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In mini-review, theoretical studies of some optical properties of heteronanosystems of the second
type are considered. These nanosystems are germanium/silicon with germanium quantum dots
(QDs). The influence of the interfaces on the radiation intensity of optical transitions and
lifetimes of electronic excitations in germanium/silicon nanosystems with germanium in the
germanium/silicon nanosystems with germanium QDs is studied. Dipole-allowed optical
transitions between quasi-stationary and stationary states, which occur over the spherical
surface of a single germanium QD embedded in a silicon matrix, are theoretically investigated.
A mechanism is proposed for a significant increase (four times) in the intensities of optical
interband and intraband transitions between quasi-stationary and stationary SIE-states arising
above a spherical surface of a single germanium QD placed in a silicon matrix. These optical
electronic transitions occur in the real space of the silicon matrix. Such a mechanism,
apparently, will apparently solve the problem of a significant increase in the radiative intensity
in germanium/silicon heterostructures with germanium QDs. This will provide an opportunity to
develop fundamental and applied foundations, allowing to create a new generation of effective
light-emitting and photodetector devices based on germanium/silicon heterostructures with
germanium quantum dots. The theoretically predicted long-lived SIE-states, apparently, will
make it possible to realize high-temperature quantum Bose-gases SIE-states in the nanosystem
under study.

Keywords: electron transitions, quasi-stationary exciton states, radiation intensity, quantum
dots.

INTRODUCTION

The germanium/silicon nanosystems with germanium quantum dots (QDs) belonged to
the second type of heterostructures. Elastic stresses that occur as a result of the mist match
between the germanium and silicon lattice constants caused shifts in the conduction and valence
bands in the Ge/Si heterostructure. A significant displacement of the top of the valence band
(AE,(gey = 610 meV) of the QD germanium (relative to the top of the silicon matrix valence
band) caused the localization of the holes to the QD volume. The hole was at the energy level
Ep(a) in the valence band of the germanium QD. A significant displacement of the bottom of the
conduction band (AE.;) = 340 meV) of the silicon matrix (relative to the bottom of the
conduction band of the germanium QD) in the heterostructure acts as the potential barrier for
electrons. The electron was at the energy level E.,(a) in the conduction band of the silicon
matrix. In these nanosystems, the spatial separation of electrons and holes was experimentally
discovered [1 — 6]. In this case, holes located in the QD and electrons localized above the QD
surface were attracted to each other due to the Coulomb interaction. As a result, spatially indirect
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excitons (SIE) appeared in the nanosystem [7 — 10]. SIE was localized at the energy level E,,(a)
in the bandgap of the silicon matrix.

In germanium/silicon heterostructures with double layers of vertically oriented
germanium QDs, experimental conditions [7 — 10] revealed a seven-fold increase in the
photoluminescence intensity compared to semiconductor structures. This intensity increase effect
was due to electron tunneling into the germanium QDs. In this case, the overlap integral of the
wave functions of the electron and the hole substantially increased [8]. In linear germanium QD
chains with average radii not exceeding 30 nm photoluminescence was experimentally revealed
in the infrared spectral region of the spectrum (0.20 - 1.14) eV at room temperatures [7 — 10].

In theoretical work [11], the possibility of tunneling a hole from a germanium QD into a
silicon matrix was studied. Such tunneling caused a significant increase in the intensity of
radiative recombination in the nanosystem.

The germanium/silicon nanosystems with germanium QDs, space-indirect interband
transitions between the electron and hole states were observed [7 — 10]. In nanosystems
consisting of single germanium QDs placed in a silicon matrix, a weak intensity of interband
optical transitions was experimentally observed [8, 9]. Therefore, theoretical studies are needed
that could suggest a mechanism for a significant increase in the intensity of optical transitions in
a nanosystem. To create new optoelectronic devices on a single silicon substrate [8 — 21] it is
necessary to propose mechanisms for a significant increase in the intensity of radiative
recombination.

The theory of SIE, consisting of a hole moving in a germanium QD, and the electron is
localized over the spherical interface (QD-silicon matrix), was developed in [12, 13]. The theory
predicted a significant increase in the SIE-binding energy E,, (a) (where a is the QD radius) (by
almost two orders of magnitude) in this nanosystem, compared with the exciton binding energy
in a silicon single crystal. In this SIE, the electron and the hole were separated by centrifugal
potential, as well as polarization interaction with the spherical interface (QD-matrix) [13]
(see Figure).
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Figure 1. Dependence of the energy spectrum (E; ;(a) — E;) of the exciton (with spatially
separated electron and hole) (expressed by meV) inthe staten=1,1=0, 1, 2, 3 (wherenand | —
are the principal and orbital quantum numbers of the electron) (solid line) on the the radius « of a

germanium QD (expressed by nm) placed in the silicon matrix. Numbers at the curves indicate
the value of I. The dotted line denotes the boundary of the spectrum of the quasistationary states
ET1** (a) of the exciton (expressed by meV). Here, E; — band gap width in the silicon matrix,
E2D =82 meV — binding energy of the two-dimensional exciton ground state with a spatially
separated electron and hole
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It was shown in [12, 13] that quasi-stationary SIE-states with energies E; ; (a) > 0 (n =1,
| =0, 1, 2, ... were the main and orbital quantum numbers of an electron), as well as stationary
SIE-states with energies E; ; (a) < 0. These quasi-stationary SIE-states and stationary SIE-states
arose above the spherical surface of a single germanium QD placed in a silicon matrix [12, 13]
(see Fig.1).

At present, the optical properties of germanium/silicon heterostructures with germanium
QDs have not been adequately studied. There are no reviews that study the effect of interfaces on
the emission intensity of optical transitions and the lifetime of electronic excitations in
germanium/silicon nanosystems with germanium QDs. In this mini-review, radiation intensities
and lifetimes due to electronic transitions between quasi-stationary and stationary SIE-states are
theoretically investigated. It is shown that the radiation intensities, as well as the lifetime due to
electron transitions between quasi-stationary and stationary SIE-states, acquire significant values
compared to similar values in nanosystems consisting of single germanium QDs placed in a
silicon matrix.

THE INFLUENCE OF THE INTERFACES ON OPTICAL TRANSITIONS
BETWEEN THE SIE-STATES

In [12, 13], a nanosystem model was used, which consisted of spherical germanium QD
of radius a with dielectric permittivity e, =16.3, placed in the silicon matrix with a permittivity
g, = 11.7. It was assumed that the hole h with the effective mass (m;/m,) = 0.39 was located
in the center of the germanium QD, and the electron e with the effective mass (m,/m,) = 0.98
was localized along the spherical surface of the QD in the silicon matrix (m, is free electron
mass). In the nanosystem, the ground electron level was in the silicon matrix, and the main hole
level was in the germanium QD (see Fig.1). In this model of a nanosystem, a hole moves into a
germanium QD (a, =2.2 nm is the Bohr radius of a hole in a germanium QD) without
penetrating into the silicon matrix. The electron also does not penetrate into germanium QD (see
Fig.1).

The Hamiltonian SIE in [12,13] contained the energy of electron-hole Coulomb
interaction, the energy of the polarization interaction of an electron and a hole with a QD
surface, as well as the centrifugal energy of the SIE. In [9], the energy spectrum E,_q; (a) of
SIE-states (n = 1, I= 0.1,2, 3) was obtained by the variational method as a function of the radius
a QD (see Fig.1). The variational the hydrogen-like radial wave functions were used [13]:

R1,1(T) =A (r—a) ! exp (—ji(r —a)/a),
A2 = (2 /a)d 2 @@ (i 2+ 4R+ + 21+ 2T 1)

where r is distance of the electron e from the QD center, j;(a) — was a variational parameter.

It was shown that the inclusion of the centrifugal energy of the exciton in the Hamiltonian
caused a positive potential barrier. Such a potential barrier has led to the fact that, in the zone of
surface SIE- states in the nanosystem, starting from QD radius a, is higher than some critical QD
radius a;(n =1,1) at first, quasi-stationary SIE-states with energies E;; (a) > 0 appeared.
With increasing QD radius a > a.(1,0) > az(1, 1), the quasi-stationary SIE-states were
converted to stationary SIE-states with energies E;; (a) < 0 [13]. The critical QD radii for
these states (n = 1,1 < 3) had corresponding values [13]: a;(1,1) =8.04 nm; 11.1 nm; 15.5
nm; a.(1,1) = 6.54 nm; 8.35 nm; 11.95 nm; 17.34 nm. In [13] it was shown that in the range of
QD radii a = ay =20.8 nm, the quasistationary and stationary (n = 1, I) SIE-states were
transferred into the states of two-dimensional SIE-states localized over the flat
germanium/silicon interface. The binding energies E;; (a) SIE-states asymptotically approached
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the value E2Z2, which characterizes the binding energy of a two-dimensional SIE-states (see
Fig.1).

In this case, quasi-stationary and stationary states formed a zone of surface SIE-states.
The band of stationary SIE-states E; ; (a) with a width AE = EZP =82 meV was located in the
bandgap of the silicon matrix (where EZ2P is the binding energy of the two-dimensional SIE). The
band of quasi-stationary SIE-states E,-,, (a) with a width AE = ET}2% (a=a;(1,1=3)) =
248.4 meV was located in the conduction band of the silicon matrix. In this case, the zone of
surface SIE-states contained a finite number of levels (n =1, | < 3) (see Fig. 1). It was found that
the optical absorption in the nanosystem was caused by electron interband transitions between
quasi-stationary and stationary SIE-states, as well as electron intraband transitions between
stationary SIE-states [13].

For the emergence of stationary and quasi-stationary SIE-states with energies E; ; (a) in a
nanosystem, it is necessary to absorption a light quantum with energy [12, 13]:

hwex1,)(@) = Eggey — AEc(siy + E1,(a) 2)

In this case, a quasi-stationary SIE-state with energy E;; (a) > 0 appeared in the conduction
band of the silicon matrix, and in the bandgap of the silicon matrix a stationary SIE-state
appeared with energy Ej; (a) < 0 (see Fig.1). In formula (2), |Ey, (a)| is the SIE binding
energy, and the value (Egge) — AEc(si)) = 330 meV (where Eg g, is the bandgap energy of the
germanium QD, AE,; is the shift of the bottom of the conduction band of the silicon matrix
relative to the bottom of the conduction band of germanium QD).

The intensity 111,'1”1(a) of the dipole-allowed optical transitions between the SIE-states

(n=1,D)and (n=1, 1+ 1) in QD radius a is determined the square of the overlap integral of
exciton wave functions Ry ;(r) and Ry ;44 (r) (1) [14]:

[9) 2
L@ ~ [ Ruu() Ry (1) r2ar|” 8 (hw — A (@) 3)

where the radiant energy fw.,,;y(a) is defined using (2), w is the frequency of the emitting

light. The expression that determines the relative intensity () of optical transitions we find by
integrating (3) taking into account (1)

@) = )PP Q21 ) PGy + )T [+ D! Gy + jie)? + 221+
2! Gy +jir) + QUAEDPAED! 2 +4Q1L+ 1), +1+2)! ] AQ1+2)! ji .2 +
42143)! jiyg + (244171 (4).

THE INFLUENCE OF THE INTERFACES ON LIFETIMES OF SIE-STATES IN
A NANOSYSTEM
1,141

The lifetimes 7,," " (a) of SIE-states caused by transitions between SIE-states (n =1, I)
and (n=1, 1+1) with energies E;;;1(a) = hw; ;41 (@) and E;;(a) = hwq; (a), in the Ge/Si
nanosystem with germanium QDs can be described by the expression:

11 (@) [Tex = B/€ frif (@) (€ pex a2 B (EE? /AEy; ™ ()) (5)
In formula (5), the exciton lifetime 7,, = A/EZP in the nanosystem ( E2P =2h?/u,, (a22)? is

the 2D-SIE binding energy), & =2¢,¢&, /(g1 + €;) is the permittivity of the nanosystem, (ue,/
mg) = memy, /(m, + my,) is the reduced SIE mass, a22 = & (my/u.,) (h?/mye?) is the 2D-
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SIE Bohr radius, c is the speed of light, the value AE}"l’“(a) is the distance between the SIE

levels(n=1,1)and (h =1, 1+ 1), that is

AEy (@) = [Eyiaa(@) — Eqy(a)] (6)
In this case, the oscillator strength ffl'”l(a) of the transition between the SIE-states (n=1, I)
and (n=1, 1+1) was described by the formula [15]:

fui (@) = 4BE T (@)/EE) (D1 (@) /e agR)? (7)
Dipole moments D;/*"(a) and oscillator strengths f£,;'*"(a) of the transitions between SIE-
states (n=1, I) and (n=1, I4+1) were received in [15].

NUMERICAL RESULTS AND DISCUSSION

Let us estimate the intensity values I;;""(a) (4), as well as lifetimes ;7" (a) (5),
depending on the radius a of germanium QDs caused by optical transitions between the SIE-
states (=1, I) and (n= 1, | + 1) (see Fig.1). Intensity I}y (a,), as well as the lifetime 777y (a,),
of the intraband transition in QDs with an average radius a; = 10 nm between stationary SIE-
states (n= 1, | = 0) with energy E; , = —42 meV an (n= 1, |= 1) with energy E;; = —26 meV
(with the nanosystem parameters j, = 2.06 and j; = 2.22 taken from [6]) took the valu 111,'§(a1)
=0.10 and 17y (a;) = 7.9 107* s (see Table).

Table. The calculated values of the normalized intensities I}_’l”l(a) (4), as well as lifetimes

Ti'lHl (5) (expressed by seconds), caused by optical transitions between the SIE-states (n = 1, |)
with the energy E; ; (a) (expressed by meV) and (n = 1, | + 1) (where | = 0, 1, 2) with energy
E1 141 (a) (expressed by meV) in a germanium quantum dot with an mean radius a (expressed by
nm). AEi’f*l(a) = E1141 (@) — Eq; (a) (expressed by meV) is the distance between the SIE
levels (n =1, 1) and (n =1, I + 1), energy hwey(1,(a) (2) of an electron transition (expressed by

meV), oscillator strengths £5'*"(a) (7).

a E E AE }'Hl hwexipy | MWexa141) 1,141 1,1+1 Tﬂ“
am | GD=>@HD) m;\l/ rﬁéV me(/ me\(/ : me(V fiu I (1079 s
10.0 (1,00 > (1,1 —42 —26 16 288 304 0.48 0.10 790
115 (1,1) > (1,2 —45 28 73 285 358 0.49 0.15 37
16.0 (1,2) > (1,3) —78 126 204 252 456 0.54 0.44 4.4

As a result of the interband transition in QDs with an average radius a, = 11.5 nm
between the stationary SIE-state (n=1, I=1) with energy E;; = —45 meV and the quasi-
stationary SIE-state (n=1, 1=2) with energy E; , =28 meV (with the nanosystem parameters j,
= 2.14 and j, = 2.26 taken from [13]) the relative intensity "7 (a,) and lifetime 7,3 (a,) have
taken the values 1} (az)= 0.15, and 7% (a,)= 3.7-1075 s (see Table). Intensity I, (as) and
lifetime r}j (a3) of the interband transition in quantum dots with an average radius a; =16 nm
between the stationary SIE-state (n=1, I= 2) with energy E;, = —78 meV and the quasi-
stationary SIE-state (n=1, 1=3) with energy E;3; =126 meV (with the nanosystem parameters j,
= 2.24 and j; = 2.36 taken from [13]) had such the value I} (as) = 0.44 and 7,5 (as) = 4.4
-107¢ s (see Table). Intensity I;’5(as) and lifetime 7,5 (as) of the interband transition in
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quantum dots with an average radius a; = 16 nm between the stationary state SIE (n=1, | = 2)
with energy E; , = —78 meV and the quasi-stationary state (n = 1, | = 3) with energy E; 3 =126
meV had such the value I3 (as) = 0.44 and 7,7, (as) = 4.4 -107° s (see Table) (see Fig. 2). It
should be noted that transitions between the SIE-states (h = 1,1 =2)and (n = 1, | = 3) can
occur at room temperature.

Quasi-stationary and stationary SIE-states (n =1, |) with large values of the orbital
quantum number | (with I < 3) were included in the process of optical absorption in the zone of
surface SIE-states with increasing QD radius a. With increasing |, SIE binding energies
|E1,l (a)| are growing (see Table) (see Fig. 2). In this case, the average distance between the
electron and the hole decreases with increasing I. This leads to the fact that the overlap integral
of the exciton wave functions Ry ;(r) (1) and Rq ;41 (r) (1) also increases with increasing I.

Therefore, the value of the intensity I}:Z(ag) = 0.44 (for 1= 2) will be four times greater
than the intensity I}:(l)(al) = 0.10 (for I = 0) (see Table). Such a significant increase in the

intensity I}:i(ag) is due to the fact that the interband electron transition between the quasi-
stationary SIE-state (n = 1, | = 3) and the stationary SIE-state (n = 1, | = 2) will be a direct
transition in real space. In this case, the electron passes from the quasi-stationary SIE-state (n =
1, I = 3) located in the conduction band of the silicon matrix to the stationary SIE-state (n = 1, |
=2), which is located in the bandgap of the silicon matrix.

For the appearance in the nanosystem with germanium QDs with radii a; = 10 nm of
SIE levels (Ey o =—42meV ) and (E;; = —26 meV), according to (2), light quanta with
following energies ey (1,0)(@1) = 288 meV and Aw,y(1,1)(a1) = 304 meV are required (see
Fig.1). As a result of the absorption of light quanta with energies Awex(1,1)(@z) = 285 meV
and Awey1,2)(az) = 358 meV in the nanosystem with germanium QDs with radii a; = 11.5
nm, according to (2), the SIE levels (E;; = —45meV) and (E;, = 28 meV) arise,
respectively. In such a nanosystem containing germanium QDs with average radii az =16 nm, of
SIE levels E;, = —78 meV) and (E;3 = 126 meV), were formed upon absorption of a
quantum of light, according to (2), with energies hAwey12)(az) = 252 meV and
hweyx1,3)(az) = 456 meV, respectively (see Fig. 2). Such energies hwexc1,p(a) (2) were
contained in the infrared spectral region (0.20 -1.14) eV, which was observed under
experimental conditions up to room temperature [7 — 10].

It follows from formula (5) that high lifetimes have SIE-states caused by optical
transitions with the smallest distance AElll'll“(a) (6) between them (see Fig. 2). Therefore, the
state that is due to optical transitions between the SIE-states (n =1, I) and (n =1, | + 1) has the
longest lifetime ri’é (a;) = 7.9 10™* s (see Table). The transition between the SIE-states (n =1,
| =2) and (n =1, | =3), which occurs at room temperature, also determines the SIE- state with a
high lifetime 7,7; (as) = 4.4 - 10~* s (see Table). Such values of the lifetime 7,’; exceed by four
orders of magnitude the corresponding lifetimes of excitons in silicon [8, 9].

CONCLUSION

A mechanism is proposed for a significant increase (four times) in the intensities of
optical interband and intraband transitions between quasi-stationary and stationary SIE-states
arising above a spherical surface of a single germanium QD placed in a silicon matrix. These
optical electronic transitions occur in the real space of the silicon matrix. Such a mechanism,
apparently, will apparently solve the problem of a significant increase in the radiative intensity in
germanium/silicon heterostructures with germanium QDs. This will provide an opportunity to
develop fundamental and applied foundations, allowing to create a new generation of effective
light-emitting and photodetector devices based on germanium/silicon heterostructures with
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germanium quantum dots [11 — 21]. The theoretically predicted long-lived SIE-states,
apparently, will make it possible to realize high-temperature quantum Bose-gases SIE-states in
the nanosystem under study.
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TEOPETUYHI JOCJII?KEHHS BIIVINBY ITOBEPXOHb
Hoal1yY HA IHTEHCUBHOCTI BUITPOMIHIOBAHHA
OIITUYHUX NEPEXOAIB TA YHACIB ’KUTTA
EJEKTPOHHUX 3BY/I’)KEHb Y HAHOCUCTEMAX
TEPMAHIN/KPEMHIN 3 KBAHTOBUMMU TOUKAMUA
I'EPMAHIIO

Cepriii 1. HokyTniii, Tapac FO. I'pomoBuii*

Inemumym ximii nosepxnui im. O.0. Yyuxa HAH Ykpainu, 03164, Kuis,
eyn. Oneza Myopaka, 17, *e-nowma: grota@ukr.net

Y yvomy wmini-oensadi posensoaromocs  meopemuyHi  OOCHIONHCEHH  OesIKUX — ONMUYHUX
eracmugocmell 2emeponanocucmem opyeoco muny. Lli Hanocucmemu A6nA10Mb  COOONO
eepmanit/kpemuin 3 eepmanicsumu  keamwmosumu mouxkamu (KT). Jlocnioxceno ennue
iHmepgelicié Ha THMEHCUBHICMb BUNPOMIHIOBAHHSA ONMUYHUX Nepexodié ma Yacie Hcummsl
EIeKMPOHHUX 30V0JHCEeHb V HAHOCUCMEMAX 2ePMAMIL/KPEMHIll 3 2epMAHIEM V HAHOCUCEMAx
eepmaniii/kpemnivi 3 KT eepmaniro. Teopemuuno 00CnioHceHo OUNONbHO 00360.]€HI ONMUYHI
nepexoou Midc KeasicmayioHapHum [ CMAyiOHapHUM CMAaHamu, sKi 6i00y8aromuvcs HAo
cpepuunoto  nosepxuero oounounoi KT eepmanito, 60y0oeanoi 6 KpemHie8y Mampuyio.
3anpononosano mexawizm 3HAYHO20 30inbULeHHs (VY Yomupu pasu) THMEHCUBHOCMI ONMUYHUX
MIHIC3OHHUX [ BHYMPIUHbO30HHUX Nepexo0i8 MidC K8a3iCmayioHapHumMu ma cmayioHapHUMU
CIE-cmanamu, wo eunuxaiomv Hao cgepuunolo nogepxuero oounoynoi KT cepmaniro,
po3miujenoi 6 Kpemuiesiti mampuyi. L[i onmuuni enexmponHi nepexoou 6i00yearomvcs 6
peanbHoMy npocmopi kpemuicgoi mampuyi. Taxuii mexanizm, madbymo, supiuiumes npoodremy
3HAYHO20  30iNbUEHHS. IHMEHCUBHOCMI ~ BUNPOMIHIOBAHHS 6  2emepocmpyKmypax
eepmaniti/kpemuin 3 KT eepmanito. Lle oacmv modxciusicmo pospobumu hynoamenmanvHi ma
NPUKIAOHI ~ OCHOBU, WO  00380JAMb  CMEOPUMU  HOB€  NOKONIHHA  eQeKmuHux
CBIMAOBUNPOMIHIOIOYUX | (HOMONPUUMATLHUX NPUCPOI8 HA OCHOBI 2ePMAHIEBUX/KPEMHIEBUX
2emepoCmpyKmyp 3 2epMAHI€8UMU  KBAHMOBUMU moykamu. Teopemuyno nepeddaueHi
0oszooicugyui CIE-cmanu, mabymv, 0036014mb peanizyeamu GUCOKOMEMNepamypHi K8aHmosi
CIE-cmanu 603e-2a3i8 y 00CI0ACYBAHUX HAHOCUCMEMAX.

Knrouogi cnosa: enexmpoHui nepexoou, K8azicmayioHapHi eneKmponHHi CIaHu, iHMeHCUBHICIb
BUNDOMIHEHHA, KEAHMOBL MOYKU.
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