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It is shown that electron tunneling through a potential barrier that separates two quantum dots
of germanium leads to the splitting of electron states localized over spherical interfaces (a
guantum dot — a silicon matrix). The dependence of the splitting values of the electron levels on
the parameters of the nanosystem (the radius a quantum dot germanium, as well as the distance
D between the surfaces of the quantum dots) is obtained. It is shown that, the splitting of electron
levels in the QD chain of germanium causes the appearance of a zone of localized electron
states, which is located in the bandgap of silicon matrix. It was found that the motion of a
charge-transport exciton along a chain of quantum dots of germanium causes an increase in
photoconductivity in the nanosystems. The effect of increasing photoconductivity can make a
significant contribution in the process of converting the energy of the optical range in
photosynthesizing nanosystems. It has been shown that by changing the parameters of Ge/Si
heterostructures with germanium QDs (radii a QD germanium, as well as the distance D
between the surfaces of the QDs), it is possible to vary the positions and widths of the zones of
localized electronic states. The latter circumstance opens up new possibilities in the use of such
nanoheterostructures as new structural materials for the creation of new nano-optoelectronics
and nano-photosynthesizing devices of the infrared range.

Keywords: electron tunneling, quantum dots of germanium, a potential barrier, charge-transfer
exciton.

INTRODUCTION
In germanium/silicon heterostructures with germanium quantum dots (QDs) are of the
second type, the main electron level was in the silicon matrix, and the main level of holes was in

the germanium QD [1-8]. A significant shift of the shift of the valence band (AEV(GG) =

610 meV) of germanium QDs (relative to the ceiling of the valence band of the silicon matrix)
caused hole localization in the QDs. A substantional shift of the bottom of the conduction band
(AEC(Si): 340 meV) of the silicon matrix (relative to the bottom of the conduction band of

germanium QDs) in the heterostructure was a potential barrier for electrons (electrons moved in
the matrix and did not penetrate into the QD) [1-8]. When studying the optical properties of
Ge/Si nanoheterostructures with germanium QDs, experimental work [9-11] was the first to
reveal the spatial separation of electrons and holes, as a result of which electrons were localized
above the QD surface, and holes moved into QDs. The transition between such states was
indirect in space [1, 2, 9-11]. In experimental studies [1, 2] it was established that in
nanosystems consisting of germanium QDs located in silicon matrices, the excitation of spatially
indirect excitons (SIES) is possible [3-8].
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The effect of significant increase in the SIE binding energy (by almost two orders of
magnitude) is found in nanosystems containing semiconductor (cadmium sulfide, zinc selenide,
germanium) QDs, compared with the exciton binding energy in the corresponding single
crystals [3-5]. Such an effect of significant increase in the SIE binding energy opens the
possibility for the use of nanosystems as an active field of nanolasers operating on exciton
transitions at room temperatures.

In [9], heterostructures, which are linear germanium QD chains on silicon substrates,
were obtained using the method of electron beam lithography. The average radii of QD of
germanium did not exceed 30 nm. In Ge/Si heterostructures with germanium QDs, it was
established in experimental works [1, 2] that low-temperature optical absorption and
photoluminescence spectra were caused by interband electron transitions from the valence band
of germanium QD to the conduction band of the silicon matrix. The photoluminescence signal of
nanostructures in the infrared spectral region (0.20-1.14) eV was observed up to room
temperature [1-11].

At low concentrations N QDs of germanium, when in linear chains the average distance

(~ N™®) between the surfaces of the QD significantly exceeds the Bohr radius of the electron
a, = 0.63 nm in the silicon matrix, that is,

a, N° << 1, (1)

the interaction between QDs can be neglected. The optical properties of such nanosystems were
mainly determined by the energy spectra of electrons and holes localized near the surface of
single germanium QDs grown in a silicon matrix [1-5, 7, 8-11].

With the increase of the concentration N of germanium QD in linear chains the average
distance between the surfaces of the QD decreased. In nanostructures with large concentrations
N of QDs at distances between the QD surfaces (about a, ), it is necessary to take into account

the interaction between the QD surfaces. In this case, the condition should be satisfied
a, N° ~ 1. (2

As the spacing between the QDs surfaces is decreased, the overlapping integral S(a, D)

of the exciton wavefunctions and the energy of the exchange interaction of the electrons with the
holes substantially increase. Therefore, a coupled state of two excitons formed in the
nanosystem; i.e., an exciton quasimolecule consisting of two QDs appeared in the nanosystem
[12-33]. In such exciton quasimolecule, electrons and holes were separated in space (the holes
moved in germanium QDs, and the electrons were localized over a spherical interface (QD —
silicon matrix)). In [6], it was shown that the appearance of a quasimolecule had a threshold
nature and was possible in the nanosystem, in which the distance D between the surfaces of the

QDs was determined by the condition D! < D <D!” . The existence of such a distance D" was

due to quantum size effects, in which the decrease in the energies of interaction of the electrons
and holes entering into the Hamiltonian of the exciton quasimolecule with decrease of the
distance D between the QD surfaces could not compensate for the increase in the kinetic energy

of electrons and holes. At larger distance D between the surfaces of QDs, such that D> D!” , the

exciton quasimolecule splits into two excitons (from spatially separated electrons and holes).

At present, the optical properties of Ge/Si heterostructures with germanium QDs have not
been adequately studied. In particular, there are no reviews that investigate electron tunneling
between the surfaces of germanium QDs in the linear chains of germanium QDs on silicon
substrates. Therefore, in this review the splitting of electron states localized over a spherical
interface (germanium QD - silicon matrix) due to electron tunneling through a potential barrier
separating two QDs is investigated.
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THE SPLITTING OF ELECTRON STATES IN HETEROSTRUCTURE WITH
GERMANIUM QUANTUM DOTS

In [12-33], a model of nanosystems consisting of two spherical QD(A) and QD(B) with
radii a, containing germanium with a dielectric constant (e, = 16.3) grown in a silicon matrix

with a dielectric constant (g,=11.7). It was assumed that the holes h(A) u h(B) with effective
masses (m® /m, = 0.39), were located at the centers of QD(A) and QD(B). In the nanosystem,
electrons (1) and e(2) with effective masses (m® /m, = 0.98) were localized over the spherical
surfaces of QD(A) and QD(B) in potential wells caused by the Coulomb attraction V. (X)

electron and hole in a silicon matrix. The energy of the Coulomb interaction of an electron with a
hole was described by the formula [18, 19]

e2

Veh (X) = _; , (3)

where £=2 g, /(g, +¢,)— dielectric constant of the nanosystem, x — electron distance from the
surface of the QD. If in the nanosystem with a high concentration of QDs N (condition (2) is

satisfied), the distance D between the surfaces of the germanium QDs exceeded the value D§2>,

then the exciton quasimolecule would have been decayed into two excitons in which electrons
were located above the spherical interface (QD — matrix), and the holes were in the valence
band of germanium QDs [17].

If the distances D between the surfaces of QD of germanium in the nanosystem exceeded

the value of Déz), then the exciton quasimolecule decayed into two excitons, in which electrons

were localized above the spherical interface (QD — matrix), and the holes were in the valence
band of germanium QD [17]. Such excitons appeared when the photon with the energy smaller
than the width of the band gap Eg(Si) of the silicon matrix was absorbed by the nanosystem [7].

The ground state E,(a) of the exciton with the increase of the radius QD a (so that a > 22.2
nm) passed into the ground state of a two-dimensional exciton (from a spatially separated
electron and hole) localized above the flat interface (germanium — silicon) with the energy [18, 19]

E,(@)=-E, EX =2n"/p2(a;)" (4)

ex !

where E2° = 82 meV- is the binding energy of the two-dimensional SIE. The Bohr radii of such
SIE is

all =&(m, /Ui ) (1 1 mge?), (5)
where p2° =m “m, /(me(l) + mh) — the reduced mass of the SIE, wherein a’°=2.6 nm.

In [3] and [6], the energy of the SIE state E,(a) was measured from the bottom of the

conduction band of the silicon matrix (E gy = E; = 1.17 eV). Between the electronic states

localized over the spherical surfaces of QD(A) and QD(B), tunneling is possible through the
potential barrier that separates these QDs. Such a potential barrier is caused by the Coulomb
attraction V,, (x) (3) of electrons e(1) and e(2) to their holes located in the centers of QD(A) and

QD(B). We can write the expression describing the potential barrier U(x) in this form [18, 19]:

eZ

U(X) :—m, OSXS D/2, (6)
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eZ
U(X) =—=——, —-D/2<x<0. 7
%) e(D/2+x) ()

The potential energy U(x) consists of two symmetric potential wells (6) and (7), separated
by a potential barrier of height
2¢?
—_—. 8
D (8)

Electron tunneling through the potential barrier U(x) (6)—(8), separating two QDs
causes the splitting of the exciton energy level E_(a), which is located in the potential wells

U, (D)=U (x=0)=~-

U(x) (6), (7) in the silicon matrix at two close exciton levels E,” (a)and E_*(a) . Such close

exciton levels E,"(a)and E,?(a) correspond to states in which the electron moves

simultaneously in both potential wells U(x) (6), (7). We will assume that the potential barrier
U(x) (6), (7) is described by a semiclassical field. Using approach [18, 19], we obtain the

expression that determines the splitting AE, (a, D) =E,"(a)-E,”(a) of the exciton level
E.(8)-E,(a) =E,

AE,, (a,D) = haw,(a, D)/ﬂexp{—(ZIh)_Tp(x) dx] 9)

In formula (9), the quantity

@, (a, D)= (ﬂ/uesz)HdX/ p(x) T (10)

describes the frequency of the classical periodic electron motion in the field U(x) (6), (7), p(x)
determines the momentum of an electron moving in the field U (x) (6), (7), wherein

1/2
p(x) =[-21 (UO+E,) [, (12)
b — turning point whose value is determined from the expression U (x=b)=E,(a).

After integrating formula (9), taking into account (6)—(8), we obtain an expression that
describes the splitting AE,, (a, D) of the exciton level E_ (a)=—E, [18,19]:

AE, (a,D)=2?EZ".

where (Eo =(E0 |EZP )) and D =(D/a§xD ) Formula (12) is valid only for the weak splitting
AE,, (a, D) of the exciton level E, (a) In this case, the following condition should be satisfied
AE, (a,D)/E, <<1. (13)

Expression (12) is obtained in the semiclassical approximation, in which it is assumed
that the potential field U (x) (6), (7) is a semiclassical field. In this case, the condition [18, 19]

should be satisfied
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<1, (14)

which is performed at
E,-D>1. (15)
Magnitude splitting (12) is AE_ (a, D) >0, if

1/2

(E,B)"(EDB-1)" <1. (16)
Conditions (15) and (16) are satisfied when
E,-D>2"(1+5"). (17)

Thus, the fulfillment of the requirement (17) allows us to obtain an expression that
describes the splitting AE_ (a, D) (12) of the exciton level E_(a), in the semiclassical
approximation. From formula (12) it is followed that with the increase of the distance D between
the surfaces of the QD (so that D >> 1) the splitting decreases AE,, (a, D) ~ D2 . Therefore, in

a nanosystem with a small concentration of QDs N (so that condition (1) is satisfied), the
probability of electron tunneling through the potential barrier U(x) (6)—(8) separating two QDs
takes a small value. In this case, the splitting values AE, (a, D) (12) of the exciton levels

E..(a) will be negligible compared with the energies of the excitonic levels E_ (a) [18, 19].
The exciton levels E,(a), as well as the potential barrier U(x) (6)—(8) are in the

forbidden zone of the silicon matrix. Therefore, in order for the potential barrier U (x) (6)—(8) to
be located in the forbidden zone of the silicon matrix, the condition:

U, (D)I<E (18)

9(si) "
Requirement (18), taking into account (8), (4) and (5), is satisfied for nanosystems in
which the distance D between the surfaces of the QDs exceeds the value

D> (EX /E,q,) a2 (19)

ex

Inequality (19) holds for nanosystems in which the distances D between the surfaces of
the QDs exceed the values (D > 0.18 nm).
The positions of the exciton levels E,(a), which are located in the band gap of the

silicon matrix, do not depend on the temperature T, if the distances of these levels from the
bottom of the conduction band Ec(Si) of the silicon matrix significantly exceed the thermal
energy k,T of the electron (where k; is a constant Boltzmann), i.e. the following condition must
be met

E. g +E>>keT . (20)

(si)

NUMERICAL RESULTS AND DISCUSSION
We will estimate the splitting AE_, (a, D) (12) of the exciton levels (E,, (a,)=-E, ()=

-64 meV) and (E,(&)=-E,(3)= -72 meV) in the nanosystem consisting of a chain of
germanium QDs with average radii & =12.8 nm and &, = 15 nm, grown in a silicon matrix, and

studied under experimental conditions [18, 19] (see Table 1 and Table 2). For average distances
D between the surfaces of QDs, which continuously vary in the range from D, =7.8 nmto D, =
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8.4 nm, using the formula (12), we obtain for the exciton level E_ (&) the splitting values
AE,, (a, D) monotonically varying in the interval from AE, (&,D,) =8 meV to AE, (a,D,) =
0.16 meV (see Table 1). In this case, for the exciton level E, (a,), the splitting AE,, (a, D) takes
a monotonically varying value in the range from AE,(&,,D;) = 8.8 meV to AE,(&,,D,) =
0.2meV (see Table 2). Such splittings AE,(a,D;) and AE,(&,D,) correspond to the
temperatures T, =92 K and T, ™ = 1.85 K. Splitings AE,, (a,,D,) and AE,,(a,,D,) correspond
to the temperatures T,® = 102 K and T,® = 2.3 K. Requirements (13) for the smallness of
splitings AE,, (a,,D) and AE, (a,,D) in comparison with the value of the energy of the exciton
levels E,(a,) and E,(a,) are satisfied [18, 19].

Table 1. Dependence of the splitting AE, (a,,D) (12) of the exciton level E,(3,) =-64 meV in
a nanosystem that consists of two germanium QDs with average radii & = 12.8 nm on the
distance D between the surfaces of the QD

5,1 nm Eo (51) meV D nm AEex (511 D) meV
12.8 64 7.8 8.00
12.8 64 8.0 2.40
12.8 64 8.2 0.64
12.8 64 8.4 0.16

The splitting values AE, (a,D) and AE,(&,,D), according to (12), have a strong

exponential dependence on the distance D between the surfaces QD. With a slight increase in the
distance D from D, = 7.8 to D, = 8.4 nm, the splitting values AE, (a,D) (12) substantially

decrease from AE, (a,D,) =8to AE, (&,D,) =0.16 meV, as well as from AE_ (a,,D;) =8.8to
AE, (a,,D,) = 0.2 meV (see Table 1 and Table 2). With an increase in the average radius of the
QD a (from a =128 to a, = 15 nm), the exciton level energy values E,(a) increase (from
E,(a) =64to0 E,(a,) =72 meV) [18, 19].

It should be noted that the estimates of the splitting values AE_(a,D) (12) of the
exciton levels E, (a) are obtained here within the framework of the theory we have developed,
and the conditions (13), (14) and (18) —(20) are satisfied.

Table 2. Dependence of the splitting AE,, (a,,D) (12) of the exciton level Ey (a,) =-72 meV in

a nanosystem that consists of two germanium QDs with average radii a, = 15 nm, on the
distance D between the surfaces of the QD

a,nm E (@) mev D nm AE, (&,,D) meV
15 72 7.8 8.80
15 72 8.0 2.80
15 72 8.2 0.78
15 72 8.4 0.20

It was shown in [3] that in a Ge/Si nanosystem with germanium QDs in the integral of
average QD radii (6.4 nm <a <22.2 nm) upon absorption of a quantum of light with energy [18, 19]

ha, (8) = By, — AEyq —E, (@), (21)
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in the band gap of the silicon matrix, an SIE state with energy E, (a) appeared. In formula (21),
E.(a) is the SIE binding energy, and the value (Egee) — AE;s)) = 330 meV. For the

appearance in the nanosystem with germanium QDs with radii & = 12.8 and a, = 15 nm of
exciton levels (E,(a) = -64) and (E, (a,) = -72 meV), according to (21), light quanta with
following energies 7w, (&) = 266 and hw, (a,)= 258 meV are required. Such energies

ho, (a,) =266 and 7, (a,) =258 meV were contained in the infrared spectral region (0.20—
1.14) eV, which was observed under experimental conditions up to room temperature [1, 2].

Let us assume that the distances D between the surfaces of the QDs will be the same in
the entire linear chain of germanium QDs on the substrate of the silicon matrix [9]. As a result,
of electron tunneling through the potential barrier U(x) (6)—(8), which separates QDs, the
exciton states E, (a)are splitted, forming a zone of localized electron states in a linear

germanium QD chain. The qualitative estimate of the width of the zone of localized electronic
states gives a value that is determined by the magnitude of the order of splitting AE, (a,D) (12)

of the exciton levels E,, (a). Such a zone of localized electronic states is located in the band gap

of the silicon matrix. The position of the zone of localized electron states in the nanosystem is
determined by the position of the exciton level E,(a). With an increase in the average radius of

QD a (for @ > 22.2 nm), the exciton level E,(a) approached the ground level of the two-
dimensional exciton EZ® = 82 meV (4) [3]. The position of the zone of localized electron states
also approaches the main level of the two-dimensional SIE EZ° (4) (see Fig. 1).Thus, the
position of the zone of localized electronic states depends on the average radius a of the QD, and

the width of the zone of localized electronic states depends on the distance D between the
surfaces of the QD. Comparing the splitting dependence AE, (a,D) (12) of the exciton level

E.(a) at a certain QD's radius a with the experimental value of the width of the zone of

localized electron states arising in the QD chain of germanium, one can obtain the distances D
between the QD surfaces.

In the linear chain of germanium QDs [3], due to the presence of translational symmetry,
the electronic excitation moves in the zone of localized electron states. In this case, the electron
excitation in the nanosystem is a charge-transfer exciton [34, 35], in which the hole is in the
valence band of a germanium QD, and the electron, tunneling between the quantum dots, moves
in the zone of localized electron states. As the QD radius a increase, the binding energy |Eex (a)|

of the ground state of the exciton in the nanosystem increased [3]. Therefore, the distance D, for
which the square of the overlapping integral S(D,a) of the exciton wave functions took the

maximum value, decreased with increasing radius QD a [17]. The spatial separation of electrons
and holes in a Ge/Si heterostructure with germanium QDs resulted in a small overlap integral of
electron and hole wave functions that described the motion of electrons and holes in a
nanoheterostructure not exceeding the value (= 0.08) [6]. Therefore, the lifetimes of excitons
from spatially separated electrons and holes are substantially longer (by two orders of
magnitude) to the lifetimes of excitons in a single crystal of silicon [1, 2, 11]. The motion of such
a “long-lived” electron in the zone of localized electronic states located in the band gap of the
silicon matrix leads to an increase in photoconductivity in the nanosystem.

Using approach [34], we obtain an expression that qualitatively describes the current
density j(a, D), caused by the movement of electrons in the zone of localized electron states

[18, 19]:
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j(a,D)~K(a,D) zexp[—z DY2 (Eolj—l)l/z] (22)

In formula (22) K(a,D) determines the coefficient of transparency of the potential
barrier U(x) (6)—(8). With the increase of the distance D between the QD surfaces (so that
D >> 1) the current density j(a, D) (22) decreases j(a,D)~exp( - D).

CONCLUSION

It is shown that, in the QD chain of germanium a zone of localized electron states arises,
which is located in the bandgap of the silicon matrix. Such a zone of local electron states is
caused by the splitting of electron levels in the QD chain of germanium. Moreover, the motion of
an electron in the zone of localized electron states causes an increase in photoconductivity in the
nanosystem. The effect of increasing photoconductivity can make a significant contribution in
the process of converting the energy of the optical range in photosynthesizing nanosystems
[1-12].

It has been established that comparison of the splitting dependence AE, (a,D) (12) of the
exciton level E, (a) at a certain radius a QD with the experimental value of the width of the

zone of localized electron states arising in the QD chain of germanium, allows us to obtain the
distances D between the QD surfaces.

It has been shown that by changing the parameters of Ge/Si heterostructures with
germanium QDs (radii a QD germanium, as well as the distance D between the surfaces of the
QDs), it is possible to vary the positions and widths of the zones of localized electronic states.
The latter circumstance opens up new possibilities in the use of such nanoheterostructures as
new structural materials for the creation of new nano-optoelectronics and nano-
photosynthesizing devices of the infrared range.
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EKCHUTOH 3 MIEPEHOCOM 3APSIJIA ¥V
TETEPOCTPYKTYPAX Ge/Si 3 KBAHTOBUMM TOUKAMMU
TEPMAHIIO (MIHI-OTJISIJT)
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eyn. Omensna lpiyaxa, 3, Kuis, 03142, Ykpaina

Tloxaszano, wo myHeno6anHs eleKmponie uepe3 nomeHyiuHul 6ap'ep, wjo po3oinsac 06i KBAHMOBGI
MOYKU 2ePMAHIl0, NPU3BOOUMb 00 pPO3UENIeHHs eNeKMPOHHUX CMAHI8, NOKANI308AHUX HA
chepuuHux nogepxHsax po3oiny (keammosa mouka — Kpemuicea mampuys). Ompumaro
3anexCHicmb  3HA4eHb PO3UeNieHHs eleKMPOHHUX pI6HI& 8i0 napamempié HAHOCUCmeMU
(paoiyca K6aHmMoB0i MOuKU cepMaHuilo, a makodxc siocmani D midxc nogepxuamu KEAHMmMOoBUx
moyoxk). [loxazano, wo po3ujenyienHs eleKmpOHHUX DIGHI8 V JAHYHIINCKY KB8AHMOBOI MOUKU
2epManiio npuzeo0Ums 00 NOSIBU 30HU JIOKANIZ08AHUX eNeKMPOHHUX CMAHNIB, AKA POZMAULOBAHA 8
3a60poHeHill 30Hi KpemHiesoi mampuyi. byno euseneno, wo pyx eKcumona 3 nepeHocom 3apsoa
830084C JIGHYIOIHCKA KBAHMOBUX MOYOK 2ePMAHII0 BUKIUKAE 30LTbULEeHHST (POmMONnposioHocmi 68
Hanocucmemax. Eghexm 30invuenus ¢omonposionocmi moodice 3podOUmMuU 3HAYHUL 6HECOK Y
npoyec nepemeopeHHs eHepeii onmuuyHo20 0ianazoHy y HomocuHme3youux HAHOCUCMEMAX.
byno nokasano, wo, sminowyu napamempu cemepocmpykmyp Ge/Si 3 K6aHMOBUMU MOYKAMU
2epManito (padiycu KeAHmMOB0I MOUKU 2epMAawilo, a maxodc eiocmanv D midxc nosepxuimu
K8AHMOBUX MOYOK), MOJCHA 8apilo8amu NOJIONCEHHs mMda WUPUHY 30H JIOKAI308AHUX
enekmponnux cmauie. OcmanHsa obcmauHa SiOKPUBAE HOBI MONCIUBOCMI Y BUKOPUCTIAHHI
MAKUX HAHO2eMmepoOCmMpYKmyp fAK HOBUX KOHCMPYKYIUHUX Mamepianié O/l CMEOPeHHs HOBOI
HaHOONMOENeKMPOHIKU Ma HAHOYOMOCUHMEIYIOYUX NPUCMPOIB THDpauepeoHo2o Jianazony.

Knrouosi cnosa. mynenioganus enekmpoHis, K8AHMOBI MOUKU cepManito, nomeHyitinuti bap'ep,
eKCUMOH 3 NePEHOCOM 3apso).
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