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Electron spatial localization tuned by strain in Ge/Si quantum dot heterostructures
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A new type of quantum dot (QD) structure that enables us to control a spatial localization of electrons by
changing the strain distribution in the vicinity of QDs is proposed. The structures represent a combination of
large (∼200 nm) GeSi disklike quantum dots (nanodisks) and groups of smaller (∼30 nm) laterally ordered QDs
grown over a nanodisk template. Electron localization has been studied by the electron spin resonance (ESR)
method. Analysis of experimental results has been supported by calculations of electron binding energies and
carrier distribution probabilities taking into account strain effects and real geometry of nano-objects. Results
show that the strain field produced by the nanodisk can be used for tuning the energy levels of electrons in
different � valleys and makes possible successful realization of simultaneous localization of two electrons with
different g factors in the vicinity of the same QD.
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I. INTRODUCTION

New trends in electronics demand the development of
semiconductor nanostructures with controllable optical and
spin properties. One of the most promising systems for ma-
nipulating an electronic structure of nano-objects is a Ge/Si
heterosystem with self-assembled quantum dots (QDs) grown
by molecular beam epitaxy (MBE). In this system the strain
induced by lattice mismatch has a strong effect on the energy
spectrum of charge carriers localized at QDs. The Ge/Si(100)
QDs exhibit a type-II band lineup. The large (∼0.7 eV)
valence band offset leads to an effective localization of holes
in Ge regions, which represent potential barriers for electrons.
However, the strain makes possible the electron localization
in the Si vicinity of Ge QDs. In the case of small QDs
with lateral size L ∼ 10–20 nm, which are usually pyra-
midal, electrons are localized at the apexes of QDs [1,2],
where the largest strain is realized [3]. For larger QDs (L �
30 nm) electrons can be localized also at QD base edges [4,5].
The strain difference in these localization areas can provide
a change of such spin properties as a g factor [4,6] and a
spin relaxation time and leads to an improvement of optical
characteristics, for example, a light emitting probability. For
example, the localization of electrons at QD base edges leads
to a sevenfold increase of photoluminescence intensity from
Ge/Si QD structures [7].

The most attractive application of QD systems with con-
trollable electron localization is a quantum computation. Until
recently, a scheme with one confined electron per QD has
been considered as a basic scheme in quantum computing with
QDs [8]. However, new results obtained by the electron spin
resonance (ESR) method for disklike GeSi QDs (nanodisks)
with lateral size L ∼ 200–250 nm demonstrate that this type

*aigul@isp.nsc.ru

of QD can hold two electrons with different g factors [6].
Electrons can be localized in different spatial regions near
GeSi nanodisks (NDs): at the top edges and at the base edges
of NDs, and the g-factor difference derives from the electron
localization in different � valleys. The localization at the top
edges of the NDs has the same nature as the localization of
electrons at the apexes of pyramidal QDs [2]. Principally,
these two electrons can be considered as a pair of qubits with
a constant exchange coupling, but there are some obstacles in
the way. The lateral size of disklike GeSi QDs is too large
[9], and the exchange coupling of electrons is negligible (the
distance between electron states is about 50 nm). Recently, a
method for implementation of quantum logic gates has been
proposed for two coupled electrons with different g factors
[10]. The numerical experiments give the optimal parameters:
g-values difference δg = 5 × 10−4 and exchange interaction
J = 10−10 eV, providing the minimal error of quantum logic
operations. The optimal QD shape that meets these require-
ments is a hut cluster with a short base size being close to
30 nm. Such kinds of QDs were investigated recently by the
ESR method, but a simultaneous localization of two electrons
was not achieved [11]. Only one ESR signal corresponding to
electrons localized at QD base edges was detected in the dark
conditions. Localization of two electrons near the same QD
was realized only under illumination, when the first electron
was localized at the QD base edge and the second electron
was localized at the QD apex due to Coulomb attraction to
a photohole captured in a Ge QD. One possible reason for
this failure is a strong difference in the binding energies of
electrons localized at QD base edges and QD apexes. The
precise tuning of the strain in the QD structure is required
to reach a simultaneous localization of two electrons with
different g factors near the same QD.

In the present work the combined heterostructures rep-
resenting a combination of large (∼200 nm) GeSi disklike
QDs and groups of smaller (∼30 nm) laterally ordered QDs
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grown over the nanodisks were proposed for the strain tuning
and control of the electron localization in the vicinity of Ge
QDs. Developed QD structures allow us to obtain a desired
spatial localization of electrons and to achieve a simultaneous
localization of two electrons with different g factors near the
same QD. Another advantage of these combined structures is a
possibility to control the nucleation sites of smaller QDs with
a strain field of large nanodisks. One can obtain the different
configurations of QDs and grow the QD groups with different
sizes and coupling between QDs by changing the distance
between NDs and smaller QDs.

II. DESIGN OF Ge/Si QD STRUCTURES

Strain is the main factor providing an electron localization
in Ge/Si QD structures. In the absence of strain electrons can
be localized in the Ge/Si QD system only under illumination
due to Coulomb attraction to photoholes localized in Ge QDs.
The strain produced by Ge QDs forms the potential wells for
electrons in Si environment. In the case of Ge QDs grown
on the Si(001) substrate, the strain induces the splitting of
the sixfold degenerated conduction band edge in Si at �

point [12]. Since the strain distribution is inhomogeneous, this
splitting varies from place to place in the Si surrounding. Near
the QD apex the strain in Si is close to an uniaxial compression
along the growth direction [001] that results in the formation
of the potential wells for electrons in �001 and �001̄ valleys
(�z valleys). Near the QD base edge the strain in Si is
close to an uniaxial compression along the in-plane direction
perpendicular to this QD base edge. Such strain results in the
formation of potential wells for electrons in the in-plane �

valleys, for example, in �010 and �01̄0 valleys (�y valleys)
for the QD base edge along [100] direction (see the scheme
of electron localization in Ref. [4]). However, electrons can
be localized at the QD base edge only if the length of this
edge exceeds some critical value L � 30 nm. For a shorter
base edge the potential well will be too narrow and the binding
energy Eb of an electron in �y valley will be smaller than Eb of
an electron in �z valley. Then for small QDs the localization
of electrons at QD apexes is typical. In contrast, for QDs
with a lateral size exceeding 30 nm the localization at the
QD base edges is more prevalent. Especially, such type of
electron localization is realized in most cases, if the large QDs
are covered by Si at temperatures higher than 400 ◦C. This is
due to intensive Ge-Si intermixing and smearing of the QD
apex [13,14]. At overgrowth temperature T � 500 ◦C the apex
electron localization can be realized only under illumination
due to Coulomb attraction to photoholes captured in Ge QDs.
Then it is better to keep the temperature of the QD overgrowth
no higher than 450 ◦C, but no lower than 400 ◦C, to avoid the
generation of point defects in the growing layer [15,16].

Based on the existing experimental results [4,6] we select
the growth conditions enabling us to obtain QD structures
with desired parameters. Compact groups of QDs having
a hut-cluster shape can be grown on the strain-modulated
substrate with large GeSi nanodisks embedded under the Si
surface [9,17]. Strain field produced by the large GeSi disk
in the Si surface layer governs the diffusion of adatoms and
provides the nucleation of Ge islands just over most tensile
strained surface regions [18]. It is possible to control the size

FIG. 1. AFM image (1 × 1 μm2) of the compact QD groups
grown by deposition of 5 monolayers (ML) of Ge at 600 ◦C (left
panel) and 5.5 Ge ML at 580 ◦C (right panel) on the substrate with
GeSi nanodisks, incorporated under the surface at the depth of 35 nm
and serving as templates for nucleation of these ordered QD groups.
Image sides are oriented along 〈110〉 directions.

and number of QDs in the group by changing the distance
between the GeSi disk and the nucleating QD group [19,20].
For example, QD groups grown at 600 ◦C just on the surface
of the embedded GeSi disk consist of four hut clusters with
short base size Lx ≈ 50 nm [9], while QD groups grown at
the distance of 35 nm from the nanodisk contain mainly two
or three hut clusters having Lx ≈ 35 nm (Fig. 1, left panel).
A slight decrease in the growth temperature (down to 580 ◦C)
allows us to form hut clusters with Lx ≈ 30 nm (Fig. 1, right
panel). The last parameter satisfies fully our demands and
therefore we have studied QD groups grown at the distance of
35 nm from the template disk layer at 580 ◦C (Fig. 2). As one
can see in Fig. 1, the change of the growth temperature does
not lead to a principal modification of the QD group geometry,
providing only an increase of QD number in groups. The
groups with three or more QDs become predominant on the
surface of the growing layer (see Fig. 1, right panel). The
deposition of 5.5 ML of Ge at 580 ◦C results in the formation
of QD groups with density 2 × 109 cm−2, while the surface
density of the QDs is about �1010 cm−2.

FIG. 2. A schematic structure of the sample with optimal con-
figuration of QDs for observation of simultaneous localization of
electrons in different � valleys. The first and second QD layers as
well as the third and fourth QD layers are separated by 3 nm Si
spacers, while the distance between the second and third QD layers
is 5 nm.
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TABLE I. Binding energies Eb of electrons in different � valleys
localized in QD structures with a different number of vertically
aligned QD pairs. Here ND is an abbreviation for nanodisk. d is the
thickness of the Si layer between QD layers in the stack. Notation
“Double QD pairs” corresponds to a two-layered QD structure. Nota-
tions “QD pairs/ND,” “QD stack/ND” are used for the description of
structures with QD layers grown on an ND template. All QD stacks
are four layered. The site numeration corresponds to Fig. 3.

Eb (meV)

�z �z �x,y �z �x,y

Type (site 1) (site 2) (site 3) (site 4) (site 5)

Double
QD pairs
d = 3 nm 27 – 40 – –
Double
QD pairs/ND
d = 3 nm 36 – 35 18 24
QD stack
d = 3 nm 49 – 82 – –
QD stack/ND
d = 3 nm 56 – 76 18 24
(sample 907)
QD stack
d = 3, 5, 3 nm 44 43 66 – –
QD stack/ND
d = 3, 5, 3 nm 51 52 61 18 24
(sample 937)

To increase the binding energy of electrons, the growth of
stacked QD structure with a strain accumulation from differ-
ent QD layers should be used. The more QD layers there are in
the stack, the bigger the electron binding energy is. To define
the optimal number of QD layers in the stack, we calculate
the energy spectrum of electrons in the model structures with
different number of QD layers and ND layers (see Table I).
We use the program Nextnano3 [21], allowing us to take into
account the strain effects and the real geometry of nano-
objects. All electron energies are obtained in a one-electron
approximation. The calculation of the strain distribution is
performed using analytical expressions developed in the work
[22] and program Easystrain3d [23] that reduces significantly
(by orders of magnitude) the calculation time. Since the
size of the calculation cell is large (300 × 300 × 120 nm3),
the efficiency gain actually is very huge. Such improvement
is possible due to the flexibility of the program Nextnano3

working with external strain data, as well as with its own
solver of the elasticity problem.

The geometry and Ge content of QDs are taken according
to experimental data obtained by scanning tunneling mi-
croscopy (STM), atomic force microscopy (AFM), transmis-
sion electron microscopy [17], and extended x-ray absorp-
tion fine structure (EXAFS) spectroscopy [24]. The shape of
nanodisks is described by the truncated cone with bottom di-
ameter Db = 250 nm, top diameter Dt = 200 nm, and height
hND = 10 nm. Ge content in nanodisks is taken to be equal to
35%. The smaller QDs have the shape of hut clusters oriented
along 〈100〉 directions. Their height is hQD = 2.5 nm, the
size of the short base edge is Lx = 35 nm, and the size of

the long base edge is Ly = 70 nm. The inclination angle of
side facets α is taken so that tan α = 0.2, which corresponds
to facet orientation {105}. The Si spacer thickness between
layers of QD groups is varied from 3 to 5 nm depending on
the type of calculated structure. Ge content in hut clusters
is taken to be equal 50%. The main part of the calculations
is performed for the structures with QD groups representing
in-plane pairs of coupled QDs. A gap between aligned base
edges of QDs in pairs (in x direction, Fig. 5) is taken to be
equal to 3 nm. To verify how an increase of QD number in
the group affects the modeling results we calculate also the
energy spectrum of electrons in the structures with groups of
three QDs with a smaller QD width Lx = 30 nm and the same
separating distance. In general, the energy level disposition
has not changed. The increase in QD number has led only to
a slight shift of the energy levels (by ≈2 meV), providing an
increase in the binding energies of electrons in all � valleys.

The number of QD layers in the stack defines the initial
depth of potential wells and the energy levels of QD electrons,
which then can be tuned by the strain field of the ND.
The binding energy of QD electrons should be larger than
the binding energy of an electron at the donor impurity (in
our experimental structures the donor impurity is Sb, with
binding energy of electrons Eb ≈ 43 meV) [25]. Electrons
should leave Sb atoms and be localized in QD layers. These
transitions can be prevented by the band bending induced by
the space charge of Sb ions. However, a simple estimation
shows that this effect is negligible (�1 meV) at given density
of QDs (�1010 cm−2, see Fig. 1) and distance between QDs
and ionized donors (�10 nm). This estimation was made
assuming that each QD holds one electron.

Results of calculations show that a double layered QD
structure does not provide a sufficient strain for electron
localization in QD layers (see Table I). The binding energy of
electrons in the deepest potential well does not exceed 40 meV
[the energy is counted from the conduction band (CB) edge in
nonstrained Si].

It is interesting that the strain in Si above the top of the
GeSi nanodisk is not favorable for electron localization at the
edges of QDs (in �x,y valleys). For example, in the double
layered QD structure without ND the binding energy Eb of
an electron at the QD base edge (analog of site 3 shown in
Fig. 3) is 40 meV, while for the same QD structure with
ND layer, Eb = 35 meV. In the same conditions the binding
energy of an electron at the QD apex (analog of site 1 shown
in Fig. 3) increases from 27 to 36 meV (see Table I). Since
a ND addition results in the opposite shifts of energy levels
of electrons in different � valleys, then NDs can be used to
tune the energy levels of electrons in QD layers. So, the large
nanodisks can be used not only for arrangement of small QDs
in compact groups, but to achieve the optimal energy level
disposition for the simultaneous localization of electrons in
different � valleys.

Strain in the structures with four layers of QD groups
provides an effective localization of electrons in QD layers.
The calculation results demonstrate that a four-layered QD
stack with spacer thickness d = 3 nm provides a binding
energy Eb = 76 meV (see Table I) for an electron at the
QD base edge (site 3 in Figs. 3 and 4). The maximum
of electron finding probability is found in the center of
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FIG. 3. Strain distribution (top panel), conduction band edge
landscape in �z valley (center panel), and conduction band edge
landscape in �x valley (bottom panel) in the structure with optimal
configuration of QDs for observation of simultaneous localization
of electrons in different � valleys. Sections of XZ plane passing
through the center of the compact QD group are shown, Z is the
growth direction of the structures [001].

the stacked structure, between the longest hut-cluster edges
(Fig. 5). The electron in �z valley is localized near the apex of
the hut cluster in the top QD layer (site 1) with Eb = 56 meV.
However, such disposition of electron states cannot provide a
sufficient exchange coupling between electrons in �z valley
and �x,y valleys. The best condition for exchange coupling is
the localization of the apex electron in the center of the QD
stack. For this purpose we consider a four-layered QD stack
with central spacer thickness increased up to 5 nm, grown on
the template structure with one ND layer. For this structure the
calculations give the optimal spatial arrangement of electrons
from different � valleys (Fig. 5). An electron in �x valley
is localized at QD edges in the vertical Si gap (site 3) with
Eb = 61 meV, while an electron in �z valley is localized in
the central Si spacer (site 2) with Eb = 52 meV (see the last
row in Table I).

So, the last QD configuration is optimal for the simulta-
neous localization of two electrons from different � valleys.
Both electrons can be localized simultaneously despite the
Coulomb repulsion between them. To demonstrate this we
calculate the energy of the next electron in the presence of
the first electron localized at QD base edges (site 3). To
model this situation we add to the Hamiltonian the term Uc =
e2/[4πεε0

√
(x − x0)2 + (y − y0)2 + (z − z0)2 + a2], where

ε = 12 is the relative permittivity of Si, (x0, y0, z0) is the
position of the first electron wave function maximum (at site
3), a is the smallest radius of this wave function (along x

FIG. 4. Z profiles (top panel) and X profiles (bottom panel) of
conduction band edge, crossing through sites 1, 2, 3, 4, 5 (profile
directions are shown by dashed lines in Fig. 3). Profiles through
sites 1, 2, 4 are related to �z valley, profiles through sites 3 and 5
correspond to �x valley.

direction), and a = ax = 2 nm. The results of the calculations
show that in these conditions the additional electron can be
localized at site 3 with Eb = 48 meV, and the next electron
is localized at site 2 with Eb = 47 meV. So the energy of
the Coulomb repulsion U33 between the electrons at site 3 is
close to 13 meV, while the energy of the Coulomb repulsion
U23 between an electron at site 2 and an electron at site 3
is close to 5 meV (the distance between sites 2 and 3 is
l23 ≈ Lx/2 ≈ 17 nm). It should be noted that this calculation
overestimates the value of U33, because the wave function of
the electron at site 3 has the larger characteristic sizes along
y and z directions (ay ≈ 7.5 nm, az ≈ 3.5 nm, see Fig. 5).
Also, the presence of Ge layers between electrons should be
taken into account. Since the relative permittivity of Ge is
larger [ε(Ge) = 16], then the Coulomb interaction between
electrons will be smaller. So, the energy level shift due to
Coulomb interaction will be slightly smaller and all three
electrons (two electrons at site 3 and one electron at site 2)
can be localized together in the dark conditions (their binding
energies are larger than the Eb of the electrons localized on Sb
donors).

For electrons localized at the top of the QD stack (site
1), the initial (without Coulomb interaction) binding energy
is 51 meV, while in the presence of the first electron at site
3 this energy reduces down to 46 meV. Moreover, there is
a Coulomb interaction with an electron localized at site 2,
leading to a decrease in the binding energy. The distance
between site 1 and site 2 is only 6 nm (much smaller than
l23), so we expect a stronger effect than for sites 2 and 3
(> 5 meV). Therefore, in experiments this state can be
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FIG. 5. Wave functions of the electron ground state in �x valley
(located at the QD edges) and electron ground state in �z valleys
(located at the QD apexes) in different QD structures: with constant
spacer thickness d = 3 nm (top panel) and with varied spacer thick-
ness d = 3, 5, 3 nm (center panel). Sections of XZ plane passing
through the center of the compact QD group are shown (top and
center panels). Section of XY plane passing through the base of third
QD layer (z0 = 48 nm). The conditions of experimental observation
are indicated (dark or light). QD geometry is shown by dashed lines.
The scales in x, y, z directions are different.

detected only under illumination (see experimental results
below). It should be noted that there is an analogous potential
well in �z valley (site 1′, see Fig. 3), where electrons can also
be localized under illumination. According to our calculations
the binding energy of an electron at this site is slightly smaller
(by ≈0.7 meV) than the Eb of an electron at site 1.

Electrons at sites 4 and 5 also cannot be detected in exper-
iments, because they have very small binding energy, 18 and
24 meV, correspondingly (for the structures with one-layer
ND template).

III. SAMPLES AND EXPERIMENT

Guided by preliminary calculation results we grew the
experimental structures by MBE on n-Si(001) substrates with
a resistivity � 1000 � cm. First, a 100 nm buffer Si layer
was grown at T = 500 ◦C. The nanodisk layer was grown by

deposition of 7.5 ML of Ge at 700 ◦C. Then a 35 nm Si spacer
layer was grown at 700 ◦C. Each QD group layer was grown at
the temperature TQD = 580 ◦C. The first QD layer was formed
by deposition of 5.5 Ge ML. The Ge QDs formation in each
subsequent layer was controlled by reflection high energy
electron diffraction (RHEED). A moment, when the pattern
changes from streaky to spotty, is considered as the beginning
of three-dimensional island formation, after which 0.3 ML
of Ge was deposited additionally. Such a procedure provides
an almost equal size of Ge QDs in all layers of the stacked
structure [26,27].

Two structures with four-layered QD stacks differing in
thickness of spacer layers were grown: (1) with 3 nm Si spacer
layers between all QD layers (structure 907), and (2) with
5 nm central spacer layer and 3 nm spacer layers between
the first and second QD layers and the third and fourth QD
layers as depicted in Fig. 2 (structure 937). Si spacer layers
were grown at 400 ◦C. The top QD layer was covered by 5 nm
Si layer also at 400 ◦C. Finally, all structures were covered at
500 ◦C by a 195 nm Si layer doped by Sb with concentration
�5 × 1016 cm−3 to supply QD layers by electrons.

Also a test structure without QDs and NDs was grown in
identical growth conditions. The structure represents a 200 nm
Si layer with the same Sb concentration grown on a 100 nm
Si buffer layer at 500 ◦C.

We studied the ESR using a standard Bruker X-band
spectrometer operating at a frequency close to 9.7 GHz at
sample temperatures ranging from 4.5 to 30 K. The samples
represent rectangular plates with size 4 × 12 mm2 cut along
the principal crystalline directions [110] and [1̄10]. Two sam-
ples are glued on a quartz holder, allowing a rotation in the
magnetic field, and then the entire cavity and samples were
maintained at low temperature with a helium flow cryostat
(Oxford CF935). The interfering ESR signal from the Si dan-
gling bonds (g = 2.0055) was eliminated using passivation of
structures with atomic hydrogen before measurements. The
absolute accuracy of the g value determination was ±0.0001.
The relative accuracy of measurements was increased by
about one order of magnitude using g-factor standards. All
g-factor values were calibrated to the conduction electron g
factor of the Li metal particles in LiF [28]. Also we use a heav-
ily P-doped silicon sample with a phosphorus concentration
∼5 × 1018 cm−3 as an additional g-factor standard [29]. Some
experiments are performed with a continuous illumination
produced by the tungsten-halogen lamp through the optical
access windows in the cryostat and resonator.

IV. RESULTS AND DISCUSSION

The experimental results demonstrate that the spatial local-
ization of electrons can be controlled by parameters of com-
bined QD structure. ESR spectra obtained on the structures
with different spacer thickness in the QD stack reveal that
electrons in these structures are localized in different spatial
regions near Ge/Si QDs.

Sample 937 with varied spacer thickness demonstrates
in the dark two ESR signals (Fig. 6) with g factors g(1)

zz =
1.9987 and g(2)

zz = 1.9993 (in the magnetic field applied
along the growth direction [001]). The ESR linewidths are
�H (1)

pp ≈ 0.8 Oe and �H (2)
pp ≈ 0.6 Oe, respectively, and do
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FIG. 6. ESR signals observed in the dark (top panel) and under
continuous illumination (bottom panel) for the heterostructure with
four layers of ordered QD groups, separated by 3 nm bottom and
top Si spacer layers and 5 nm central Si spacer, grown on the
template with one GeSi nanodisk (No. 937). Microwave power P =
0.063 mW and frequency ν = 9.68484 GHz, modulation amplitude
Hm = 0.3 Oe, T = 5 K. The magnetic field is directed along the
growth direction of the nanostructure.

not change with the sample rotation in the magnetic field.
The angular dependencies of g factors are typical for electrons
in different � valleys [4] (Fig. 7). In the tilted magnetic
fields the ESR signal with gzz = 1.9993 shifts to the range
of higher magnetic fields, showing the behavior typical for
ESR signals from electrons in �z valley. The signal with gzz =
1.9987 shifts towards the first one, which indicates its origin

FIG. 7. ESR spectra of electrons localized in the structure with
modulated spacer thickness (No. 937) for different sample orienta-
tions in the magnetic field, microwave power P = 0.063 mW and
frequency ν = 9.68694 GHz, modulation amplitude Hm = 0.3 Oe,
T = 5 K. The magnetic field direction is changed from the growth
direction of the structure (θ = 0◦) to the in-plane direction [110].

FIG. 8. ESR signals observed in the dark and under continuous
illumination for the heterostructure with four layers of ordered QD
groups, separated by 3 nm Si spacer layers, grown on the tem-
plate with one GeSi nanodisk (No. 907). Microwave power P =
0.063 mW and frequency ν = 9.69673 GHz, modulation amplitude
Hm = 0.3 Oe, T = 5 K. The magnetic field is directed along the
growth direction of the structure.

from electrons in �x,y valleys. After θ = 45◦ ESR signals
became indistinguishable and one signal with g = 1.9989 was
observed at θ = 90◦.

Under illumination of sample 937 the third ESR signal
with g-factor g(3)

zz = 1.9995 and �H (3)
pp ≈ 0.2 Oe appears. In

the magnetic field applied along the growth direction all three
ESR signals are well distinguishable (see line approximation
in Fig. 6, bottom panel). With deviation of the magnetic field
from this direction the additional light-induced ESR signal
also shifts, like a signal from the electrons in �z valley, to
the range of higher magnetic fields. For the in-plane magnetic
field all signals overlap and represent one ESR signal as in the
dark.

Sample 907 with equal Si spacer layers in the QD stack
demonstrates in the dark one ESR signal with gzz = 1.9990
and an isotropic ESR linewidth �Hpp ≈ 1.2 Oe. Under il-
lumination the second ESR signal with gzz = 1.9995 and
�Hpp ≈ 0.25 Oe appears (Fig. 8). In the tilted magnetic fields
the light-induced signal shifts to the range of higher magnetic
fields while the position of the first signal remains unchanged.
At θ = 45◦ signals overlap like for sample 937.

The test structure without QDs and NDs demonstrates an
isotropic ESR signal with gzz = gin-plane = 1.99856 (gin-plane

corresponds to the in-plane magnetic field applied along [110]
direction). The signal has ESR linewidth �Hpp = 1.3 Oe
typical for Sb donors [29]. We have studied the microwave
power dependence of this ESR signal and compared it with the
power dependence of the ESR signal with the closest g value,
gzz = 1.9987, observed for QD structures. The ESR signal
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TABLE II. gzz values of electrons in �z valley and �x,y valleys
in the structures under study. Here δg = gzz(�z ) − gzz(�x,y ).

gzz gzz gzz

No. (�z, site 1) (�z, site 2) (�x,y, site 3) max(δg)

907 light 1.9995 – 1.9990 0.5 × 10−3

907 dark – – 1.9990
937 light 1.9995 1.9993 1.9987 0.8 × 10−3

937 dark – 1.9993 1.9987 0.5 × 10−3

from QD structures saturates at microwave power P = 0.63
mW (25 dB), while the signal from the test structures saturates
at P = 6.3 mW (15 dB).

The experimental results can be explained based on the
calculation of the energy spectra and an analysis of angular
dependencies of g factors. As it was mentioned in the classical
work of D. K. Wilson and G. Feher [30], if all electrons
in the sample are located in one separated � valley, one
should detect the ESR signal with a special angular depen-
dence of g factor reflecting the symmetry of this valley (an
ellipsoid of revolution). Then for electrons in �z valley the
g factor in the magnetic field applied along [001] direction
should coincide with g‖ = 1.9995. And for electrons in �x,y

valleys the g factor in the same conditions should coincide
with g⊥ = 1.9984, where g‖ and g⊥ are longitudinal and
transverse components of an electron g tensor for a chosen
� valley [25]. With deviation of a magnetic field from [001]
direction a g-factor behavior for electrons in �z valley is
described as g = [g2

‖ cos2(θ ) + g2
⊥ sin2(θ )]1/2, where θ is the

angle between the magnetic field direction and Z axis. For
the in-plane magnetic field electrons in �x,y valleys have g
value defined by angle ϕ between the magnetic field and the
major valley axis along [010] direction: g = [g2

‖ cos2(ϕ) +
g2

⊥ sin2(ϕ)]1/2. In experiments the in-plane magnetic field is
applied along [110] direction, then gin-plane = 1.9990 for �x,y

valleys electrons. The g-factor angular dependence observed
for the structures under study is fully described within this
approach and allows us to make an assignment of the signals.
It should be noted that the g-factor anisotropy observed in the
works [31–33] has a different nature and is related to the spin-
orbit interaction induced by an asymmetry of the structures
(Rashba or Dresselhaus terms). In these works [32,33] another
in-plane anisotropy of g factor was observed. The absence of
Rashba effects in our structures is confirmed by the isotropy
of ESR linewidths. Usually, in two-dimensional asymmetrical
structures, the ESR linewidth becomes anisotropic, ESR lines
are broadened with the sample rotation in the magnetic field
[31]. In our case all ESR linewidths are isotropic.

For sample 937 we attribute the ESR signal with gzz =
1.9993 to electrons localized at site 2, the ESR signal with
gzz = 1.9987 to electrons localized at site 3, and the light-
induced signal with gzz = 1.9995 to electrons localized at
site 1 (see Table II). The first value of gzz turns out to be
slightly smaller that expected value gzz = 1.9995 ± 0.0001.
We suppose that the reason is the presence of Ge atoms in
the localization area of electrons (site 2). This potential well
is very narrow and an electron wave function is strongly
confined between Ge0.5Si0.5 barriers. The wave function pen-

etration into barriers provides the obtained g factor. Similar
decreasing of gzz value for electrons at the apexes of QDs
was observed in Ref. [34]. In all sample electrons localized
at site 3 have larger values of gzz than expected for electrons
in �x,y valleys gzz = 1.9984 ± 0.0001. The difference is more
pronounced for sample 907 (gzz = 1.9990). Also, for sample
907 the anisotropy of the g value of electrons localized at
site 3 completely disappears. All these effects can be related
to a larger strain in sample 907 that stimulates the Ge-Si
intermixing during QD overgrowth by Si and results in the
presence of Ge atoms in surrounding Si. The latter should
lead to the broadening of the ESR lines, which is observed
for sample 907. Apparently the presence of Ge atoms pro-
vides the decreasing of gzz value for electrons in �z valley
and the increasing of gzz value for electrons in �x,y valleys
(this assumption requires theoretical verification, in particular,
studies how the presence of Ge atoms affects the g factor in
different � valleys). Overall, the difference between g factors
of electrons in different � valleys becomes smaller in the
presence of Ge atoms.

To confirm the assignment of the signals the analysis
of intensities of observed ESR signals was performed. We
carried out the additional experiments using the reference
sample with a known number of spins and determined
the number of spins for each ESR signal. This reference sam-
ple was glued to the holder and measured simultaneously with
QD structures. The ESR signal from electrons at site 2 has the
integral intensity corresponding to �2 × 109 spins. Since the
total area of the samples under study is approximately 1 cm2,
then this amount corresponds to 1 electron per QD group. The
integral intensity of the ESR signal from electrons at site 3
corresponds to �1010 spins (4–5 electrons per QD group).
The light induced signal from the top QD electrons (site 1)
has the integral intensity corresponding to �0.2 × 109 spins.
The obtained numbers of spins corresponding to electrons
at sites 2 and 3 are in agreement with calculation results in
order of magnitude. Nearly twofold increase of the number
of electrons at site 3 as compared with simulation results
can be due to a larger number of such localization centers in
experimental QD groups (Fig. 1, right panel).

The potential well at site 2 can hold one electron, and
according to simulations two electrons localized at these sites
are expected per QD group. However, in the experiment only
one of two potential wells shown in Fig. 3 was revealed
in ESR spectra. We suppose that the reason is a QD size
variation in real experimental structures. This potential well
is very sensitive to the height of QDs, and a small deviation
of this parameter from the specified one makes impossible the
electron localization at this site. Some QDs in the group have
slightly smaller or larger height and this can lead to decreasing
the potential well depth or width and make the localization at
site 2 more difficult. The situation with electron localization
at site 3 is better. A slight deviation of QD parameters in the
group does not lead to decreasing the number of localized
electrons at site 3.

Under illumination the photogenerated holes are captured
inside QDs and produce an additional attractive potential for
electrons. The hole wave functions are concentrated mainly
in the center of QDs, attracting the electrons to site 1. Then
under illumination of sample 907 (937) the second (third) ESR
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signal corresponding to electrons in the �z valley appears.
However, the light induced localization at site 1 was realized
only in every tenth QD group. Probably, the intensity of illu-
mination was insufficient, or charge carriers are also captured
by some traps related to defects, which might be present in Si
spacer layers grown at 400 ◦C.

Observed ESR signals cannot be related to electrons lo-
calized at nanodisks, because, as we mentioned above, the
largest binding energy corresponding to electrons localized
at site 4 (site 5) is only 18 meV (24 meV). The large g-
factor difference, observed for the structures under study, is
not peculiar to the electron localization on nanodisks. For
nanodisk localization the characteristic difference in g-factors
δg = g(�z ) − g(�x,y) ≈ 1.5 × 10−4 for electrons localized at
sites 4 and 5 (see results of ESR study of nanodisk structures
[6]).

The ESR signal from electrons at site 3 has a gzz value
that is very close to the g factor of electrons on Sb donors
[29]. Principally, one can suppose that electrons do not leave
Sb donors and remain in the Si capping layer. However,
the electrons in the Sb-doped Si capping layer should have
another angular dependence of the g factor. These electrons
must have either an isotropic signal (as it was observed for
the test sample without QDs/NDs) or demonstrate the angular
dependence of the g factor typical for electrons in the �z

valley, because some part of the Sb atoms is found in the
strain field produced by QD apexes (near the QD apex the
�z valley is lowest). For QD structures we do not observe
these dependencies in the dark, so we think that Sb atoms
are found at the larger distance from the QD layer due
to their segregation typical for our growth conditions (the
growth temperature for Si layer doped by Sb is 500 ◦C) [35].
ESR measurements performed on the test structure without
QDs/NDs can be considered as an additional proof that ESR
signals observed for QD structures are indeed originated from
electrons localized in QD layers. Spin counting performed for
the test structure show that the intensity of the ESR signal cor-

responds to ≈ (1.2–1.5) × 1010 spins, which is comparable
with the total intensity of ESR signals from electrons localized
on QDs. So, a comparison of ESR spectra of samples with
QDs and the test sample shows that practically all electrons
have transferred from Sb impurities to more deep QD states.

V. CONCLUSIONS

In the present work we have developed the combined
QD structures providing a simultaneous localization of two
electrons with different g factors in the compact group of
tunnel-coupled QDs. Structures represent a combination of
large nanodisks with the lateral size ∼200 nm and compact
groups of hut clusters with the base width ∼30 nm grown at
the distance of 35 nm from the nanodisk layer. Strain field
produced by the large nanodisk plays a pivotal role both in
the spatial arrangement of compact QD groups and in the
tuning of energy levels of electrons localized at QD apexes
and QD base edges. The optimal parameters of QD groups
provide the desired g-factor difference and optimal spatial
configuration of electron wave functions. The localization of
electrons was proved experimentally by the ESR method.
Analysis of g values and orientational dependencies of ESR
spectra allows us to perform the signal assignment. The inter-
pretation of experimental results was supported by calculation
of electron binding energies in the investigated structures with
parameters of QDs obtained from AFM, transmission electron
microscopy and Raman spectroscopy.
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