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Within the framework of the modified effective mass method, a theory of an exciton quasimolecule (formed
from spatially separated electrons and holes) is developed for nanosystems consisting of germanium quantum
dots grown in silicon matrices. In an artificial quasi-molecule, the holes are located in the volumes of
germanium quantum dots, and the electrons, moving in a silicon matrix, are localized above the spherical
surface of germanium quantum dots. The variational method is used to derive the dependences of the total
energy, as well as of the binding energy of the ground singlet state of the exciton quasimolecule, on the
distance D between the surfaces of the quantum dots, as well as on the radius a of the quantum dot. It is shown
that the main contribution into the binding energy of an exciton quasimolecule is made by the energy of the
exchange interaction of an electron with holes, which substantially exceeds the contribution that causes the
energy of the Coulomb interaction of an electron with holes. It has been found that the appearance of an
exciton quasimolecule in a nanosystem has a threshold character, and possibly in a nanosystem where the
distance D between the surfaces of quantum dots exceeds the value of a certain critical distance D.V. It is
shown that an excitonic quasimolecule in a nanosystem can exist only at temperatures below a certain critical
temperature T,. At temperatures below the critical temperature T<T,, the exciton quasimolecule splits into two
artificial atoms (from space-separated electrons and holes). It has been found that the binding energy of the
ground singlet state of an exciton quasimolecule, consisting of two quantum dots of germanium, is an essential
quantity that exceeds the binding energy of biexciton in a silicon single crystal by almost two orders of
magnitude.

Keywords: spatially separated electrons and holes, binding energy, two germanium quantum dots

INTRODUCTION substrates. The average sizes of the QD Ge is
less than 60 nm. It was noted [4, 5] 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 [5],
a theory of an exciton formed by spatially
separated electron and hole is developed (the
hole moves in the bulk of a Ge QD and the
electron is localized above the spherical interface
between the QD and the Si matrix). It has been
found that the binding energy of an exciton in
such nanosystem is much higner (almost an
order of magnitude) than the binding energy of
an exciton in a Si single crystal.

At present, there are no theoretical studies
of  nanosystems containing  significant
concentrations of quantum dots. With such
concentrations of quantum dots, it is necessary
to take into account interactions between
quantum dots. Therefore, in this work, a
theory of an exciton quasimolecule formed of
two interacting germanium quantum dots is
developed. In such an exciton quasimolecule,
electrons and holes are spatially separated —

The Ge/Si heterostructures promising to
create new elements for silicon infrared
optoelectronics are self-assembled structures
with  Ge/Si  nanoislands  [1-3].  Ge/Si
heterostructures with quantum dots (QDs) of Ge
are II type heterostructures. In this nanosystem
the lowest electronic level is in matrix, and the
lowest hole level is within bulk of QD. A large
shift of the valence band (610 meV) generates
the localization of holes in the bulk of QD. A
significant shift of the conduction band (about
340 meV) is a potential barrier for electrons
[1-3]. The electrons move in the matrix and do
not penetrate in the bulk of QD [1-3]. When
investigate the optical properties of
heterostructures Ge/Si with Ge QDs in
experimental papers [1-3] it was found that the
electron can be localized above the surface of the
QD while the hole here moves in the bulk of the
QD. In [1-3] using the method of electron-beam
lithography, heterostructures are obtained which
are linear chains of QDs germanium on Si
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the holes are located in the bulks of the
germanium quantum dots, and the electrons,
moving in the silicon matrix, are localized
above the spherical surface of the germanium
quantum dots.

ENERGY OF THE EXCITON
QUASIMOLECULE GROUND SINGLET
STATE

Let us consider a model of a nanosystem that
consists of two spherical Ge quantum dots [6—8]:
QD(4) and QD(B) with radius a, grown in a
matrix of silicon with a dielectric constant
&1 =11.7 (D is the distance between the surfaces
of the QD). The QDs contain a Ge with the
dielectric constant of ¢ = 16.3 in their volume.
For simplicity, we assume that holes /4(4) and
h(B) with the effective mass (m;/my) =0.39 are
located at the centers of QD(4) and QD(B), and

electrons e(1) and e(2) with effective mass
(me(l)/mo) = (.98 are localized above the surfaces
of QD(4) and QD(B) in a matrix of Si
respectively (mo is the electron mass in free
space). In the nanosystem the holes do not
therefore escape from the bulk of the QD while
the electrons do not enter the QD.

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 [6, 7]:

Iy A

H=H,, +H,, +H (1)

int 2

Where H

the excitons of spatially separated hole A(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,, and A

sy AI€ the Hamiltonians of

m and H

A1) B(2)
can be, as the first approximation, neglected
[4,5]. In (1) E; is the bandgap energy of the
germanium (E;=0.661eV). In the first

approximation we can neglect the contributions

to the Hamiltonian H, of the interaction
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energies of the electrons e(1) and e(2) and the
holes %(4A) and h(B) with polarization fields
induced by these charge carriers on the surfaces
of QD(A) and QD(B) [6-8]. Thus the
Hamiltonian H_ incorporates only the energies
of Coulomb interaction of electron e(1) with
hole 7(B), and electron e(2) with hole A(A4), as

well as that between electrons e(1) and e(2), and
holes #(A4) 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 ¥, (r,,.7;,,)

and W, (7, ), 75,) [6-8]:
Y (rA(l)’rA(Z)’rB(l)’rBQ)) =

= [2(1+S2(D, a))]_m [\Pl (rA(l)JrBQ) ) +¥, (FA(Z)’rB(l) )] ’
2

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
Y, (rA(]),er) and ‘{’2(1’,1(2),1’3(1)) (2) as a product

of single-electron wave functions ¢, (r,,,) and

¢B(2)(FB(2))’ as (0/1(2)(”/1(2))
Psay(T5qy)» Tespectively [6-8]. Let us also

well as and

represent the single-electron wave functions as
variational functions of Coulomb type [6-8]. 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 H (1) over
the states described by the wave functions of the
zeroth approximation W, (2) [6-8]. The total

energy Eo(b,;z) of the exciton quasimolecule

ground singlet state takes the form [6—8]:

Ey(D.a)=2E,(a)+ E,(D.a), (3)

where FE, (b, Zz) is the binding energy of the
ground singlet state of the exciton quasimolecule
(b = (D/ a’’ ) ), and E_ (;z) is the binding

energy of the ground state of the exciton
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(consisting of spatially separated electron and
hole) localized over the surface of QD, which
was worked out in [4, 5]. Fig. presents the results
of the variational calculations of the binding
energy Eb(b,;z) of the exciton quasimolecule
ground state in a nanosystem with QD of Ge of

the mean radius a; =12.8 nm, grown in a matrix
of silicon (the Bohr radius of the 2D exciton

a2’ =2.6 nm).
The variational method that we used for the
calculation of the exciton quasimolecule ground

state binding energy E, (b,;z) is applicable
provided that it is much smaller than the binding

energy of the exciton ground state Eex(;z), ie.
the following condition must be fulfilled:

(E,(D,a)/E,(a))<<1. The binding energy

Eb(b,;z) of the exciton quasimolecule ground

state in a nanosystem with QD of Ge of the mean

c~z1 =12.8 nm

radius has a minimum
E"(D,a1~-6.1 meV  (at the distance
D, =3.1 nm) (corresponds to the critical

temperature 7.~ 71 K). As it follows from Fig.,
the exciton quasimolecule appears in the
nanosystem at distances D>D!" =2.1 nm

between the surfaces of QD. The formation of
such an exciton quasimolecule is of threshold
character and may 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
between the electrons and holes entering into the
Hamiltonian  (Eq. (1)) of the exciton
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 Eex(gz) amounts to £ (a)=-64 meV

[5], with the energy of the exciton quasimolequle
ground state (7) taking the  value

Eo(bl ,}11 ~-134.1 meV. It should be
emphasized that the criterion of the applicability
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of the variational method for the calculation of
the exciton quasimolecule binding energy

E,(D,a) is fulfilled
((Eé”(Dl,le)/ E;”(Dl,&l)) ~0.09 meV).

At larger distances D between the surfaces of
QD: D>D" =4.4 nm, the exciton
quasimolecule breaks down into two excitons
(consisting of spatially separated electrons and
holes), localized over QD surfaces. Thus an
exciton quasimolecule can be formed in a
nanosystem where D" <D<D® nm, (see
Fig.). Furthermore, an exciton quasimolecule can
exist only at temperatures lower than the critical
temperature 7, =71 K). In the Ge crystal with
the binding energy E,=0.34 meV the exciton
binding energy E!" is almost two orders of

magnitude.

4!,4 3I.0 2I.1 -=D, nm

Fig. The dependence of the binding energy of the
ground singlet state E,,(D,;zl) of the exciton

quasimolecule in a nanosystem made up of
two spherical germanium quantum dots QD(A)

and QD(B) with the mean radius ¢, =12.8 nm

on the distance D between the surfaces of
QD(A) and QD(B)

This effect is a significant increase in the
binding energy of the ground singlet state
exciton quasimolecule due to the fact that due to
the 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 excitonic quasimolecule should be
much greater than the energy exchange
interaction between electrons and holes in a
single crystal. Apparently, the latter fact opens
the possibility of observing such excitonic
quasimolecules at room temperature. The energy
of the exchange interaction between electrons
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and holes mainly contributes to the binding
energy of an exciton quasimolecule, which is
significantly greater than that for the energy of
the Coulomb interaction between electrons and
holes (i.e., their ratio < 0.11). The estimations of

the binding energy Eb(b,;z) of the singlet

ground state of a quasimolecule are variational
and may give low values of the binding energy

(E,(D,a)and EV(D,,a,))-

between electrons and holes) in the excitonic
quasimolecule should be much greater than the
energy exchange interaction between electrons
and holes in a single crystal. Such an effect
opens up the possibility of using the exciton
quasimolecules as an active medium in
nanolasers emitting in the infrared region and
operating on exciton transitions at room
temperatures in the elementary base of
quantum nanocomputers. The results presented

demonstrate a fundamental possibility of
creating unique quasiatomic nanosystems in
the form of exciton quasimolecules, including
natural  systems  with new  physical
characteristics.

On this basis, it is possible to construct
new nanosystems or quasicrystals in which
control of the symmetry and lattice constant
will make it possible to realize unique physical
effects and phenomena and to create new
principles in materials behavior. Such
quasimolecule excitons are promising to create
new elements silicon infrared optoelectronics,
including new infrared sensors.

CONCLUSIONS

The binding energies of the exciton
quasimolecule consisting of two germanium
QDs acquire an anomalously high value that
exceeds the binding energy £, of the biexciton
in germanium by almost two orders of
magnitude. This effect is a significant increase
in the binding energy of the ground singlet
state excitonic quasimolecule due to the fact
that because of their presence at nanoscale
interfaces (QD-matrix), the energy of the
exchange interaction of the electrons with the
holes (renormalized Coulomb interaction

EKCUTOHHI | eKCMTOHHOI KBa3iMOJIEKYJIM CTAHU B HAHOCHCTEMAX HANIBIPOBITHMKOBUX
KBAHTOBUX TOYO0K

C.I. HoxyTtniii, H.I'. Hlkoxa

Tuemumym ximii nogepxui in. O.0. Yyixa Hayionanvhoi akademii nayx Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, pokutnyi.serg@gmail.com, ngshkoda@gmail.com

B pamxax mooughikosanoco memoody egekmueroi macu po36UHYMO Meopilo eKCUMOHHOI K8Aa3iMOoneK)yiu
(vmeopenoi 3 npocmopoeo po30ileHux eiekmporie ma OipoK) 8 HAHOCUCTNEeMAX, WO CKAA0AmbCsl 3 K8AHMOBUX
MOYOK 2epMAHilo, BUPOWEHUX 8 KPEMHIEBUX Mampuysax. Y wmyunitl Keasimonekyni OipKu po3maulosawi 6 06 ’emax
K6AHMOBUX TMOYOK 2ePMAHII0, d eLeKMPOHU, PYXAIOYUCh 68 MAmpuyi KPeMHiio, JOKAL3YI0OmbCsa HAO Cpepuyhoio
nogepxHero K6aHmosUux mo4ox cepmaniio. Bapiayitinum memoodom ompumani 3anesicHocmi noGHoi enepeii, a makooic
eHepeii 38’83KY OCHOBHO20 CUH2IEMHO20 CMAHY eKCUMOHHOI K8a3iMoNeKyau, sk @yukyil eiocmani D mioic
NOBEPXHAMU KB8AHMOBUX MOYOK, a mMaxKoxc paoiyca a Keanmosoi mouxu. Iloxazano, wjo 6 eHepeilo 36 A3KY
EKCUMOHHOI K8A3IMONLEeK) I OCHOBHUL BHECOK 0A€ eHepeisi OOMIHHOL 83aeMOOIT eleKmpoHa 3 OipKamu, KU iCMOMHO
nepegepuLye HeCOK, U0 00YMOBIIOEMbCS eHep2Iicio KYIOHIBCLKOI 83aeM00ii enekmpona 3 dipkamu. Becmarosneno,
W0 GUHUKHEHHS eKCUMOHHOI K8A3IMONEKYIU 6 HAHOCUCMeMAax MAe NOpo2osuti Xxapakmep, i Modiciuge 6
Hanocucmemax, 8 AKiu gidcmanb D Midc noBepXHAMU KE8AHMOBUX MOYOK NEPeSUUYE 3HAUEHHS 0esKoi KpumuyHoi
giocmani D.\V. Toxaszano, wo excumonna KeasiMOIeKyld 6 HAHOCUCMEMAX MOJce iCHyeamu milbKu npu
memnepamypax Hudcue oOeaxoi kpumuunoi memnepamypu T. Ilpu memnepamypax Huoicue kpumuunoi T<T,
EKCUTOHHA KBA3IMONeKYd pO3NaoddcmuvCsa HA 084 WMYYHUX amomMu (3 Npocmopo8o po30ileHUx eneKmpoHie ma
0ipox). BcmaHosneno, wjo eHepeisi 38’513KY OCHOBHO20 CUH2IEMHO20 CMAHY eKCUMOHHOI K8A3iMONeKYIU, o
CKIA0AEMbCAL 3 080X KBAHMOBUX MOUOK 2ePMAHilo, € CYMMEBOIO GEIUHUHONW, AKA NEPesepuilye eHepeito 36 'sA3KY
bleKcUmona 6 MOHOKPUCMAL KPeMHIIo Matidice Ha 08a NOPSOKU.

Knrouosi crosa: npocmoposo po3oineni enekmporu i Oipku, eHepeis 36 S13KY, 08 2ePMAHIE6i KGAHMOBI MOUKU
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IKCUTOHHBbIE M DKCUTOHHOM KBa3UMOJICKYJIbI COCTOAHHUS B HAHOCUCTEMAX
MOJIYIPOBOAHUKOBBIX KBAHTOBBIX TOYECK

C.N. IoxytHuii, H.I'. llkoxa

Hnemumym xumuu nosepxnocmu um. A.A. Yyuxo Hayuonanvroti akademuu nayk Yxkpaunel
ya. I'enepana Haymosa, 17, Kues, 03164, Yxpauna, pokutnyi.serg@gmail.com, ngshkoda@gmail.com

B pamkax mooughuyuposannozo memooa 3¢p@pekmusHo Maccol pazeuma meopusi IKCUMOHHOU KEASUMONEK)Ibl
(06pazosanHoOll U3 NPOCMPAHCMBEHHO PA3OENCHHbIX DJIEKMPOHOE U ObIPOK) 6 HAHOCUCMEMAX, COCMOAWUX U3
KBAHMOBBIX MOYEK 2ePMANUS, GbIPAWEHHBIX 8 KPeMHUesbIX Mampuyax. B uckyccmeennou keasumonexyne OvipKu
PACnONodCEHbL 6 00beMax KGAHMOBLIX MOYEK 2epMaHus, a JJeKMpOHbl, O0BULAACL 6 Mampuye KpemMHUs,
JIOKANU3YIOMCA. HAO  Cheputeckoll NOBepXHOCMbIO KEAHMOBbIX MOUeK ecepmanus. Bapuayuonnvim memooom
NONYy4eHbl 3a6UCUMOCTNU NOJIHOU DHEP2UU, d MAKHCE IHEPSULU CBA3U OCHOBHO20 CUHSAEMHO20 COCIOAHUS IKCUMOHHOU
K8A3UMONEKYIbl, KAK QYHKYuu paccmoanus D medxcoy noeepxnocmamu KEaHmoswvlx mMoyex, a maxdce paouyca d
Kkeanmogol mouxu. Iloxasano, umo @ sHepauio ce:a3U IKCUMOHHOU K8AZUMONEKYIbl OCHOBHOU 6KAA0 8HOCUM IHEPIUS]
00MeHH020 83AUMOOEUCBUs INEKMPOHA C ObIPKAMU, KOMOPbLL CYUeCTNBEHHO NPeBoCcXooum 6KIa0, 6bi36aHHbIl
SHepauell KyJIOHO8CKO20 63AUMOOEICMEUsL IIEKMPOHOM C ObIPKAMU. YCMAaHO61eHo, Ymo 603HUKHOBEHUE IKCUMOHHO
K6A3UMOJIEKYNIbl 6 HAHOCUCHEMe, HOCUM NOPO206blll Xapakmep, U G03MOJCHO 6 HAHOcucmeme, 6 KOMOpPOU
paccmosinue D medncdy nosepxnocmsamu K6AHMOBbIX MOYEK Hpesvilaem 3HAYeHUue HeKOmopo2o KpPUmuieckozo
paccmosnus DV, ITokazano, wmo sKcumonnas K6asuMonexyia 6 HaHOCUCTEME MONCeM CYUecnEosamp nMoibko
npu memnepamypax Hugice Hekomopou Kpumuydeckou memnepamypul 1. Ilpu memnepamypax Hudice Kpumuyeckou
T<T, sxcumonHas K8asuMoaeKyia pacnadaemcs Ha 08a UCKYCCMEEHHbIX amoma (U3 NPOCMPAHCEEHHO PA30eNeHHbIX
9NEKMPOHO8 U ObIPOK). YCcmanoeneno, umo dHepeus CEA3U OCHOBHO20 CUHSIEMHO20 COCHOSHUA IKCUMOHHOU
K6A3UMOJIEKYIbl, COCmoAujell U3 08yX KBAHMOBbIX MOYEK 2ePMANUsA, AGNAEMCA CYWEeCMBEHHOU GeNUYUHOL,
npesocxo0aujelt IHepeUuio ce:A3U OUIKCUTNOHA 8 MOHOKPUCIALIE KDeMHUSA NOYMU HA 084 NOPAOKA.

Knrwuesvie cnosa: npocmpancmeerHHo pa3a€ﬂ€HHbl€ INIEKMPOHbL U ()blpKu, IHepeust Ce:3U, ose cepmanuessvle
K8AaHmMoebvle nMovKu
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