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THE ROLE OF SURFACE ACTIVE SPECIES IN HETEROEPITAXIAL GROWTH
OF Ge THIN FILMS AND NANOSTRUCTURES
ON Si(113) SUBSTRATES

The paper deals with the investigation of the formation of Ge thin films and nanostructures on clean surface of
Si(113) by in-situ ultra-high vacuum (UHV) scanning tunneling microscope (STM) and low energy electron diffraction
(LEED), and the role of surface active species (surfactant) in heteroepitaxial growth. Ge layers were grown on the Si(113)
surface by Ge deposition at elevated substrate temperatures and different duration of Ge deposition. For a detailed structural
characterization during the growth in-situ STM and LEED studies were used to achieve information regarding the growth
modes and the nucleation of Ge on Si(113) surface.
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The Si(113) surface has received much attention because of its high stability and technological
importance. In general, high-index Si surfaces tend to be unstable and to facet into lower-index planes
upon annealing [1]. However, the Si(113) surface is an exception. It has an energy that is comparable
to that of the low-index surfaces and therefore it has potential as a substrate for growth [2]. Recently,
a lot of efforts have been devoted to improve epitaxial growth of such materials as Ge on Si. Although
one can hardly understand initial stages of epitaxial growth without knowing the atomic structure of
the substrate, there is at least one silicon surface which is of potential interest for epitaxy [3], but
which has an unknown microscopic structure [4]. Experimental and theoretical issues have been
previously carried out to study the atomic structure of the Si(113) surface. The first STM
determination of the Si(113) structure was carried out by Knall and his co-workers [5]. In LEED
pattern a 3x1 reconstruction is observed. The second STM study on Si(113) supported the 3x1
reconstruction [6]. At the moment there are a majority of studies [1, 2, 5] supporting a 3x2 structure at
300 K, while others [6] argue for a 3x1 structure. Jacobi and his co-workers [7] have found that at
300K Si(113) surface has a 3x2 reconstruction that is transformed into a 3x1 structure. Despite all
these studies, the atomic structures and relative stability of these reconstructed surfaces are still not
completely solved. For the Si(113) 3x1 surface, several structural models have been suggested, such
as Runke’s “dimmer and adatom” model [8], Dabrowski’s model with interstitial Si [9], and the
packering model [10]. However, the detailed atomic structure of the Si(113)-3x1 surface is not solved
completely.

A substantial modification of the growth of thin films and nanostructures may be obtained by
introducing a third element which lowers the surface free energy of both Ge and Si. Surface active
species (surfactant) mediated epitaxy [11] of semiconductor surfaces has attracted considerable
interest recently because it enables the growth of nanostructures, which are not achievable by
conventional molecular beam epitaxy (MBE) or chemical vapour deposition (CVD). So far Bi [12]
has been reported to successfully act as surfactants for growth of Ge on Si (111). Both lattice strain
and surface free energy help determine whether a film
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undergoes layer-by-layer growth (Frank-van der Merwe), islanding (Volmer-Weber), and layer-by-
layer growth followed by islanding (Stranski-Krastanov).

The experiments are carried out in an UHV STM system. Nominally undoped Si(113) samples
with a resistance of 10 ohm-cm and a size of 2 mm x 5 mm are used for substrates. The samples are cut
from highly oriented Si(113) wafers with a remaining miscut of less than 0.02 degrees. After cleaning
in methanol, the samples are inserted into UHV system through a load lock and degassed at about
600°C for more than 24 hours. The substrates are flashed by short annealing cycles up to 1200°C for
nearly 15 seconds in order to remove any contamination. The samples are resistively heated directly
by DC current and the sample temperature is measured using an infrared pyrometer. This procedure
reliably resulted in the removal of the native oxide layer and in the formation of a well ordered
Si(113)-3x2 surface reconstruction which is checked by LEED and STM. For the growth of Ge thin
films and nanostructures atomic Ge is evaporated from Ge Knudsen cell. The Ge growth deposition is
set between 300°C and 430°C. Subsequently LEED and STM measurements are performed at room
temperature. The base pressure in the UHV system is below 5x10™"' mbar, and do not exceed 1x
10" mbar during Ge deposition.

The research is carried out at the University of Bremen, Germany. The STM images and the
LEED patterns are used for the analysis of the atomic structure, morphology and reconstruction of
Si(113) clean surface, as well as the formation of Ge thin films and nanostructures on Si(113) surface.
The STM images of the clean surface of Si(113) at different scales are shown in Fig. 1. The scan areas
are 1000 nm x 1000 nm (a), 250 nm x 250 nm (b) and 56 nm x 13 nm (c), using sample voltage - 2 V
and tunnelling current 0.3 n4.

3

Fig.2
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For large area scans individual steps are found for the clean Si(113) surface according to the
remaining miscut of the sample (Fig. 1 a and b). No indication for facet formation was found. The
LEED images were taken at various energies of electrons. Both the STM images and the LEED
patterns of the Si(113) clean surface show a 3x2 reconstruction.

The STM images of clean surface of Si(113) (a), Ge/Si(113) interface after 2 min (b), 30 min (c)
and 10 min using surfactant of Bi (d) at a substrate temperature of 430°C are shown in Fig.3. The scan
areas are 500 nm x 500 nm, using sample voltage of - 2 V" and tunnelling current of 0.3 nA4.

Fig. 3

After 2 minutes’ deposition of Ge atoms only very few patches of Ge atoms are observed on the
clean Si(113) surface (Fig. 3 b). After increasing the duration of the deposition of Ge atoms on the
clean Si(113) surface up to 15 minutes at the same temperature of substrate we find a sub-bilayer
coverage of Ge at step edges of the Si(113) surface. Ge growth is layer-by-layer and there are no Ge
islands on the surface. Preferential nucleation of Ge at step edges can be attributed to a larger number
of dangling bonds available at the steps. After 30 minutes’ deposition of Ge at the same growth
temperature, in contrast with previous cases of 2 and 15 minutes’ deposition, a continuous Ge layer is
formed on parts of the Si(113) terraces (Fig. 3 ¢). The STM and the LEED investigation at atomic
scale show a mixture of 3x2 and 3x1 surface reconstruction, which can be attributed to remaining by
open Si(113) and Ge/Si(113) 3x1 areas, respectively.

During 30 minutes’ deposition of Ge atoms on the clean Si(113) surface at 300°C substrate
temperature a sub-bilayer coverage of Ge on the Si(113) surface arises. Scattering Ge islands are
formed on the Si(113) surface with single atomic steps. At a growth temperature of 300°C the
mobility of Ge atoms is less than that of 430°C and deposited Ge atoms cannot reach the step edges
and bind. Hence, by decreasing substrate temperature from 430°C to 300°C Ge islands are formed on
Si(113) surface and layer by layer growth arises by islanding. The STM is used to gain information
regarding the surface morphology of the formation of Ge films at a
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sub-nanometer scale on Si(113) surface (Fig. 3). By increasing the growth temperature from 300°C to
430°C Ge atoms become sufficiently mobile to reach step edges. Thus, based on STM observations,
and by optimizing the growth conditions (growth temperature, rate of the deposition, etc.)
considerable smooth Ge films on Si(113) are obtained. To obtain more smooth Ge thin films, we used
the third element (Bi) during the growth by surfactant mediated epitaxy (Fig. 3 d). We succeed as well
as in obtaining Ge nanostructures on Si(113) substrates.

Based on UHV STM and LEED observations clean surface of Si(113), Ge/Si(113) interface and
the reconstruction and morphology of the formation of Ge thin films and nanostructures on Si(113)
are investigated. We clarified that clean surface of Si(113) has 3x2 reconstruction and Ge/Si(113)
interface - 3x2 and 3x1 reconstructions. Analyzing the morphology of the formation of Ge films on
Si(113) clearly shows that it is possible to obtain considerable smooth and homogeneous Ge films on
Si(113) at 430°C substrate temperature after 30 minutes’ Ge deposition. The use of Bi surfactant
allow to obtain more smooth and homogeneous Ge thin films and nanostructures on Si(113).

It is a pleasure for us to express gratitude to NATO for Reintegration Grant 980772.
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Q.C. cUUHNL3UL

UUubcdNkEUSEL UUShY SULCECR Y600 Si(113) 2UC U LGk 40U
Ge - b PULUY FUNULEULELD B9 LULNAT U RS UOLLECE
2ESELNEMBSULURULUSEL UKE3UUL 16MLNPU

Znnjush tyunwlju | dudwbwlulhg gippupdp quijninidwghtt thonn pocibjughtt dwipughuwyng b
thnpp Eubpghwyny Lkjupnuubph nhdpulghuyh Enuiwyng niunidwuhpl) Ge-h pwpul] punuupubph b
twtnupniguépbph wdkgnidp Si(113)-h dwpnip dwlbplinypubph Ypw, hyybu twb dwlbkplnipwiht
wlnhy wmwppbph nbpp hbnbkpntyhnwpuhwjwiht wdkgdwt nhwypmd: Ge-h sbkpnbpp wdkgyl) Eu Ge
tunkgubnyg Si(113) hwppwlh dwlbpinyph Jpw pupdp ¢hpdwunhfuutph b Ge-h tunmbkgdwt wwppkp
obipdwunhgwuibph  phypbpnid: Udkgdwt  pupwugpnid  junnigyuspuyhtt  dwbipuypyhn  pimpugpmu
Juunuwpknt hwiwp dudwbwljulhg thenn pniubjughtt dwipunhwnwlh oqunmpjudp htwpwynp nupdwy nk-
nklnipenit uvnnwbiug Si(113)-h Jpu Ge-h w&kgudw Alh b pnipknugdwt YEunpnuubph wnwpwgdwt vwuht:

Unwigpuypli punkp. dwlbplinipughtt wlnhy wwpp, hinbpntyhinwpuhwjughtt wgkgnd, pupuly
punubp, twkpinipughtt wijnhy mwppbph vhengny dwuthnpudwt buphwnwpuhw:

I.1I1. (TIMABOHSAH

POJIb ITIOBEPXHOCTHO-AKTUBHBIX DJIEMEHTOB I[1PU
TETEPOCTPYKTYPHOM POCTE TOHKUX [JIEHOK
Y HAHOCTPYKTYP Ge HA IIOJJIOXXKAX Si(113)

Hccnepytores Bompocs! GOpMUPOBAaHUA TOHKKX IUIEHOK M HaHOCTPYKTyp Ge Ha uwmcroii mosepxuocru Si(113) ¢
TIOMOIIIBIO COBPEMEHHOTO CBEPXBBICOKOTO BaKyyMHOT'O CKaHUPYIOLIETO TyHHEIPHOTO MUKPOCKOIIA X METOZA AUGPaKIIII
3JIEKTPOHOB C HU3KO#1 oHeprueil. [TokasaHa posib IOBEPXHOCTHO-aKTUBHBIX DIEMEHTOB IIPU T€TEPOCTPYKTYPHOM POCTe.
Crnon Ge BsIpamens: Ha moBepxHoctu Si(113) mpu ocaxzeHun Ge B BBICOKHX TEMIEpaTypax HOAIOXKKU U PasHBIX
MPOZOJDKUTENPHOCTAX ocaxfeHus Ge. C Ienblo TOAPOOHON CTPYKTYypHOM XapaKTepU3al[MH COBPEMEHHBII
CKaHUPYIOWUil TyHHEIbHBII MUKPOCKOII TO3BOJIMJI IOy YnUTh HH(popManmio o popMax pocTa U 06pa3oBaHUAX LEHTPOB
xpucrauiusanuu Ge Ha moBepxuocTu Si(113).

KomroveBsie croBa: TTOBEPXHOCTHO-aKTUBHOE BEIECTBO, YETHIPEXDIIUTAKCHAIbHBINA POCT, TOHKAA IIEHKA, POCT
IIOCPeICTBOM IIOBEPXHOCTHO-aKTHBHOT'O BEI[ECTBA.
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