem containing QD of zinc selenide. This is due to the fact that,
according to formulas (14) and (15), the values of the binding energy E,(D,a) of an excitonic
quasimolecule and the total energy E,(D,a,) (14) of an excitonic quasimolecule with increasing
value (g/my,) the reduced exciton mass (with a spatially separated electron and hole) increase (~
(«/m,). The values of E,(D,a) and E,(D,a,) (14) also increase (~(£) with a decrease in
the dielectric constant £ of the nanosystem.

As follows from the results of the variational calculations, the major contribution to the
exciton quasimolecule binding energy is from the energy of exchange interaction of electrons

and holes, which by far surpasses that from their Coulomb interaction (i.e., the ratio < 0.08)
[24 - 28]. Upon an increase in the distance D between the surfaces of the QDs, the overlap

integral S (D,a) of single-electron wave functions (7) decreases. This leads to the fact that
starting from the values of b = Bﬁﬁ , the exciton quasimolecule breaks down into two excitons
(consisting of spatially separated electrons and holes), localized over QD surfaces (see Fig. 2 and
Fig. 3). Since the calculations of the biexciton ground state binding energy E,(D,a) in the
nanosystem are variational, the values of E,(D,a) and E, can be somewhat underestimated
[24-28].

Correlation of the theory with experiments
In [8] observed a low-tempeature luminescence peak at E, = 2.716 eV (at a temperature

of T=4.5 K) in samples with a zinc selenide QD content of x =~ 0.6%; this peak was below the
band gap (E, =2,823¢V) of the zinc selenide single crystal. The shift of the E - low-
temperature luminescence peak with respect to the band gap of the zinc selenide single crystal
was AE, =E —E,=-103 ¢V.
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Comparing the energy E,(D,a) (14) of the biexciton ground state with the shift E, = ~103 eV of
the luminescence spectral peak, we obtain the average spacing D, = 4.5 nm between the QD(A)
and QD(B) surfaces (at an average QD radius of @, =3.9nm [24]. In this case, the biexciton binding
energy is Eb2 = -3 mel (corresponding to a temperature of 7, ~35K), and the value of ¢, =3.9 nmis

in the range of the average zinc selenide QD radii (@’ =2.0—4.8 nm) studied in the experimental
conditions of [8].
Thus, the experimentally observed shift AE, of the low-temperature peak of the

luminescence spectrum in the samples containing zinc selenide QDs with a content of x = 0.6%
[8] is due to the dependence of the energy E,(D,a} (14) of the singlet ground state of a biexciton
(formed from spatially separated electrons and holes) on the spacing D between the QD surfaces
and on the QD radius a [24].

Thus, the proposed model of the biexciton gives the explanation of the optical properties
of the nanosystem consisting of zinc selenide QDs grown in a dielectric matrix [24], in particular
the occurrence of a maximum of AE, in the low-temperature luminescence spectra of the

samples [8]. Since the values of the binding energies AE, E,(D,a} of the biexciton singlet

ground state are negative, this means that additional energy is required to excite the second
electron—hole pair in the nanosystem. The latter circumstance leads to a shift of the absorption
edge of the nanosystem at high excitation intensities, as observed in experiments [8]

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

colloidal QD is given by the condition D’ <D< D® (where p* and D® are some critical

distance). A significant increase in the binding energy of the singlet ground state of exciton
quasi-molequle (of spatially separated electrons and holes) in a nanosystem that consist of zinc
selenide QDs and aluminum oxide QDs and grown in a dielectric matrixs has been predicted; the
effect is almost two orders of magnitude larger than the binding energy of biexciton in a zinc
selenide and aluminum oxide monocrystals. It is shown that the major contribution to the
exciton quasi-molequle 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 [24-28].

It is shown that the major contribution to tue binding energy of singlet ground state of
exciton quasimolecule 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 the
Coulomb interaction between the electrons and holes. It is established that the position of the
exciton quasimolecule energy band depends both on the mean radius of the QDs and the distance
between their surfaces [24-28].

It is shown that with increase in temperature above the threshold (7 ), a transition can
occur from the exciton quasimolecule to exciton state. It has been found that at a constant
concentration of excitons (i.e. constant concentration of QD) and temperatures 7' below 97,

one can expect a new luminescence band shifted from the exciton band by the value of the
exciton quasimolecule binding energy E,. This new band disappears at higher temperatures

((T'=T.). At a constant temperature below 7, an increase in exciton concentration (i.e. in QD

concentration) brings about weakening of the exciton luminescence band and strengthening of
the exciton quasimolecule one [25-28].
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These exciton quasimolecules are of fundamental interest as new quasi-atomic
nanostructures; they may also have practical value as new nanomaterials for
nanooptoelectronics. The fact that the energy of the ground state singlet exciton quasimolecule is
in the infrared range of the spectrum, presumably, allow the use of a quasimolecule to create new
infrared sensors in biomedical research.
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EKCUTOHHI KBA3IMOJIEKYJIU B HAHOCHUCTEMAX 3
HAHNIBHPOBITHUKOBUMMH TA TIEJEKTPHYHUMHA
KOJIOITHUMHU KBAHTOBUMHU TOYKAMMU: OI'JIA L

C. L. okyTwiii'?, A. JT. Tepeun'

Y Inemumym ximii noeepxni im. O.0. Yyiixa Hayionanenoi akademii nayx Ykpainu, 6yn.
T'enepana Haymoesa, 17, Kuis, 03164, Ykpaina, pokutnyi.serg@gmail.com
2 Bpoynaecekuii naykoeo-mexuiunuii ynieepcumem, nab. Bucninckitiozo 27,
Bpoynas 50-370, IHonvwa

YV 0enaoi posensoaemoca meopisa ekCumoHHUX K8AZUMONEKYL (VIBOPEHUX i3 NPOCMOPO8O
PO30INeHUxX enleKmpoHie i JIpoK) ¥y HAHOCUCMEMI, WO CKAAOAEMbCS 3 HANIBNPOBIOHUKOBUX A
OieneKmpuyHux Koaoionux keawmosux mouok (KT), cummesosanux y OierexmpuuHiii ma
Hanienposionuxosili mampuysx. llokazano, wo YmMeEOpeHHs eKCUMOHHOI K8A3UMONEKYIU MAE
nopo2osuli xapakmep i Modiciuee 8 Hamocucmemi, 6 axoi siocmani D misic nosepxuamu KT
BUZHAYATOMBCSL YMOBOIO Bj"l == szl (Oe Bfll ma Bﬁzl 0€sKI Kpumuuni 6i0cmati).

THokazano, wo 6 makiii HaHO2emMepoCMpPYKmMypi «eKCUMOHHI KEA3IMOLEKYAU» AGIAI0Mb
coboro 06i KT, Ha nogepxui AKux 10Kanizyromscsa excumonu. Ilonodcenuss cmyeu enepeii maxoeo
CMAaHy eKCUMOHHOI K8A3IMONEeKYaU 3danedcums K 6i0 cepedHvoeo padiycy KT, max i 6i0
giocmani mioic ix nogepxuamu. Taxa 3anedcHicmv 0036018€ YIIECHPAMOBAHO Kepyeamu
BEIUYUHOIO eHepaii eKCUMOHHOI K8A3IMOAEKYIU, 3MIHIOIOUY YI napamempu HAaHOCMPYKMYpU.

Bcmanoeneno, wo ewnepeii 36’A3Ky OCHOBHO20 CUH2IEMHO20 CMAHY eKCUMOHHUX
K8A3IMONEKYyl NpUMaioms CYMmMEGI 3HAYEHHS, 3HAYHO OiLblii (Matbice Ha 08a NOpsoKuU) 3a
eHepeilo  38’A3Ky OIeKCUMOHY 8 HANIBNPOGIOHUKOBUX 1 OleleKMpPUYHUX MOHOKPUCMATAX.
Tloxaszano, wo ocHOBHULL 8HECOK 6 eHeP2il0 38'43KY OCHOBHO20 CUH2IEMHO20 CMAHY eKCUMOHHOI
K8A3IMONEKYIU 6HOCUMb eHepeis 0OMIHHOI 63aeMO0ii enekmponie 3 Oipkamu, i yell 6HeCcoK €
BHAYHO OINLUWUM, HIJIC BHECOK eHepeli KYIOHOBCLKOT 63AEMOOIL MIdIC eleKmpoHamu i OIpKamu.

Bcemanoeneno, wo 3 niosuwennam memnepamypu euwge nopoea (I zT,), Modice
gi0bysamucs nepexio 3i cmauy eKCUumonHoi Keasimonexynu ¢ excumonnutl cmau. Iloxazano, wo
npu  nocmitHill  Komyewmpayii excumonie (mobmo nocmiunii xouyenmpayii KT) i
memnepamypax T Huoicue T. MOdCHA OYIKy8amu HO8Y CMyey JNIOMIHecyeHyii, 3miujeny 6io
EeKCUMOHHOI CMy2Uu HA BeIUYUHY eHepeii 38 A3KY eKCUMOHHOI Keazumonekyau. Ll Hosa cmyea
3HUKae npu oinow eucoxux memnepamypax (T > T, ). Ilpu nocmiiiniti memnepamypi nudicue T,

30IIbUEeHHS  KOHYEHMpPayii  eKCUMOHI8 Npu3gooums 00 OCIAONeHHA CMy2U eKCUMOHHOL
JTIOMIHeCYeHyii ma NOCUIeHHs CMy2U eKCUMOHHOI K8A3IMOAEKYIU.

Taxi excumoHHi KEA3IMOAEKYIU CHMAHOBIAMb QYHOAMEHMATbHUL [HmMepec K HO8i
K8A31amOMHI HAHOCMPYKMYPU, BOHU MAKONC MOICYMb MAmMu NPAKMUYHY YIHHICMbL AK HOBL
Hanomamepianu ONisl HAHOONMOeneKMPOHIKU. OCKITbKU eHepeisi 0CHOBHO20 CUHRTIEMHO20 CIMAHY
K8A3IMONEKYIU 3HAXOOUMbC 6 IHpauepgoHoMy Oianasoui cnexkmpa, mo ye 0038015€
BUKOPUCMOBYBAMU MAKI KBA3IMOAEKYAU 015 CMEOPEHHS HOBUX THOPAUEePBOHUX OAMHUUKIE Y
OIOMEQUUHUX OOCTIONCEHHSIX.

Knwouosi cnosa: excumonHa KeasimMoaeKynd, eleKmpoHu, OIpKU, KEAHMOBI MOUKU, eHepeis
36'3KY, 0OMIiHHA 83aEM00is, KynoHi6cbka 63aemM00ist
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