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1t 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 quantum 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 has been 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 has been found that the motion of a charge-transport exciton
along a chain of quantum dots of germanium causes an increase in photoconductivity in the nanosystem.

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
OD 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. It has been found that
comparison of the splitting dependence 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 (radius of a
germanium QD, as well as the distance D between the surfaces of the ODs), 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: splitting of electronic states, charge-transfer exciton, spherical interface, potential barrier, Coulomb
interaction, quantum dots

INTRODUCTION 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]. In experimental studies [1, 2] it
was found that in nanosystems consisting of
germanium QDs located in silicon matrices, the
excitation of spatially indirect excitons (SIE) is
possible [3-8].

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 a
possibility for the use of nanosystems as an active
field of nanolasers operating on exciton
transitions at room temperature.

In Ge/Si 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 (4Evwce = 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 (4Es) =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 [1] was the first to reveal
the spatial separation of electrons and holes, as a
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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
found 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 [1-8].

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,

(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].

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

aeNIB << 1 ,

aN">~1. )

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 [6]. 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
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possible in the nanosystem, in which the distance
D Dbetween the surfaces of the QDs was

determined by the condition Dc(l) <D< Déz).

The existence of such a distance Dél) 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 > Dc(z), 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
yet been adequately studied. In particular, there
are no works that investigate electron tunneling
between the surfaces of germanium QDs in the
linear chains of germanium QDs on silicon
substrates. Therefore, in this paper, in contrast to
[3, 5], 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.

THE SPLITTING OF ELECTRON STATES IN
Ge/Si HETEROSTRUCTURE WITH
QUANTUM DOTS

In [6], a model of nanosystems consisting of
two spherical QD(A) and QD(B) with radius a,
containing germanium with a dielectric constant
(62 = 16.3) grown in a silicon matrix with a
dielectric constant (¢; = 11.7). It was assumed that
the holes #(4) and h(B) with effective masses
((mn/mo) = 0.39), were located at the centers of
QD(A) and QD(B). In the nanosystem, electrons
e(l) and e(2) with effective masses
((me/mo) = 0.98) were localized over the
spherical surfaces of QD(A) and QD(B) in
potential wells caused by the Coulomb attraction
Ven(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 [3]

2
e
Vgh(x) = _g

3)

(where &=2¢e¢, / (& +¢,) — dielectric constant of

the nanosystem, x — electron distance from the
surface of the QD). If in the nanosystem with a
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high concentration of QDs N (condition (2) is
satisfied), the distance D between the surfaces of

the germanium QDs exceeded the value Dﬁz),

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 [6].

If the distances D between the surfaces of QD
of germanium in the nanosystem exceeded the
value of Df,z) ,

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 [6]. Such excitons appeared
when the photon with the energy smaller than the
width of the band gap Eys; of the silicon matrix
was absorbed by the nanosystem [7]. The ground
state Fo(a) of the exciton with the increase of the
radius QD « (so that @ > 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 [3]

then the exciton quasimolecule

Eya)=—E", EX=21u"(aY 4)
where E2” =82 meV — is the binding energy of

the two-dimensional SIE. The Bohr radius of such
SIE is

= E(mo/,uezxp )(2h2/m0e2),

where ! _m(”m,,/(m“)er) — the reduced

)

mass of the SIE, wherein awr =2.6 nm.

In [3] and [6], the energy of the SIE state Eq(a)
was measured from the bottom of the conduction
band of the silicon matrix (E¢sy = Egsy=1.17 €V).
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 Veu(x) (3) of
electrons e(1) and e(2) to their holes located in the
centers of QD(A) and QD(B) (see Fig. 1). We can
write the expression describing the potential
barrier U(x) in this form:

2
e

- 6
v £((D/2)-x)’ ©

<(D/2),
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L (_
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

Ux) =~ (7

D/2)<x<0

U,(D)=U(x=0)= —iiD.

®)

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(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 [10], we
obtain the expression that determines the splitting

AE, (a,D)=(E D(@)-E_?(a)) of the exciton
level (E,,(a) = ~E,(a) = £,)

AE, (a,D)=(ha,(a,D)/7) exp[—(Z/h) J.Obp(x)dx} .

©)
In formula (9), the quantity

w,(a,D) = ﬂ/,u U dx/p(x)} (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

P =[-22" (U +E,)]". (11)

b — turning point whose value is determined from
the expression U(x = b) = Eo(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 (Eex(a) =—Eo)

AEa(a,D)=2'3/2{[l (£ ) (E,D- 1) }(215)3/2

om[(£,0)"+ (£,0-1)" ]
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(#8557 o] 207(5 ]

(12)

where (Eq = (Eo/EZ?))and D = (D/aZ?).
Formula (12) is valid only for the weak splitting
AEc(a, D)of the exciton level AE.(a). In this
case, the following condition should be satisfied

(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 [10]
should be satisfied

(AEex(a,D)/Eo) << 1

hd/(dx)(p(x)) ' << 1 (14)
which is performed at
(E,D)>1. (15)

Magnitude splitting (12) is AE.«(a, D) > 0, if

(£,0)" (£,0-1)" <1. (16)

Conditions (15) and (16) are satisfied when

(£,0)" >27'(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
in the distance D between the surfaces of the QD
(so that D>>1) the splitting AE.(a, D)
decreases (AEe(a,D) ~ D?). 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).

The exciton levels Ey(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
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the forbidden zone of the silicon matrix, a
condition is true:

Uy(D)| < E, - (18)

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

(19)

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 Ey(a),
which are located in the band gap of the silicon
matrix, do not depend on the temperature 7, if the
distances of these levels from the bottom of the
conduction band FE.s) of the silicon matrix
significantly exceed the thermal energy (kz7) of
the electron (where kg is a constant Boltzmann),
i.e. the following condition must be met

(E +E, (a)) >> kT .

(i)

D> (Eesz/Eg(Si) ) ajxD-

(20)

RESULTS AND DISCUSSION

We will estimate the splitting AE.«(a, D) (12)
of the exciton levels (E, (@) =—F,(a,) =—64 meV
(E.(@,)=-E,(@,)=-72meV) in the

nanosystem consisting of a chain of germanium
QDs with average radii @ =12.8nm and

@, =15 nm, grown in a silicon matrix, and studied

and

under experimental conditions [9] (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 nm to D, = 8.4 nm, using the
formula (12), we obtain for the exciton level
E, (a) the splitting values AE.(a, D)
monotonically varying in the interval from
AE, (a,,D,)=8 meV to AE, (@, 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, (a,,D,)=8.8 meV to AE, (a,,D,)=0.2 meV
(see Table 2). Such splittings AE, (a,,D,) and
AE, (a,,D,) correspond to the temperatures and
7" =1.85K. AE, (a,,D,)
AE, (a,,D,) correspond to the temperatures
T =102 K and 7, =2.3 K . Requirements (13)

Splitings and
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for the smallness of splitings AE, (@,,D) and
AE, (a,,D) in comparison with the value of the

energy of the exciton levels £, (a,) and E (a,)
are satisfied.

Table 1. Dependence of the splitting AE, (a,,D) (12) of the exciton level ( E,(a)-64 meV) in a nanosystem that consists

of two germanium QDs with average radii g, =12.8 nm , on the distance D between the surfaces of the QD

ai, nm Eo(ar), meV D, nm AE.(a@1,D), meV
2.8 64 7.8 8
2.8 64 8 24
2.8 64 8.2 0.64
2.8 64 8.4 0.16
The splitting values AE, (a,,D) and average radius of the QD a (from g, =12.8 nm to

AE, (a,,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 nm to D, = 8.4 nm, the
splitting values AE.{(a, D) (12) substantially
decrease from AE.(aiD)) = 8 meV to
AE, (a,,D,)=0.16 meV, as well as from

AE, (a,,D,)=8.8 meV to AE, (a,,D,)=0.2 melV
(see Table 1 and Table 2). With an increase in the

Table 2.

a, =15 nm), the exciton level energy values Eo(a)
(from E,(a,) =64 meV to
E,(a,) =72 meV [3].

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

increase

Dependence of the splitting AE, (a,,D) (12) of the exciton level ( E,(@,)=-T72 meV) in a nanosystem that

consists of two germanium QDs with average radii z* = 15nm , on the distance D between the surfaces of the QD

az, nm Eo(az2), meV D, nm AEe(a2,D), meV
5 72 7.8 8.8
5 72 8 2.8
5 72 8.2 0.78
5 72 8.4 0.2

It was shown in [3] that in a Ge/Si nanosystem
with germanium QDs in the interval of average
QD radii (6.4 nm < a <22.2 nm) upon absorption
of a quantum of light with energy
ha)ex (Cl) = Eg(Ge) - AEC(S[) - Eex (a), (21)
in the band gap of the silicon matrix, an SIE state
with energy E.(a) appeared. In formula (21),
Ec(a) is the SIE binding energy, and the value
(Eg(Ge) —AE,, ) =330 meV . For the appearance

in the nanosystem with germanium QDs with
radii. @, =128 nm and a,=15nm of exciton

levels (E, (@) =-64 mev) and (E, (a,)=-72 meV),

310

according to (21), light quanta with following
energies ho, (a)) =266 meV and

ha, (a,) =258 mel are required. Such energies
ho, (a,) =266 meV and he,(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
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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 Eo(a). With
an increase in the average radius of QD a (for
a > 22.2 nm), the exciton level Eo(a) approached
the ground level of the two-dimensional exciton

ijD =82 meV (4) [3]. The position of the zone

of localized electron states also approaches the
main level of the two-dimensional SIE E2” (4)

(see Fig.). 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.

0 0
19 ( J«’) U ( x)
L'D - - L"O
E, 4-- --} E,
EX? L 2P
-D/2 0 D/2
Fig. The schematic plot of potential barrier U(x) (6)—(8),

which separates two QD, the heigh Uy(D) (8) of
potential barrier, exciton level position Eo(a),
radius @ of QD, distance D between the surfaces
of QD of germanium
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In the linear chain of germanium QDs [9], due
to 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 [11], 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 |Ee..(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 [6]. 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, 9]. 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 [10], 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

j(a,D)~ K(a,D) ~ exp[—ﬂi‘/2 (E,5-1)" J

(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))-
CONCLUSIONS

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
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electron states causes an increase in It has been shown that by changing the
photoconductivity in the nanosystem. The effect parameters of Ge/Si heterostructures with
of increasing photoconductivity can make a germanium QDs (radius a of germanium QD, as
significant contribution in the process of well as the distance D between the surfaces of the
converting the energy of the optical range in QDs), it is possible to vary the positions and
photosynthesizing nanosystems [10]. widths of the zones of localized electronic states.

It has been found that comparison of the The Ilatter circumstance opens up new
splitting dependence AE.(a, D) (12) of the possibilities in the wuse of such nano-
exciton level E.(a) at a certain radius a QD with heterostructures as new structural materials for
the experimental value of the width of the zone of the creation of new nano-optoelectronics and
localized electron states arising in the QD chain nano-photosynthesizing devices of the infrared
of germanium, allows us to obtain the distances D range.

between the QD surfaces.

TyHe/IlOBaHHS eJIEKTPOHIB B reTepOCTPYKTYPi repmaHiil/KpeMHiii
3 repMaHi€BUMH KBAHTOBUMH TOYKAMU: TeOPis

C.I. HokyTHiii, H.I'. IlIkoaa

Tucmumym ximii nogepxui in. O.0. Yyuxa Hayionanvhoi akademii nayxk Yxpainu
syn. I'enepana Haymosa, 17, Kuis, 03164, Vkpaina, pokutnyi.serg@gmail.com, ngshkoda@gmail.com

Ilokaszano, wo myHent08aHHs eleKmpoHie uepe3 nomenyianbHull 6ap ’ep, uo po3oine 06i kganmosi mouku (KT)
2epManiro, npu3eooums 00 PO3UjenieHHs eleKMPOHHUX CMAHI8, NOKANI308AHUX HA CEPUUHUX NOBEPXHAX NOOLTY
(k6anmosa mouxa — kpemuicea mampuys,). OmpumMano 3a1eHCHICMb GENUYUH PO3UWENTICHHS eIeKMPOHHUX DIGHIE 8I0
napamempig Hanocucmemu (padiyca K6anmMogoi MoyKu 2epmManiio, a maxooic giocmani D misi nosepxusimu K8aHMoBUX
mouoxk). Tloxasano, wo poswenienns enekmponnux pienie 6 aanyroncky KT eepmanito npuzeooums 00 nossu 30Hu
JIOKANI308AHUX eIeKMPOHHUX CINAHIB, AKA pO3MAUl08aHa 6 3a00poHeHill 30Hi KpeMuiceoi mampuyi. Buseneno, wjo pyx
eKCUMOHA 3 NepeHeceHHsM 3apsidy NO JAHYIOJCKY KEAHMOBUX MOYOK 2epMAHII0  GUKIUKAE 30i1bUleHHS
gomonposionocmi 6 HaHOCUCHEMAX.

Tokaszano, wo 6 nanyoxcky KT eepmanito uHUKAE 30Ha TOKANIZ308AHUX e/IeKMPOHHUX CINAHIB, AKA PO3MAUL08AHA
6 3a00poHeHill 301 KpemHiesoi mampuyi. Taka 30Ha TOKANLHUX eIeKMPOHHUX CIAHI8 00YMOBNIeHA PO3UenIeHHAM
enexmpouHux pisHie 6 nanyroocky KT ecepmaniro. Kpim mozo, pyx enekmpoHna 8 30Hi JOKANI308AHUX eNeKMPOHHUX
cmanie sukaukae 30inbuienns homonposionocmi 6 Hanocucmemax. Egexm 36invuenns gpomonposionocmi modice
gHeCmU ICMOMHULL 6HECOK 6 Npoyec NEePemeopents eHepeli Onmu4Ho20 OianazoHy 6 (GomocuHmesyiouux
Hanocucmemax. Bcmanoseneno, wo NopieHaHHsSL 3ANeIHCHOCMI PO3WENIeH sl eKCUMOHHO020 piehsi Ee(a) 3 nesnum
paoiycom KT 3 excnepumenmanbuum 3HAYeHHIM WUPUHU 30HU JIOKATI308AHUX €1eKMPOHHUX CHAHIB, WO SUHUKAIOND
6 nanyrooicky KT eepmaniro, 0o36onne ompumamu snavenns giocmanetl D mige nosepxmsmu KT.

Tokaszano, wo, 3mintouu napamempu cemepocmpyxkmyp Ge/Si 3 KT eepmaniro (padiycu KT eepmaniro, a maxooic
siocmani D mioie nosepxusimu KT), MOdCHA 3MIHIOBAMU NONONCEHHS | WIUPUHY 30H JIOKANI308AHUX €NeKMPOHHUX
cmanis. Ocmanns 00CmMasuHa 6iOKPUBAE HOBI MOICTUBOCIT BUKOPUCMAHHS MAKUX HAHO2EMEPOCMPYKIMYP. SIK HOBUX
KOHCMPYKYIUHUX Mamepianie Ol CMEOpeHHs HO80i HAHOONMOeNeKMPOHIKU | HAHO-(OMOCUHMEIYIOYUX NPUCMPOIB
iHghpauepsono2co dianasony.

Knwowuosi cnosa: poswennenns eieKmpoHHUX CMAKI8, eKCUMOH i3 NepeHecenHsm 3apsaody, chepuunuil inmepdgeiic,
nomenyianbHull 6ap'ep, KYI0HIBCLKA 83AEMOOIS, KBAHMOBI MOUKU
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