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Photogeneration and transport of nonequilibrium charge carriers, and the determination of
photoresponce mechanisms in semiconductor SiGe/Si and SiGe/SiOy/p-Si heterostructures with
nanoisland were investigated. The structures were grown by molecular beam epitaxy technique. The
work generalizes the results of studies of morphological, structural, optical and electrical properties
of heterostructures with nanoscale objects — quantum dots and quantum wells. It is shown that the
photoconductivity of nanoheterostructures SiGe/Si in the infrared range depending on the component
composition, size and magnitude of the mechanical stresses in nanoislands Si;.,Ge, is determined by
interband and intraband transitions involving localized states of the valence band of the Ge nanoscale
objects. The effects of long-decay photoconductivity and optical quenching of conductivity in
SiGe/SiOy/p-Si heterostructures with SiGe nanoclusters was found to be caused by variations of the
electrostatic potential in the near-suraface region of p-Si substrate and optically-induced spatial
redistribution of trapped positive charges between SiO,/Si interface levels and localized states of Ge
nanoislads.

Adsorption complexes of germanium on the reconstructed Si(001)(4%2) surface have been
simulated by the SiosGe,Hgy cluster. For Ge atoms located on the surface layer of the latter, DFT
calculations (B3LYP, 6-31G**) of their 3d semicore-level energies have shown a clear-cut correlation
between the chemical shifts and mutual arrangement of Ge atoms.

Introduction

Germanium nanoclusters grown on/in silicon have been successfully applied in new
optoelectronic, and memory devices. Due to spatial confinement of charge carrier’s motion in
one, two or three directions, respectively, such nanostructures have unique fundamental
properties and technological applications [1, 2]. Of particular interest is attracted by
nanoelectronic devices and systems grown using epitaxy methods - vapor-phase, molecular-
beam and liquid-phase - in which the formation and spatial arrangement of nanoscale
elements was carried out using the effects of self-organization.

In heterosystem Si/Ge with nanoislands distributed across the surface of inherent
nonuniform field of mechanical stresses. Interfaces and their quantum-size classes, wetting
layer (WL) heterogeneity leads to spatial heterogeneity of local electro-physical properties of
Ge nanoclusters and induced spatial variation of the electrostatic potential. These features,
expectedly, will have an impact on the transport of charge carriers along the epitaxial layers.

Heterojunctions Si / Ge are reffered to the second type , in which there is a limitation of
motion of holes in Ge nanoclusters. That's why Ge nanoclusters can be considered as a long-
term trap for holes, charge which a due to downward band bending in the underlying Si.

Semiconductor heterostructures and especially semiconductor heterostructures with
low-dimensional objects, including quantum wells, quantum wires and quantum dots,
currently comprise the object of intensive study [1, 3]. Of particular interest is attracted by
nanoelectronic devices and systems grown using epitaxy methods - vapor-phase, molecular-
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beam and liquid-phase - in which the formation and spatial arrangement of nanoscale
elements was carried out using the effects of self-organization. Knowledge of the electronic
spectrum, transport, recombination, and photogeneration in self-organized nanostructures is
essential for creation of novel electronic and photonic devices.

Low-dimensional Ge/Si heterostructures have attracted considerable research interest in
recent years, due to their significant potential to impact new electronic devices which are
compatible with the available silicon technology. Optoelectronic devices based on SiGe dots
grown on a Si substrate have been already proposed [4, 5]. The low-dimensional silicon-
germanium alloys have a wide range of applications, including quantum dot IR
photodetectors, memory cells and spintronic devices. Widespread application of such system
is the arrangement of SiGe quantum dots in the space-charge region of heterojunctions,
Schottky diodes, p-n junctions or metal-oxide-semiconductor structures.

Experiment

The molecular beam epitaxy (MBE) technique (“Katun’-B” set-up, produced in
Novosibirsk, Russia) was used to prepare multilayer Ge-Si(100) nanocluster arrays with the
islands of various sizes and surface density. The (100) oriented wafers of n-Si with 7.5 and 20
Ohm-cm resistivity and diameter of 76 mm were used as substrates. In order to prepare
multilayer quantum dot systems with regular nanoisland distribution over the substrate
surface, we have proposed to use a system of Si;,Ge, intermediate layers with a sub-critical
thickness [5]. The Ge mole fraction x was gradually increased from layer to layer grown at
gradually decreasing substrate temperature started from 7,=500 °C. The growth process, in
particular the moment of the 2D—3D transition in the Stranski-Krastanov growth regime, was
controlled via RHEED (reflection high energy electron diffraction). To study the surface
morphology, atomic force microscopy (AFM) measurements were carried out using an Ntegra
AFM from NT-MDT with a closed loop scanner. Standard Si cantilevers with tips having a
half opening angle of 10° were employed as probes. The growth of each Si intermediate layer
was continued until a high-contrast Si(100)2x1 RHEED pattern was produced typical of clean
Si. Thus, the multilayer Ge-Si(100) nanocluster arrays were grown at the temperature
T:=500 °C.

The Stranski-Krastanow growth of Ge nanoislands on Si(001) surface is an intermediary
process characterized by both 2D WL and 3D island formation. Transition from the layer-by-
layer epitaxy to nanoisland structure growth occurs at a critical layer thickness which is
highly dependent on surface energies and lattice parameters. Germanium nanoclusters grown
on/in silicon or silicon dioxide have been successfully applied in new nanoelectronic,
optoelectronic and memory devices due to quantum confinement effect and possibility of
integration within Si-based technology.

Micro Raman scattering spectra of the investigated structures were recorded at room
temperature using automated Raman diffraction spectrometer T-64000 Horiba Jobin-Yvon
equipped with CCD detector. The line 488 nm of Ar-Kr laser of 3 mW was used for
excitation. Raman spectra were measured for the geometry z(x,y) - x, where axes x, y, z
correspond to [100], [010] and [001] crystallographic directions, correspondingly. Ohmic Au—
Si contacts of rectangular shape and dimensions of 4x1 mm were welded into epitaxial layers
at 370 °C for lateral photoconductivity measurements. The distance between contacts on the
sample surface was 5 mm. Current-voltage characteristics of the structures studied were found
to be linear in the range from —10 V to +10 V at temperatures between 50 and 290 K. Lateral
photoconductivity spectra were measured at excitation energies ranging from 0.48 to 1.7 eV
under illumination with a 250-W halogen lamp. The corresponding direct photocurrent signal
was registered by a standard amplification technique. Spectral dependences were normalized
to the constant number of exciting quanta using anonselective pyroelectric detector.
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Non-epitaxial Ge nanoislands which are separated from the substrate attract special
interest due to spatial separation of electron-hole pairs leading to reduction of recombination
rate. NI’s growth at the silicon surface covered with ultrathin silicon oxide layer is mainly
determined by the dynamics of changes of the SiOy film structure and physical properties
during Ge deposition and is principally possible at temperatures below ~400 °C, when the
formation of voids in ultrathin SiO, films is suppressed. Epitaxy at such low temperatures
puts some limitations on the crystallinity and structural perfection of the obtained
nanoclusters. Increasing of growth temperature up 430 °C allows to grow epitaxial crystalline
NI’s on silicon, while silicon oxide is destroyed due to thermal decomposition effect.

Results and discussion

Fig. 1a shows AFM image of the top layer of a typical sample with one layer of
nanoislands large scatter and significant in size. The figure shows that the surface contains
nanoislands size of the basics about 98 nm and a height of about 15 nm. The average surface
density of nanoislands is ~ 10'® cm™. Composition and values of elastic strains in investigated
Ge/Si heterostructures were estimated using Raman spectroscopy. Typical Raman spectrum
of Ge/Si heterostructure containing 5 layers of Ge quantum dots is given in fig. 1b. It contains
phonon bands corresponding to Ge-Ge, Si-Ge and Si-Si vibrations, which is typical for SiGe
heterostructures with nanoislands, which makes possible to estimate content and strain values
for Ge nanoislands [9]. Thus, Ge mole fraction and elastic strains in Ge nanoislands were
found to be x = 0.91 + 0.02 and, &,, = - 0.01, correspondingly.

The Si;xGey/Si heterostructures are refered to the second type, in which the potential
well for holes is in the valence band of Si;Gey (Fig. 2a). Energy diagram of the
heterojunction is primarily determined by the values of the band gap and electron affinity of
the contacting materials. In unstrained Si; 4Gey alloys the bandgap decreases monotonically
with increasing of Ge content. Fig. 2b shows the results of numerical calculations of the
energy spectra of holes in Si;Gey quantum wells with width of 2 nm for different Ge
contents. The analysis shows that the energy position of localized states with respect to top of
Si valence band increases nonlinearly with x due to the dependence of the effective mass of
holes from the strain values in this system. Deep potential well in the valence band favor to
accumulation of holes in Ge nanoislands in the wide temperature range. In the other word, the
Ge nanoislands can be considered as a giant traps for holes. Positive charge of trapped holes
induces downward band bending in the underlying p-Si substrate. Moreover, the band
bending expected to be larger in the region beneath of nanoisland base.
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Fig. 1. The AFM image of the surface of nanoislands Ge, grown by MBE at 500 ° C on the
surface of the substrate p-Si (001) (a) and Raman spectra (b) Si / Ge heterostructure
with nanoislands Si; 1Gey on the substrate p-Si (001) (sample 302.03.11).
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Analyzing the energy diagrams of Si; \Ge,/Si heterojunction we can conclude that the
photosensitivity range of these structures is determined by the position of the Fermi level in
the heterostructure, i.e. the concentration dopant in Si substrates and epitaxial films. Interband
optical transitions are realized in the presence of electrons in quantum-sized states of the
valence band nanoislands. For intraband transitions in the valence band, the Fermi level must
be below at least the ground state of nanoislands. Development of efficient optoelectronic
devices requires information on energy, oscillator strengths, and selection rules for interband
and intrabend transitions. Fluorescent measurements do not reflect all transitions possible in
heterogeneous in size and composition of deformations heterostructures. Opportunities of
absorption spectroscopy are severely limited by the fact that the passage of radiation through
nanoscale quantum dot layer is absorbed only by its small part (~ 10 - 10™). As a result, the
direct measurement of the absorption spectra of quantum dots is rather difficult task which
requires a very sensitive technique and long-time measurements. One of methods which
makes possible to study the absorption spectra in nanoscale semiconductor structures is an in-
plane photocurrent spectroscopy. The value of photoconductivity is proportional to the
number of photogenerated charge carriers, and thus the absorption coefficient. Photocurrent
spectroscopy is a direct, sensitive and relatively simple method of studying the shape of
optical absorption spectra and energy and interband transitions possible in heterostructures
with nanoscale objects.
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Fig. 2. Energy diagram of Si/Ge heterostructures with Ge nanoislands (a). The activation
energies for localized holes of SijxGeyx quantum wells with width of 2 nm and
different content of Ge (b).

Excitation of nonequilibrium charge carriers in Si/Ge heterostructures with Ge
nanoislands causes conductivity changes in the space charge region of p-Si transport channel.
Photoconductivity spectra (Fig. 3a) measured at excitation and steady temperatures 50-80-120
K contained two components. At hv > g, si (1.16 eV at 50 K), the main contribution to the
photoconductivity gives electron-hole pairs photoexcited in the substrate p-Si due to interband
transitions (see transition C in Fig. 2a).

In the spectral region where Si is transparent, photoconductivity originates from
interband electronic transitions involving localized states nanoislands Si;xGex. The
monopolar photoconductivity was observed in this case. Interband electronic transitions
between localized states of the valence band of SiGe nanoislands and delocalized states of the
conduction band of silicon surrounding can be observed in low-dimentional Si-Ge
heterostructures. The spectral range of interband transitions is determined by Ge contents of
QDs, strain values, and confinement energy for holes in the valence band [10]. Transitions A
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and B (Fig.2a) are possible if ground states are partially filled by electrons. These transitions
cause the appearance of nonequilibrium electrons in the Si spacer layers and WLs, which are
transport channel, while photoexcited holes are localized in Ge.
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Fig. 3. Photoconductivity spectra of Si / Ge heterostructure with nanoislands Si;.xGey on the
substrate p-Si (001).

Measurements of infrared photoconductivity in Ge-NC/SiO,/Si structures made it
possible to evaluate their electronic spectrum. The PC spectra measured at temperatures 50,
80, and 120 K (Fig.4) give information about energies of electronic transitions in Ge-
NC/SiO,/p-Si structure. The in-plane photocurrent in the range sv > ggsi is mainly originated
from band-to-band transitions in c¢-Si. For light excitations with photon energy below band
gap of Si hv < ggsi (egsi=1.17 eV at 77 K ), the electronic transitions from valence band to
conduction band of NCs give main contribution to PC. However, generation of photocurrent
in the range 0.8 < hv < ggsi for Ge-NC/Si0,/Si is also possible due to transitions between tails
of the density of states in the near-surface c-Si [11], the optical absorption spectra of which
are described by Urbach law. The electron transitions through the states of Ge-NC/SiO; and
Si/Si10; interfaces may also be observed, however their contribution to PC is expected to be
small due to high probability for recombination through interface state.
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Fig. 4. In-plane PC spectra of Ge-NC/SiO,/Si measured at 50 K, 80 K, and 120 K and HR-
TEM images of Ge NCs grown on silicon oxide.

The contribution of electron-hole pairs photoexcited in Si is observed, when the quanta
energy exceed the band gap value. In the spectral range v < 1.1 eV, in which ¢-Si is
transparent, interband indirect transitions take place via the states in the valence and
conduction bands of nanoclusters. Non-equilibrium carriers photoexcited in nanoclusters do
not contribute into carrier transport directly. In order to contribute into the lateral current, the
non-equilibrium electrons and holes should be spatially separated. As for Ge/Si
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heterojunctions, studied systems referred to type II, where strong confinement for holes in the
region of Ge nanoclusters occurs. In the studied heterostructures, electrons can tunnel through
the oxide SiOy film into the near-surface silicon region and make contribution into
conductivity. At the same time, non-equilibrium holes are localized in the valence band of Ge
nanoclusters, however, they can affect the potential relief in the near-surface region of Si
substrate, and hence, make an indirect effect on the system conductivity.

Thus, photoconductivity of the structures in the range of Si transparency is unipolar —
intrinsic absorption of light in nanoclusters leads to an increase of the electron concentration
in the Si potential well near the SiO4-Si interface and to an increase of the surface
conductance. In this case, the shape of lateral photoconductivity spectra reflects main features
of intrinsic absorption of light in nanoclusters. The edge of PC spectrum of the investigated
structures at hv>¢g, 1s described by the dependence typical for the indirect band

semiconductors:

a()=S(hv-g,) (1)

hy

where C is a constant, &,is the width of the optical band gap. At excitement with quanta

hv<g, the Urbach tail is observed due to the crystal structure disorder.
Photocurrent spectroscopy and X-ray diffraction demonstrate that the nanoclusters have the
local structure of body-centred-tetragonal Ge, which exhibit an optical adsorption edge at &,

= 0.48 eV. Taking into account quantum-size effect, this is in a good agreement with the
theoretical calculations of electronic and optical properties of bulk body-centered-tetragonal
Ge and Si, according to which the band gap width for the mentioned polytypes is 0.38 and
0.86 eV, respectively [12].

Influence of the localization of Ge atoms within the Si(001)(4%x2) surface layer on
semicore one-electron states. A number of parallel or sequential processes normally occur
as soon as a heterojunction between a germanium quantum dot and reconstructed
Si(001)(4x2) surface is formed [13, 14]. The most important of those processes is the
formation of >Ge—Ge< surface dimers on the top of a series of asymmetric >Si—Si< species
located on the buckled surface. Taking into account a similarity between Si and Ge covalent
radii (1.17 and 1.22 A, respectively [16]), a diffusion penetration of Ge atoms into the
crystalline substrate simultaneously with a displacement of an equivalent amount of Si atoms
towards the surface may take place. As the result, a formation of mixed >Si—Ge< surface
dimers is possible. Together with the thermal motion, those processes reduce the abruptness
of the Ge/Si heterojunction [17, 18] and hence deteriorate the robustness of corresponding
solid state electronic devices. Therefore, a reliable location of the Ge sites on the Ge/Si
interface between a germanium quantum dot and Si(001)(4x2) crystalline substrate presents
an important task.

For such molecular systems as solid-state adsorption complexes, the most precise and
exhausting information on the local environment of atoms can be extracted from
photoelectron spectra [13]. In particular, the latter can be adequately interpreted in terms of
the density of one-electron states over a wide energy range, as soon as corresponding
theoretical models are available [19, 20]. The interpretation of photoelectron spectra is
facilitated by their classification into three regions according to the binding energies of
electrons (E;) [19]. The first region (0 + 5 eV) includes a poorly resolvable and rather

complicated structure due to the electrons from valence molecular orbitals (MOs) that mainly
consist of the atomic orbitals (AOs) belonging to partially occupied electron subshells. The
structure of the second region (ca. 15 + 50 eV) is usually well resolved and can be associated
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with the linear combinations of semicore AOs originating from closed (sub)shells. The latter,
in contrast to valence AOs, in some cases can be combined to so-called internal MOs (IMOs)
[21, 22]. In the case of adsorption complexes, the formation of those IMOs can be monitored
by the exaggerated binding energies of adatoms. Finally, the lines belonging to the third
region of photoelectron spectra (> 50 eV) are almost solely associated with the core-shell
(deep-core) AOs that normally do not contribute to IMOs.

In this paper we report on the calculated densities of one-electron states for a number
of clusters with the same brutto formula Sig¢Ge,Hss. Thus, so-called cluster A (Fig. 5)
simulates a fragment of the Si(001)(4x2) relaxed surface with the >Ge—Ge< surface dimer
located over the series of >Si—Si< surface dimers. Clusters A1, A2, A3, and A4 correspond to
different localizations of Ge atoms within the subsurface region of the substrate.

Fig. 5. a — Configuration of the adsorption complex A (SigsHgs*Ge,) with a pure >Ge—Ge<
dimer on the top of a series of surface >Si—Si< dimers; b — Cluster Al; ¢ — Cluster A2;
d— Cluster A3; e — Cluster A4. Clusters A1+A4 are formed from Cluster A as the
result of a substitution of one or two surface Ge atoms by Si atoms of the substrate.

Calculations of the equilibrium geometry and electronic structure of these clusters
have been performed within the framework of Kohn-Sham density functional theory, using
hybrid B3LYP exchange-correlation functional [23-26] and 6-31 G** basis set. General
Atomic and Molecular Electronic Structure System (GAMESS) suite of programs [27] has
been employed.

We have shown in our previous study [28] that cluster A characterized by a pure >Ge—
Ge< surface dimer is the most stable, while total energies of clusters Al + A4 with either pure
>Si-Si< surface dimer (A2 and A3) or mixed >Si—Ge< one (Al and A4) are somewhat
higher. Therefore, the substitution of germanium atoms in a >Ge—Ge< dimer by one or two
substrate silicon atoms is an endothermic process (see Fig. 5 and Table 1).
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The density of one-electron states of the SigsHgsGe, cluster (Fig. 6) shows a bimodal
shape for 2s and 3s lines originating from the non-equivalency of Ge atoms within the
>Ge-Ge< surface dimer of the reconstructed Si(001)(4x2) surface, one of those Ge atoms
being in a so-called down-, and another in up-position [28].

Table 1. Calculated relative energies of Clusters A1+A4 and chemical shifts for the 3d;,
component of the Ge(3d ) line. Cluster A is taken as the reference (see Fig. 5).

Cluster Al A2 A3 A4
Relative energy, kcal/mol 1.83 5.15 2.72 5.11
Chemical shift, eV +0.12 -0.08 -0.07 +0.10
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Fig. 6. Density of the core one-electron states for Cluster A within the binding-energy ranges
of (a) 2s, (b) 2p, (¢) 3s, (d) 3p, and (e) 3d electrons of the Ge atom.
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Moreover, the intensities of 2p,, and 2p,, components are essentially the same, as
well as those of 3p,, and 3p,,, that contradicts theoretical expectations based on the

population of the corresponding levels (in contrast to the isolated Ge, molecule where those
expectations are justified). The Ge(3d) line deviates from the bimodal shape and, to a certain
extent, keeps the shape motif of the corresponding line of Ge, molecule. It is important to
note that not only the IMO formation but also the abovementioned non-equivalence of Ge
atoms within the >Ge—Ge< surface dimer sophisticates the shape of the Ge(3d) line. That
might indirectly confirm the presence of Ge, molecules within the adsorption phase of the
Si(001)(4x2) surface, despite the calculated Ge-Ge bond lengths are 2.16 A and 2.21 A in the
>Ge—Ge< surface dimer and in the isolated Ge, molecule, respectively.

Analysis of the deep-core and semicore-electron densities of states within the energy
ranges of germanium ls, 2s, 2p, 3s, 3p, and 3d levels indicates the position of 3d level to be
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the most sensitive one with respect to the mutual arrangement of Ge and Si atoms within all
the clusters under consideration.
Calculated energy shifts of the spin-orbit component 3d;, in Clusters Al1+A4 relative its

position in Cluster A (Table 1) shows that the migration of germanium atoms from the
>Ge-Ge< surface cluster into the bulk substrate increases the absolute values of 3d binding
energies for Clusters Al and A4 (one Ge atom is within the mixed >Si—Ge< surface dimer,
and another is in the bulk), but decreases them for Clusters A2 and A3 (pure >Si—Si< surface
dimer and both germanium atoms are in the bulk). Such an effect is less pronounced in the
latter case.

According to the scheme accepted, a binding energy of a semicore electron is
determined by two factors: (i) formal oxidation state of an atom which can be identified with
its formal charge, and (ii) relative donor-acceptor properties of this atom as well as those of
its neighbors.

Two germanium atoms (Nos. 181 and 182) (fig. 5) entering the >Ge—Ge< dimer in
Cluster A are charged negatively, while the sum of charges on their neighbors is positive. In
Cluster A1, Ge(46) atom is embedded into the substrate, and its negative charge increases to -
0.081 atomic units (a. u.) (that of Ge(182)) amounts to -0.065 a. u.), while the positive sum of
charges on the neighboring atoms (0.074 and 0.118 a. u. for Ge(46) and Ge(182),
respectively) increases as well comparing to Cluster A. As the result, a positive chemical shift
of the semicore-electron binding energy relative Cluster A is observed.

Cluster A2 contains Ge(46) and Ge(62) atoms within the crystalline substrate, whose
charges are -0.023 and -0.010 a. u., respectively, while the sum of charges on neighboring
atoms is also positive, but significantly smaller than that for Cluster A. According to the
electrostatic potential approximation, that leads to a negative chemical shift, as one could
expect.

The situation seems to be more complicated for Cluster A3 because of an invariance of
the charge on Ge(46) comparing to Cluster A, and a decrease of the negative charge on
Ge(63) to -0.006 a.u. Together with a negative sum of charges on neighboring atoms, these
circumstances enhance the role donor-acceptor properties of surrounding silicon atoms and
thus explain the negative chemical shift.

In Cluster A4 Ge atoms are directly bonded to each other, while one of them Ge(181)
enters >Si—Ge< mixed dimer and another Ge(46) is located within the crystalline substrate.
The charge of the latter atom amounts to -0.118 a. u., and the sum of charges on its neighbors
is +0.116 a. u. Such a charge distribution (similar to that of Cluster A1) results in a positive

3d,, chemical shift of the Ge(3d) line.
Conclusions

The mechanism of photoconductivity in the Ge/Si generally, which are referred to the
second type heterostructures, depends on quantum energy of exciting illumination. The lateral
photoconductivity observed in the range 0.63 — 1.0 eV below fundamental absorption edge of
c-Si was caused by interband transitions from the ground state of a Ge nanoislands to the
conduction band of a silicon surrounding. Photoexcited holes was found to be localized in Ge
nanoislands, while photoelectrons are supposed to be free in the conduction band of Si giving
contribution to the monopolar photoconductivity. In the case of excitation of Ge/Si0,/Si
structures an interband transitions in Ge create localized holes in Ge directly, leading to
optically-induced spatial redistribution of trapped positive charges between SiO,/Si interface
levels and localized states of Ge-NCs, which enhance variation of electrostatic potential in
underlying Si and, therefore, decay of surface conductivity under stationary photoexcitation.
Observed results demonstrate that hole trapping by Ge-NCs and interface states have a
significant effect on in-plane transport in the Ge-NCs/Si0,/Si structures.
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The comparison semicore-level energy shifts for adsorption complexes simulated by a series
of clusters with the same brutto formula SigsGe,Hs, but different arrangements of germanium atoms
within the surface layer and bulk with a similar spectrum of the Ge, molecule has led us to the
following conclusions:

(1) Atomic orbitals from the closed d shell of germanium atom contribute to internal
molecular orbitals that are responsible for a high binding energy of the >Ge—Ge< surface dimer.

(11) For SigsGe,Hg4 clusters containing one germanium atom embedded in a crystalline
silicon substrate, a 3d,,, chemical shift of the Ge(3d ) line is positive (i. e., the binding energy

of the corresponding electrons is higher comparing to that in the cluster containing >Ge—-Ge<
surface dimer). For clusters with both germanium atoms embedded in a substrate, such a
chemical shift is negative.
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MMPOCTOPOBHH PO3MOJILT EJEKTPOH-IIPKOBUX ITAP
B Si/Ge TETEPOCTPYKTYPAX

B.C. JIucenko, C.B. Kongparenko, €.€. Me1bHNYYK,
M.I. Tepebincbka, O.1. Tkauyk, F0.M. Ko3upes, B.B. Jlo6anos

lecmumym @izuku naninposionuxie Hayionanenoi axademii Hayk Yrpainu,
npocn. Hayxku, 41, Kuis, 03028, Ykpaina
Kuiscoruii HayioHanvhul yHieepcumem imeni Tapaca Lllesuenka, éyn. Toncmoeo,
12, , m. Kuis, 01033, Ykpaina
3IHcmumym ximii nosepxui im. O.0. Yytika Hayionanvhoi akademii nayk Yxpainu,
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina

bynu oocniosiceni ghomoeenepayin i mpancnopm HepiBHOBANCHUX HOCII8 3apsady |
BU3HAYEHULl MeXaHi3Mpomogionoeidi 6 Hanienposionukosux SiGe/Si i SiGe/SiO,/Sip-
2emepocmpykmypax 3 HAHOOCMPIGYAMU. 3pazku OYIU BUPOUEHI MemoOOM MOJEK)ISPHO-
npomenesoi enimaxcii. Y pobomi y3zacanvheHni pezyiomamu O00CAIONCEHb MOPOONOSIUHUX,
CMPYKMYPHUX,  ONMUYHUX MA  eNeKMPUYHUX  BIACTNIUBOCMEl  2emepoCmpYKmyp 3
HAHOPO3IMIPHUMU 00'€EKMamu — K6AHMOBUMU MOYKAMU | Keanmosumu amamu. Ilokazano, wo
gomonposionicme  nHanocemepocmpykmypu SiGe/Si 6 ingpauepsonomy Oianazoni 8
3a1eHCHOCMI 8I0 KOMNOHEHMHO20 CKIAJY, PO3MIDI6 | 8eIuyUHU MEXAHIUHUX HANPYIICEHb 8
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Hanoocmpisyie SijGe, SUIHAYAEMbCA MINCIOHHUMU [ SHYMPIZOHHUMU Nepexooamu 3d
yuacmio J0Kanizo8aHux cmauié eanrenmuoi 30Hu Ge Hamoposmipuux o6'ekmis. bynu
ecmanosieni egpekmu  omo- 00820CMPOK06020 po3nady i ONMUYHO20 3AMYXAHHSA
npogionocmi 6 SiGe/SiO./n-Si eemepocmpykmyp 3 SiGe nHanokiacmepamu, siKi GUKIUKAHI
3MIHAMU ~ eNeKMPOCMAMUYHO20 NOMEeHYIany 6 Npunoeepxuesiu 30Hi p-Si NiOKNIAOKU i
ONMUYHO-IHOYKOBAHO20 NPOCMOPOBO20 NEPEPO3NOOLNY 3AXONNEHUX NOZUMUBHUX 3aAPA0I68 MIdHC
pisHamu medxci po3oiny SiO»/Si i noxkanizoeanux cmanie Ge HaHOOCMPIBYiS.

bynu eusueni aocopbyitini komniekcu eepmaniro Ha pexoncmpyuosaniu epani Si (001)
(4%x2) na npuknaoi knacmepa SigsGerHsy. [na amomie Ge, 10Kaniz08anux 8 npUno8epxHesomy
wapi kiacmepa, pezyiomamu po3paxyukie memooom T@I (BILYP, 6-31G**) nonosicenns ix
3d-ocmosnux pisHié cgiouums npo Kopeaayito midc ximiunum 3cyeom Ge (3d) i ximiunum
OMOYEHHAM AMOMIE 2EPMAHIIO.

IIPOCTPAHCTBEHHOE PACHPE/JEJIEHUE 3/IEKTPOH-/[BIPOYHBIX IIAP
B Si/Ge 'TETEPOCTPYKTYPAX

B.C. JIvicenko, C.B. Konopamenko, E.E. Menvnuuyk,
M.H. Tepebunckas, O.U. Tkauyk, I0.H. Ko3vipes, B.B. /looanos

" Hnemumym @usuxu nonynposoonuxos Hayuonansroii akademuu nayk Ykpauni,
npocn. Hayku, 41, Kues, 03028, Ykpauna
?Kuuscokuii HayuonanbHwlii yHusepcumem umenu Tapaca [llesuenko,
ya. Toncmoeo, 12, 2.. Kues, 01033, Yxpauna
3HHcmumym xumuu nosepxnocmu um. A.A. Yyiiko Hayuonanvroti akademuu nayx Yxpaunul,
yn. I'enepana Haymoesa, 17, Kues, 03164, Ykpauna

Boinu  uccnedosanvi ghomocenepayus u mpawcnopm HepaGHOBECHBIX Hocumenel
3apaoa u onpeoeieH MexaHum GomonpoeoouMocmu 6 noaynposoonuxosvix SiGe/Si u
SiGe/SiO,/Sip-eemepocmpykmypax ¢ Hanoocmposkamu. Cmpykmypul Obliu  8blpaujeHsl
MEMOOOM  MONEKVIAPHO-IyYeol  snumaxcuu. B pabome o0bobwenvt  pesyrvbmamol
UCCNe008aHUU MOPDONO2UYECKUX, CMPYKMYPHBIX, ONMUYECKUX U INEKMPUUECKUX CBOUCE
2emepoCcmpyKmyp ¢ HAHOPA3ZMEPHLIMU 00BEKMAMU — K8AHMOBLIMU MOYKAMU U KEAHMOBbIMU
amamu. Ilokaszano, umo  ¢omonposooumocms  Hanocemepocmpykmypol  SiGe/Si 6
UH@paKpacHom OuanazoHe 6 3aBUCUMOCHU OM KOMHOHEHMHO20 COCMA8d, pA3mMepos U
BEUYUHbI  MEXAHUYeCKUX Hanpsaxcenui 6 Hanoocmpoekax SijGe, onpedensemcs
MEJIC30HHbIMU U GHYMPUSOHHBIMU NEPexo0amu ¢ yYyacmuem JOKATUZ0B8AHHbIX COCMOSHULL
sanenmuou 3oubl Ge HanopasmepHuix 00vexmos. buviiu ycmanosenenvr 3¢pghexmor pomo
007120CPOUHO20 pacnaoa u onmuyeckoeo 3amyxauus nposooumocmu & SiGe/SiOy/n-Si
eemepocmpykmyp ¢ SiGe  HaHoKnlacmepamu, KOMOpvle — BbI36AHbLI  USMEHEHUAMU
INEKMPOCAMULECKO20 NOMEHYUANd 6 NPUNOBEPXHOCMHOU 30He p-Si NOONONCKU U
onmu4ecky UHOYYUPOBAHHO20 NPOCMPAHCMBEHHO20 Nepepacnpeoeietus 3ax6a4eHHbIX
NOJLONCUMENLHBIX 3aPS008 MedcOy YposHaMuU epanuysl pazoena SiO/Si u 10Kanu308aHHbIX
cocmosinuti Ge HaHOOCMPOBKOE.

Bvinu uzyuenvt adcopbyuontvie KOMNIEKCbl 2ePMAHUSL HA PEKOHCIPYUPOBAHHOU 2PAHU
Si(001)(4%2) na npumepe xnacmepa SiosGe:Hsy. [na amomose Ge, 10Kanu308auHbIX 6
NPUNOBEPXHOCMHOM Clloe Klacmepa, pe3yivmamvl pacuemos memooom TDIT (B3LYP,
6-31G**) nonoxcenus ux 3d-ocmoeuvix yposHell ceudemenbcmeyenm 0 KOppeisyuu mexncoy
xumuueckum cosueom Ge(3d) u xumuueckum oKpysHceHuem amomos 2epmManusl.

296



