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Ge nanocluster systems on SO, are paid much interest of scientists today as far as introduction of
an insulting SO, layer can modify essentially the electrical properties of well examned Ge on S
structures making such systems prospective in the view of their possible application to new nanoelectronic
devices such as memory cells, solar elements, and infrared photodetectors. A possibility of epitaxial
formation of S and Ge nanoclusters on initially amorphous silicon oxide layer is considered. The effect of
such a layer on the density and uniformity distribution of the self-assembled Ge nanoclusters formed in
molecular-beam epitaxy chamber "Katun" on SO, (x<2) and their optoelectronic properties, in
particular lateral photoconductivity and photo-emf, has been investigated.

2 . . .
EXPERIMENTAL SAMPLES cihe Sambios 6o nemusore e rge: aoout
AND EPITAXIAL FORMATION 20 nm in height and 150 nm in the basis with the
The experimental samples with Ge nanoclusters density distribution over the substrate surfacgingr
were prepared by molecular-beam epitaxy (MBE) on from 1 to 10" cni® depending on the parameters of
initially amorphous silicon oxide layer. At firshet epitaxial growth. These nanoclusters revealed no
substrate was chemically cleaned, when the naturalfacets and seemed to be amorphous or
oxide layer was removed from the surface and a thin polycrystalline.
passivating oxide layer of the thickness 1-2 nm was
formed. The substrate was thermically cleanedeat th
temperature 80Q” in the MBE chamber under the
conditions of super high vacuum (Z1Rs). Then the
germanium flux was directed to the surface at the
temperature 700-75C° The surface reconstructions
were controlled by RHEED for all the stages of Ge
nanoisland formation [3]. At first diffusion
background with central reflex and Cicucci lines
was observed corresponding to amorphous, SiO
layer. When first reflexes appeared, it testifilalt t
the formation of three-dimensional nuclei of
nanoclusters started. As further Ge exposition went
on, the order of reflexes increased testifying Gat
nanocluster grew larger. Then the main difference
of Ge on SiQfrom the case of Si epitaxy on Si®
that no nanoisland facets were formed and they did Fig. 1. Epitaxial formation of Si nanoclustera)(anc
not grow together making a continuous G_e nanoclustersb) on initially amorphou
monocrystalline film Si (100) like that in the caxfe Si(100) surface
Si superstructure 1) [3]. The formation of Ge nanoclusters on SiO
Ge nanoclusters were about 1-2 nm in height differs from traditional heteroepitaxial growth@é
and 10-20 nm in the basis for the initial staginei guantum dots on Si (100) by Stranski-Krastanow
formation with a low distribution density about mechanism where elastic deformation between Si

* corresponding authdwozyrev@iop.kiev.ua
XOTI12011. T.2. Ne 4 399



Yu. Kozyrev, M. Rubezhanska, N. Storozhuk, S. Kondratenko

and Ge plays the key role in nanocluster formation concentration may essentially influence on
[4], or epitaxial growth of Si nanoclusters on SiO deformation relaxation. The effect of H is not clea
[3], which seem to show monocrystalline features: The monocrystalline epitaxial growth may occur in
{113} side facets with characteristic angles of@bo  certain local positions, but since their relative
25° and top (100) terraces that correspond to Si orientation is random, Ge nanoclusters can be
(100) epitaxial formation, despite the presence of polycrystalline or amorphous and are almost

initially amorphous oxide layer.

It is interesting, whether Sintermediate layer
really remains, after the substrate surface was
thermically cleaned heated to the temperature
750%C. To discover this question, we tried Auger-
spectroscopy of the silicon substrate covered with
passivating silicon oxide layer (2-5nm) after
chemical cleaning before heating and after the
heating at 900 °C during one hour. We can see that
the peak corresponding to SiGemains at the
surface after the heating showing the presence of a
thin SiQGlayer of the thickness about 1-2 nm.

To understand the growth mechanism of Ge
nanoislands on SiQ let us consider at first Si
epitaxy on SiQfilm. We suppose that the processes
on the surface can be described by the following
reactions [3]. In this case the surface cleanirgsgo
by liftoff the fragment SiO from the surface at
1<x<2: SiQ.+ Si - SiO,;+ SiOr or the chemical
heterogeneity can be healed by incorporation of Si
atom into the silicon oxide lattice akkx<2: SiQ.+
Si - 2SiOy.. In such a way, the centres of silicon
nanocluster crystallization are created on the
surface. It happens that the $SiOGxide layer is
depleted from both sides — from the substrate side
due to diffusion of O up and from above one due to
reaction between oxygen and incoming Si atoms.

In the case of Ge epitaxy on $tfe situation is
quite different;: we have two lattices — Si and Ge
leading to deformation between them. Oxygen

atoms make the surface even more inhomogeneous.

But we can also consider the same reactions at the
surface: the surface cleaning goes by liftoff a
fragment GeO or SiO from the surface or
incorporation of Ge atoms into the lattice occurs:
SIiO, + Ge - SiGeQ. Due to elastic deformation
between Si and Ge, the surface is very
inhomogeneous. The incoming Ge atoms migrate
by the surface occupying the places corresponding
to minimum of the total surface energy. At the
initial stages, nanoclusters can be formed lodajly
Volmer-Weber growth mode, when the wetting
SiGe layer was not yet formed, and then the growth
goes by Stranski-Krastanow mode, since a lattice
mismatch exists between SiGe@nd Ge. The
presence of oxygen even of a very little
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hemispherical.
PHOTOELECTRONIC PROPERTIES

The question is how the additional intermediate
SiO, layer affects photoelectrical properties of Ge
nanocluster structures, in particular lateral
photoconductivity. To answer this question, we
studied photoconductivity spectra of
heterostructures with Ge nanoclusters of different
morphology, in particular nanocluster size and
distribution density.

The structures with different morphology of Ge
nanoislands appeared to show different
photosensitivity values [5]. It was revealed that a
the room temperature the lateral photocurrenten th
range hv>1.05eV for the samples with little
number of Ge nanoislands on $i©® similar to the
spectrum obtained for the structures with crystalli
Ge quantum dots on Si (Fig. 2). At the same time,
for the sample with large number of Ge nanoislands
an essential drop of photocurrent was observed in
the range hv>1.05¢V and a photocurrent
generation in the range of smaller quanta energy
hv 10.55¢eV where crystalline Si is transparent.

Photocurrent (arb.un.}

12 14 16 18
hv (V)
Fig. 2. Spectral dependences of lateral photocandtyc
of Ge-SiQ-Si heterostuctures with differer
density distribution of the nanoislands at R90

and U =5 V{10 cm?(a); (10° cm? (b)

Even more pronounced difference in the
photocurrent was observed for the samples
measured at 77 K (Fig. 3). In the structure A with
litte number of Ge nanoislands, the lateral
photocurrent was observed starting from
hv > 0.8eV. In contrast, the structure B with large
number of Ge nanoislands showed essential
photosensitivity for quanta energy 085 where
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crystalline silicon is transparent. Thus, the
absorption edge appeared to be shifter
corresponding to 0.55 eV while the band gap
energy of crystalline Ge is of 0.6Y [6].
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Fig. 3. Spectral dependences of lat
photoconductivity of Ge-SiESi

heterostructures with different distribomi
density of the nanoislands at K7and U=5 V:

M cm?(a); (10 cm? (b) .. . .
So, ngo(g ervedcmesg&ntlal difference in

photosensitivity of the two structures that difiier
the number of Ge nanoislands or in the total
surface covered by Ge nanoislands. This effect is
much more pronounced at low temperature. This
suggests that Ge nanoislands makes this effect.
And we should consider the influence of them, in
particular, on transitions involving localized st
in the nanoislands.

We suppose that Ge nanoislands, both
amorphous or polycrystalline, are centres capturing
holes as far as traditional (Ge on Si) ones are

considered to be the second type heterostructures

[7]. The positive charge value captured by one
nanoisland is proportional to its capacity.
Consequently, the larger are islands, the larger
charge they capture. The electric field created by
this positive charge of the nanoislands separated
from p-type Si substrate by a thin {iCayer
depletes the surface layer of p-Si and influences

essentially the recombination processes and carrier

transport as well as lateral photoconductivityhia t
randehis> kr@fel. that absorption coefficient in

amorphous semiconductors is several orders higher

than that in the same crystalline materials, asiar
phononless direct transitions become possible in
amorphous disordered material [8]. If we consider
amorphous Ge for quantum energy &5 the
absorption coefficient isa=10°cm®, and for
hv=1.2¢V a~10cm™ what is several orders
higher than those in crystalline Si and Ge [7]. 80,
appears that a very thin amorphous Ge layer of the
thickness about 15 nm may absorb up to 10 % of
light in the range 0.5-14Y, where crystalline Si is
transparent. This fact explains the difference in
photocurrent values for two structures we
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for two structures we considered. All the absormptio
goes in Ge nanoislands themselves.

So we should consider transitions in the
nanoislands. The carriers in the nanoislands are
localized and cannot participate in the carrier
transport. To contribute to the photocurrent, a
thermical generation is required with further
tunneling to the near-surface Si layer via,J&yer.

In such a way, for lower energies we consider
transitions from localized states of Ge nanoislands
and we have extrinsic photoconductivity. For higher
energieshv > 1.05V we consider interband
trangitithis. situation it is very important that these
nanoislands are amorphous. When we consider an
amorphous material, instead of the energy gap in
crystalline material there will be a quasigap, wher
the density of states is not zero and there are no
sharp edges of the bands. The states in the gpasiga
are believed to be localized. As the temperature
decreases, the Fermi level is shifted in the daect
of the valence band of Si, leading to the
corresponding shift of the low-energy edge of the
photoconductivity spectrum to IR range. Doing so,
the Fermi level passes through the area of higher
density of states. As a result, the photocurrelueva
increases. This explains why the low-energy edge of
photocurrent spectrum is shifted to lower
temperatures, as the temperature of measurement
decteaaddition, the photo-emf efficiency seems to
depend essentially on Ge nanocluster density
distribution and the presence of Si@yer that
causes noticeable increase in the photo-emf
efficiency for several structures with Ge NCs on
SiO [9]. A nature of this effect can be attributed to
formation of confined states at the interface of
isolating SiQlayerthat are capture centres for holes
and electrons reducing recombination rate. This
assumption is confirmed by the observation of a
hysteresis of voltage-capacitance characteristics
measured in such structures.

CONCLUSIONS

Formation mechanism of epitaxial
heterotructures with Ge nanoislands on ,Sidn
and their optical properties have been investigated
It has been revealed that Ge on ,Si@anoisland
structures shows higher photoresponce in the mid-
IR range as compared to that of Ge/Si
heterostructures. Increasing of surface densiGeof
nanoislands leads to increasing of photovoltage and
photocurrent signal in the IR range. We suppose
that accumulation of charge carriers by nanoislands
shows an effect on surface potential fluctuatioth an
photosensitivity value. In such a way, the
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value. In such a way, the introduction of a superth Appl_ication_s / Eds. A.P.Shpak, P.P.Gorbyk.—
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nanoelectronic devices or improve their efficiency. Effect of Ge nanoislands on lateral
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Oco0/1uBOCTI (pOTO-epc HAHOKJIACTePHUX CTPYKTYp Ge,
YTBOpPEHHX HA OKCH/I0OBaHiii moBepxHi S

1O.M. Kozupes, M.IO. Pybexxancska, C.B. Konaparenko, H.I1. Ctopoxyk

Tuemumym ximii nogepxui im. O.0. Yyiika Hayionanvhoi akademii nayx Yxpainu
eyn. l'enepana Haymosa, 17, Kuis, 03164, Vkpaina, kozyrev@iop.kiev.ua
Kuiscokuti nayionanvnuii ynisepcumem imeni Tapaca [lesuenka, Qizuunuii ghaxynrvmem
npocn. Axademixa I'nywxosa, 2, Kuis, 03127, Vrpaina

Hocniooceno ennue nepgicno amopgrnozo wapy SO, na mopgorozito ma onmoerekmponni 61acmugoCcmi cuc-
mem nanoxaacmepie S ma Ge, 0oeprcanux mMemooom MOAEKYIAPHO-NPoMeresoi enimakcii. 3anpononosano mexa-
HI3M POPMYBAHHS HAHOKIACMEDPIE NPU 3AEMOOL] HAOKPUMUYHUX NOMOKI@ 2EPMAHIIO Yl KPEMHIIO 3 NePBICHO amMopg-
HOI NOBEPXHEIO, AKULL OA3VEMbCA HA 3AAIKOSY8ANHI XIMIUHOI HeoOHopioHocmi ma 66ydosysanni amomie S ¢ SOy, a
MAKONHC GUHUKHEHHI HANPYICEHb GHACTIOOK HeGION0GIOHOCME CIANUX 2pamok. [{ns mo2o, ujo6 nepekoHamucs, IKum
YUHOM HAAGHICMb 000amK08020 npomidcHo2o cyomonowapy SOy enausae Ha @omoenekmpuuni 81acmueocni
cmpykmyp 3 Hanoknacmepamu G€, 00cioNHceHO cheKmpu hPomonposioHOCmi ma omo-epc maKkux cucmem i nopie-
HAHO 3 paniuie 0depicanumu cnekmpamu mpaouyiinux cmpykmyp Ge na S.

Oco0ennocTH GoTO-31C HAHOKJIACTEPHBIX CTPYKTYP Ge,
00pa30BaHHBIX HA OKCHAMPOBAHHON MOBepXHOCTH Si

10.H. Ko3sipeB, M .1O. Pybexanckas, C.B. Kongparenxo, H.II. CTopoxkyk

Hnemumym xumuu nosepxnocmu um. A.A. Yyixo Hayuonanvnou akademuu Hayk Yxpaunoi
yn. I'enepana Haymosa, 17, Kues, 03164, Vkpauna, kozyrev@iop.kiev.ua
Kuesckuii nayuonanvnuiii ynugepcumem umenu Tapaca Llleguenxo, pusuueckuti ghaxynvmem
npocn. Akademuxa I nywxosa, 2, Kues, 03127, Vkpauna
Heccneoosaro enusmue nepsuuno amopproeo cnos SO, Ha Mopgonoeuto u onmosneKmponHbie CEoUCMea cucmem Ha-
Hoknacmepos S u Ge, noyueHHvIx MemoooM MONEKYIAPHO-TYHesol snumarcuu. [Ipeonodicen mexanuzm popmuposanus
HAHOKNIACMEPOS NPU 83AUMOOCTICIBUL CEEPXKPUMUYECKUX NOMMOKO8 2ePMAHUS UL KPEMHUS C NEPBOHAUANLHO AMOPGHHOU
HOBEPXHOCHILIO, KOMOPbIIL OCHOBLIBACICSL HA 3ANeHUBAHUU XUMUYECKOU HeOOHOPOoOHocmu u ecmpausanuu amomos S 6 SOy,
a maxdice B03HUKHOBEHUU HANPANCEHUL U3-30 HECOOMBEMCMEUS NOCHOSHHBIX pewtemok. J[sl mo2o, Ymoobl GbIACHUMb, Ka-
KUM 00pazom Haudue OONOTHUMENbHO20 NPOMedcymouro2o cyomonocios SOy emisiem na gomosnexmpuyeckue ceoticmea
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cmpykmyp ¢ nanoknacmepamu G€, uzyuenvl cnekmpbl PomonposooUMocu U homo-30¢ MaKux CUCIemM U CONOCMABIeHbl C
Paree NOJyHeHHbIMU CReKmpamu mpaouyuornvix cmpykmyp Gerna S.
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