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Electronic properties of the Ge strained layers (3 mono layers from 24 atoms on the cell) on (001) S film (2
mono layers from 16 atoms on the cell) and the set of Ge pyramidal idands (3 mono layers from 7 atoms on the cell)
on S film are invedtigated by our computer program package based on the density functional theory and
psevdopotential to obtain quantum — mechanical ground state electronic configuration. These atom systems are
participants of the process of the conversion from the 2D epitaxial growth of the strained heterostructures to the 3D
nano idands growth. As aresult studies it was appeared significant space localization of the el ectronic density in the
Ge idands as compared with the Ge continuous strained film. So the facts are as follows the trace of electronic
density is till observed on the distance of 3,6 A from the surface of the Ge film wheress this distance from the Ge
idandstop isonly 2,4 A. Asfor the electronic energy spectrum for the set of Ge islands on Si film the valence bands

overlap and their top fdls.
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I ntr oduction

One of the efficient directions of the shaping of the
nanostructures are the using the self organized growing
islands in process of the molecular beam epitaxy of the
strained heterostructures in accordance with the
Stranski — Kragtanow mechanism. The physical essence
of this shaping of the nanostructures is concluded in
reduction of the strain energy when turning from the two-
dimensional layer growing to the three-dimensional
isand growing. So, growing of the germanium film on
silicon is accompanied the appearance eagtic
deformations which appear because of mismatch ther
lattice constants. These atom systems are participants of
the process of the spontaneous conversion from the 2D
layer epitaxial growth of the strained heterostructures to
the 3D nanoidands growth. In large many cases in the
literature data is considered mechanism of three-
dimensional idand nuclestion and relaxation of strained
two-dimensional layers in heteroepitaxy of germanium
on sdilicon, which accompanies spontaneous isand
growth [1,2] while theoretical studies of electronic
properties such structures are absent practically. Aims of
our work are efficient investigation properties of noted
above atomic systems by means of a first principles
description of electronic structure. For this objective
theory of functional of electron density and an ab initio
norm-conserving pseudopotential within the framework
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of algorithm of quantum-mechanical molecular dynamics
were used.

|. Calculation method and results

Caculations for these atomic systems were
performed within the local density approximation. The
electron-ion interaction has been modeled by ab initio
norm-conserving pseudopotential.  The ground state
electronic and atomic structures and its energy were
obtained by “dynamical simulated anneding” (the Car-
Parrinello method — the CP method) [3]. For the
calculation the superlattice geometry was chosen. The
trandlate symmetry was required for simplify mathematic
expression. The atomic basis of the primitive tetragonal
unit cell of the superlattice reflected features of the
investigating system. It comprised from 8 atoms to 66
atoms of silicon and/or germanium depending on the
investigating system. The calculation algorithm means
using of atomic basis which certainly can to have inverse
symmetry. The location of atoms simulated Si crystal (8
atoms in atomic basis), Ge crystal (8 atoms in atomic
basis), Si(4 layers)/Ge(4 layers) heterostructures (Ge
dtrained layers) (64 atoms in atomic basis), Si(2
layers)/Ge(6 layers) heterostructures (Ge strained layers)
(64 atoms in atomic basis), Si(2 layers)/Ge(3 layers) film
with free Ge (001) surface (Ge strained layers) (64 atoms
in aomic basis) , the set of Ge pyramidal idands (3
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Fig. 1. Amount of eectronic states, which account
for valent and forbidden zone in T'—point of
Brillouin zone (energy is expressed in eV).

layersin “hut” - islands and 1 buffer strained layer) on
Si (001) film (2 layers) (46 atomsin atomic basis) or the
set of Ge pyramidal idands (3 layersin “hut” - idands on
Si (001) film (2 layers) (30 atomsin atomic basis).

Using the author program code [4], the performances
of the basic state of atomic systems for center of
Brillouin zone have been received under on such variants
of requirements of experiment: (1) number of plane
waves in decomposition of the complete wave function
of system has made from 20 to 160 plane waves on a
atom depending on sze of the atomic basis, value of
fictitious mass for the orbitals dynamics — 300 atomic
unities, a time step in algorithm of the molecular
dynamics — 2 atomic unities, number of iterations of the
self-coordination — 20; starting conditions for e ectronic
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Fig.2. The (110) section of the space valence
electron density distribution: (a) for bulk silicon; (b)
for bulk germanium; (0 for
S (4 layers)/Ge (4 layers)  heterostructures  (Ge
dtrained layers); (d) for S (2 layers)/Ge (6 layers)
heterostructures (Ge strained layers); (e) for
Si (2 layers)/Ge (3 layers) film with free Ge (001)
surface (Ge strained layers); (f) for the set of Ge
pyramidal idands (3 layersin “hut” —islands) on Si
(001) film (2 layers); (g) for the set of Ge pyramidal
idands (3 layers in “hut” - idands and 1 buffer
strained layer) on Si (001) film (2 layers).
orbitals were defined by random values of coefficientsin
decomposition of the lowest states and zero vel ocities of
their change; interaction of valence electrons with an ion
of a atom core was caculated with the help of
Hartwigsen, Goedecker, Hutter ionic pseudopotential
from first principles which took into account
contributions s-, p-, d- orbitals [5]; (2) under other
identical requirements, starting conditions for electronic
orbitals  were  defined Hamiltonian matrix
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Fig.3. The gpace valence dectron densty
distribution for the atomic composite of the set of
Ge pyramidal idands (3 layers in “hut” - idands
and 1 buffer strained layer) on S (001) film (2
layers) ( density from 0.1 to 0.2 from of the
maximum value). It is seen what disappear the area
to eectronic density responsible for interaction,
when increase the parameter of the lattice.
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diagonalization, which has consisted from functional of a
kinetic energy and the Bachdet — Hamann - Schluter
ionic pseudopotential  which took into account
contributions s, p-, d- orbitals [6] and have been
screened by the didectric function in Thomas-Fermi
approximation.

For observation of transformation of electron density
at change of dimensionality and atomic composition of
investigated objects on fig. 2, 3 sections of a gpatid
distribution of electron density are given. Brought results
were received without optimization of the coordinates of
atoms that is to say coordinates had importance
according to dipulated above atomic basis. The
optimized coordinates got by method of molecular
dynamics, small differed from source.

Inspection of the maps of valence eectron density
distributions allowed to definite the principal properties
of the electronic structure of this atomic composite. As a
result studies it was appeared significant space
localization of the dectronic dendty in the Ge idands as
compared with the Ge continuous strained film (Fig.2. e,
f, g). So the facts are as follows the trace of eectronic
density is still observed on the distance of 3,6 A from the
surface of the Ge film whereas this distance from the Ge
islands top is only 2,4 A. On drawing Fig.3 it is seen
what disappear the area to electronic density responsible
for interaction, when increase the parameter of the lattice
(that is to say increases vacuum gap between films in
supperlattice).

On drawing fig. 1 it are shown eectronic states,
which account for valent and forbidden zonein I — point
of Brillouin zone. So, for the set of Geidandson S film
it is characteristic of essential change to location of the
allowed eectronic states. As follows it appeared much
separated states, herewith, the whole set of the states fell
on energy.

Conclusions

Electronic properties of the Ge strained layers on
(001) S film and the set of Ge pyramidal idands on S
film are investigated by our computer program package
based on the density functiond theory and
psevdopotential. It was appeared significant space
localization of the dectronic dendity in the Ge idands as
compared with the Ge continuous strained film. For the
set of Geidandson S filmit is characterigtic of essential
change to location of the alowed eectronic states, as
follows it appeared much separated states.

banabain P.M. — xaununat (i3uMKo-MaTeMaTUdHUX HayK,
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MEearoriyHOr0 YHIBEPCUTETY;

Paobuukos /].B. — acipant Katenpu hizukn
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P.M. bana6aii, /I.B. Ps6unkoB

Po3paxyHok i3 mepmux NpUHIMIIIB €JIEKTPOHHOI CTPYKTYPH HANPY:KEHHX
mapiB Ge ra macuBy octpoBkiB Ge Ha miaisumi (001) S

Kpusopizvruii depoicagnuii nedazoeiunuii ynisepcumen, kageopa izuxu,
np. Tazcapina 54, m. Kpusuii Piz, 50086, oks pol @cabl etv.dp.ua

Jlocmi/pKeHi eIeKTPOHHI BIIACTHBOCTI HanpyxeHux mapiB Ge (3 MoHO Imapy i3 24 aToMIB Ha eJeMEHTapHy
xomipky) Ha miiBni (001) S (2 moHo mapu i3 16 aroMmiB Ha eneMeHTapHy KOMipKy) Ta MacuB IipaMifaibHUX
octpoBkiB Ge (3 MoHO mapy i3 7 aroMiB Ha eneMeHTapHy KoMipky) Ha rwiBni (001) Si aBTOpCHKUM MakeToM
KOMII' FOTEpHUX IIPOrpaM, L0 OCHOBaHi Ha Teopil (YHKLIOHaly €JIEeKTPOHHOI I'yCTMHM Ta IICEBJIONOTEHIialy i
JIO3BOJISIIOTH OTPUMATH OCHOBHMH CTaH €JEeKTpOHHOI migcucreMu. LI aToOMHI cuCTeMM SBIISIOTBHCS y4acHUKaMU
npouecy mnepexony Bix 2D emiTakcianbHOrO POCTYy MEXaHIYHO HANpPYXKEHHX TIeTepocTpykTyp no 3D pocry
HAHOOCTPIBILIB. B pe3ynbrari nociimkens Oyilo BCTAHOBIICHA CYTTEBA POCTOPOBA JIOKAJIi3allisl 3apAI0BOl I'yCTHHU B
Ge ocTpoBKax y OPiBHSHHI 3 HENIEPEPBHUMH HaNpyKeHHMU 1iBkamu Ge. Bona nposiisiiacss B TOMY, 110 3aJIMIIKK
€JIEKTPOHHOI T'YCTHHHM ILle CIIOCTepiranucs Ha Bijacrahi 3,6 A Big noBepxHi mriBkn Ge, Toni AK LS BiACTaHb Bix
BepinH Ge octpiuip Gyna Tinbku 2,4 A. CTOCOBHO eHEPreTHYHOro CEKTPa eeKTPOHIB Y MACHBi OCTPOBKiB G€ Ha
IWIBLI S, CIOCTepiracThesi MEPEKPUTTS BAJICHTHUX 30H T 3HIDKSHHS X BEPIIH.
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