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ABSTARCT

The review devoted to the theory of excitonic quasimolecules (biexcitons) (formed of spatially
separated electrons and holes) in a nanosystem that consists of ZnSe quantum dots synthesized in
a borosilicate glass matrix is developed within the context of the modified effective mass
approximation. It is shown that biexciton (exciton quasimolecule) formation is of the threshold
character and possible in nanosystem, in with the spacing  between the quantum dots
surfaces IS larger than a certain critical spacing.
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INTRODUCTION

At present, quasi-zero-dimensional semiconductomogsgstems consisting of spherical
semiconductor nanocrystals, i.e., quantum d@&®s) with radii ofa =1-10 nm, containing
cadmium sulfide and selenide, gallium arsenidemgerum, silicon, and zinc selenide in their
volume, synthesized in a borosilicate glass mattitact particular attention due to their unique
photoluminescence properties, i.e., the abilitgffecciently emit light in the visible or near infied
ranges at room temperature [1-9]. The optical dedtre-optical properties of such quasi-zero
dimensional nanosystems are controlled to a laxgent by the energy spectrum of the spatially
confined electron—hole pair (exciton) [1-9].

In [10], a new modified effective mass method wasppsed to describe the exciton energy
spectrum in semiconductor QDs with radii af~ as (ax IS the exciton Bohr radius in the
semiconductor material contained in the QD volunitejvas shown that, within a model in which
the QD is represented as an infinitely deep paéntell, the effective mass approximation can be
applied to the description of an exciton in QDshwidiia comparable to the exciton Bohr radius
aex, assuming that the reduced effective exciton ngagunction of the radius, « = u(a).

In the experimental work [6], borosilicate glassmpées doped with zinc selenide with
concentrations fromx = 0.003 to 1%, obtained by the sol-gel method vséudied. According to
X-ray diffraction measurements, the average radif ZnSe QDs formed in the samples are within
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a= 2.0-4.8 nm.. In this case, the valuesi@ire comparable to the exciton Bohr radigsc 3.7 nm

in a zinc-selenide single crystal. At low QD corncations & = 0.003 and 0.03%), their interaction
can be disregarded. The optical properties of siactosystems are mainly controlled by the energy
spectra of electrons and holes localized nearphergal surface of individual QDs synthesized in
the borosilicate glass matrix.

At low QD concentrationsx(= 0.003 and 0.03%), when the optical propertieth® samples are
mainly controlled by those of individual QDs in therosilicate glass matrix, a shift of the peak of
the low- temperature luminescence spectrum to lioet svavelength region (with respect to the
band gafE, of the zinc selenide - single crystal) was observEde authors of [6] assumed that this
shift is caused by quantum confinement of the gnspgctra of the electron and hole localized near
the spherical surface of the QD.

Currently, the theory of exciton states in quasroz dimensional semiconductor nanosystems has
not been adequately studied, in particular, northegists for an exciton with a spatially separated
electron and hole in quasi- zero- dimensional ngstesns [11,12 ]. Therefore, in [1, 2, 11,12 ], we
developed the theory of an exciton (superatonojroéd from spatially separated electron and hole
(the hole is in the semiconductor QD volume, arel électron is localized at the outer spherical
surface of the QD—dielectric matrix interface))wiis shown that the short wavelength shift of the
peak of the low temperature luminescence spectrlirramples containing zinc-selenide QDs,
observed under the experimental conditions ofigg¢aused by quantum confinement of the ground
state energy of the exciton with a spatially sejgar@lectron and hole. The effect of significantly
increasing the binding energy of an exciton (witlspatially separated electron and hole) in a
nanosystem containing zinc-selenide QDs in compangith the binding energy of an exciton in a
zinc-selenide single crystal (by a factor of 4.1-6J2vas detected [11,12].

In [6], a shift of the spectral peak of the loventperature luminescence wasobserved also for
samples with a QD concentrations from= 0.003 to 1%. It was noted [6] that, at such a QD
content in the samples, one must take into acdheninteraction between charge carriers localized
above the QD surfaces. Therefore, in [4, 5,13]we develop the theory of a excitonic
guasimolecules (biexcitons) (formed from spatiakparated electrons and holes) in a nanosystem
that consists of ZnSe QDs synthesized in a bacasd glass matrix.
The paper is organized as follows. The theory okaitonic quasimolecules (biexcitons) formed
from spatially separated electrons and holes (tie is in the quantum dot volume, and the electron
is localized at the outer spherical quantum dotediac matrix interface) is developed within the
modified effective mass method in Section 2.

MATERIALS AND METHODS
Excitonic quasimolecules formed from spatially segrated electrons and holes

We consider a model nanosyst§ifi] that consists of two spherical semiconduct®s(A and B,
synthesized in a borosilicate glass matrix with tpermittivity ;. Let the QD radii be , the
spacing between thespherical QD surfaces be. Each QD is formed from a semiconductor
material withthe permittivity=,. For simplicity, without loss of generality, we asge that the holes

h (A) andh (B) with the effective massem;,, are in the QD (A) and QD (B) centers and the
electronse(1) ande(2) with the effective massem';i} are localized near tlspherical QD(A)and
QD (B) surfaces, respectively. The above assumption isonedle, since the ratio between the
effective masses of the electron and hole in tlosystem is much smaller that

unity: ((mil},-’mh] = 1}. Let us assume that there is an infinitely highepbal barrier at the
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spherical QD — matrix interface. Therefore, in tr@osystem, holes do not leave the QD bulk,
whereaselectrons do not penetrate into the QDs.

In the context of the adiabatic approximation arfteotive mass approximation, using the
variational method, we obtain the total ene&yfD,a) and the binding energg. (D, a) of the
biexciton singlet ground state (the spins of thectebns e¢(1) and ¢(2) are antiparallel) in such
system as functions of the spacing between the @Qaesbe D and the QD radiua [13 |:

Es(D.d) = 2E,,. (@) + E,(D,d), (1)
Here,the binding energ¥... (@) of the ground state of the exciton (formed framelectron and a
hole spatially separated from the electron) loealiabove the QD(A) (or QD(B)) surface
determined by in [13]parametersi = (a/al,) (a3, = 3,7 nm - the exciton Bohr radius in a
single crystal ZnSe,D = (D/al.)). For thenanosystem under study, the values of the binding
energies E,.(d) are calculated in [13]for the experimental conditions of [6].

The results of variational calculation of the bimglienergy E.(D,&) of the biexciton singlet
ground state in the nanosystem of ZnSe QDs wighame radii ofa, = 3,88 nm, synthesized in a
borosilicate glass matrix are shown in [1Slich a nanosystem was experimentally studied]in [6
In [6], theborosilicate glassy samples doped with ZnSe ta@timent x from x = 0.003 to 1% were
produced by the sol-gel technique. At a QD contehtx = 0.06 %, one must take into account the
interaction of charge carriers localized aboveQiiesurfaces.

The binding energy E.(D,&) of the biexciton singlet ground state in the osystem of ZnSe
QDs with average radii of@d, = 3,88 nm has a minimum oY (D,,a,) & —4,2 meV (at the
spacingD, = 3,2nm). The value of EY  corresponds to the temperatlites 49 K) [6]. In [13],

it follows that a biexciton (exciton quasimolecule) is formedthe nanosystem, starting from a
spacing between the QD surfaces Bf= p™M 2,4 nm. The formation of such a exciton

e
quasimolecule (biexciton) is of the threshdhdmcter and possible only in a nanosystem with
QDs with average radii; such that the spacing between the QD surféresxceeds a certain

critical spacingﬂél} . Moreover, the exciton quasimolecule (biexcitamgn exist only at
temperatures below a certain critical temperature:T. & 49 K

As follows from the results of variational caldiden [13], the binding energy of an exciton
(formed from an electron and a hole spatially saear from the electron) localized above the
surface of the QD(A) (or a QD(B)) with an average radius ofa; =388 nm s
E..(a@,) 2 —54 meV. In this case the energy of the biexciton singletund state E,(D,a) (1)
takes the value E,(D,a) = -112meV.

From the results of variational calculation [18],the biexciton (exciton quasimolecule) binding
energyE. (D, &) (1) , it follows that the major contribution toettbinding energy (1) is made by the
average energy of the exchange interaction of lgxrense(1) ande(2) with the holes (A) andh

(B). At the same time, the energy of Coulomb inteoaciakes a much smaller contribution of the
biexciton binding energ¥, (D, @) (1).

The major contribution to the exchange — interactio energy is made by the energy of the
exchange interaction of the electrgfd) with the holes (B), as well as of the electra2) with
the holesh (B), as well as of the electra{2) with the holed (A). The major contribution to the
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Coulomb — interaction energy is made by the enefgyCoulomb interaction of the electre(i)
with the holes h (B), as well as of the electr@(2) with the hole$ (A).

As the spacing D between the QD(A) and QD(B) surfaces is increastdrting from

D ED:;:} ~ 16,4 nm , the average Coulomb — interaction energy subathndesreases. In
addition, because of the decrease in the overlgppinthe electron wavefunction, the average
exchange interaction energy substantially deceease well. As a consequence, the average
Coulomb — interaction energy and the average engfr¢fye exchange interaction of the electrons
e(1) and e(2) with the holesh (A) andh (B) sharply desrease in comparison with the exciton
binding energyE,. (@) [11,12], resulting in decomposition of the biian in the nanosystem into
two excitons (formed of spatially separated elewrand holes) localized above the QD(A) and
QD(B) surfaces.

CONCLUSION

The review devoted to the theory of excitonic quemecules (biexcitons) (formed of spatially
separated electrons and holes) in a nanosystencdngists of ZnSe QDs synthesized in a
borosilicate glass matrix is developed within thentext of the modified effective mass
approximation. Using the variational method, weaabthe total energy and the binding energy of
the biexciton singlet ground state in such systenfuactions of the spacing between the QD
surfaces and the QD radius. It is established that,nanosystem composed of ZnSe QDs with the
average radii@; , the formation of a biexciton (exciton quasinwole) is of the threshold
character and possible in a nanosystem, in wittspiaeingD between the QD surfaces is defined
by the conditiorﬂ;l} =D = Df} . Moreover, the exciton quasimolecule (biexcitoah exist only

at temperatures below a certain critical tempeeatl, *~ 49 K [13]. It is established that the

spectral shift of the low- temperature lumineseepeak [6] in such a nanosystem is due to
quantum confinement of the energy of the biexcitosinglet ground state.
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