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Abstract

The formation of Ge nanowires in V-grooves on (00 1)Si wafers has been studied experimentally as well as theo-
retically. The V-grooves were formed by anisotropic etching and subsequent oxidation of their surface. The implan-
tation of 1 x 10'7 Ge" cm~2 at 70 keV into the oxide layer leads to an enrichment of Ge in the V-groove bottom. In this
Ge-rich bottom region, subsequent annealing in N, atmosphere results in the formation of a nanowire by coalescence of
Ge precipitates. Scanning transmission electron microscopy-energy dispersive X-ray analysis (STEM-EDX) investi-
gations of as-implanted samples have confirmed the Ge accumulation at the V-groove bottom, whereas cross-sectional
TEM studies of annealed samples prove the formation of a Ge nanowire. The formation mechanisms were studied
theoretically by means of a continuum description of sputtering and kinetic 3D lattice Monte-Carlo simulations of
phase separation. The preliminary results indicate the possibility of achieving nanowires being several nanometers wide

by further growth optimizations. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Low-dimensional nanostructures have at-
tracted much interest in the past. In particular, ion
beam synthesis (IBS) became successful for a
controlled synthesis of buried nanostructures.
Thus, quantum dots were formed by IBS under
various conditions [1,2]. Using very high ion flu-
ences, buried layers are synthesized [3]. During
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thermal treatment, the supersaturated solid solu-
tion of impurities produced by ion implantation
evolves towards nanostructures by precipitation
and growth, and by coalescence for high concen-
trations. Although not obvious, these inherently
stochastic processes can be used to synthesize well-
defined nanostructures. The aim of the present
paper is to form Ge nanowires by IBS. An inter-
esting method of IBS of Si nanowires has recently
been demonstrated by OT implantation into Si
V-grooves [4]. However, this method appears to rely
strongly on sensitive self-organization phenomena
during Ostwald-ripening, which allows no precise
process control. Here, we propose the most direct
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way of IBS of nanowires using V-grooves. The key
is the tailoring of the profile of implanted impu-
rities, which will coalesce to a wire.

For this purpose, (00 1)Si wafers with oxidized
V-grooves were implanted with Ge" ions. The
scheme is depicted in Fig. 1. Let us assume that at
plane surfaces the implanted ion fluence is just
sufficient to form a continuous buried layer. In the
slanted V-groove sidewalls the number of im-
planted ions per unit area is lower than at the
plane wafer surface. This reduced Ge concentra-
tion will be too low to allow an efficient coales-
cence of precipitates, which is the crucial process
for the layer formation. However, at the V-groove
bottom the concentration is expected to be high
enough to allow coalescence, since the bottom can
be considered as a small plane area. Additionally,
the efficient sputtering of atoms from the V-groove
sidewalls and the redeposition of these sputtered
atoms onto the opposite V-groove sidewall leads
to material transport into the bottom region,
which has been modelled recently in a continuum

Mllll llllllll
ll ll
l

— precipitated Ge

Fig. 1. Scheme of IBS of a buried Ge nanowire in the bottom of
an oxidized silicon V-groove. (a) Ge™ will be implanted at high
fluence into SiO, covered silicon V-grooves and (b) the sample
will be subsequently annealed in an inert ambient.

picture [5]. An effective Ge accumulation at the
V-groove bottom is proven by 2D Ge mapping
with scanning transmission electron microscopy-
energy dispersive X-ray analysis (STEM-EDX).
During subsequent annealing, this accumulation
has led to the formation of a buried nanowire,
which is shown by cross-sectional transmission
electron microscopy (XTEM), identifying a diam-
eter of 35 nm.

The growth has been studied theoretically by
means of kinetic 3D lattice Monte-Carlo (KLMC)
simulations allowing a better understanding of the
underlying phase separation mechanism.

2. Experimental

V-grooves aligned along the [1 1 0] direction on
(001)Si wafers were prepared by photolitho-
graphic masking and anisotropic etching with 30%
KOH at 80°C. This self-adjusting process results in
atomically smooth (11 1) crystal facets forming the
sidewalls of the V-grooves and with an angle
of 54.7° to the surface normal of the wafer.
V-grooves of 4 um width and 5 nm length were
studied. Thermal oxidation in dry O, was per-
formed at 1000°C, leading to 200 nm thick SiO, on
the (00 1)Si surface and 220 nm thick SiO, on the
(111) sidewalls of the V-groove. A sharp surface
depression forms at the V-groove bottom during
oxidation (Fig. 2(a)). The SiO, covered V-grooves
were implanted at room temperature with
1 x107 Get cm™? at 70 keV (flux density
3x 10" cm=2 s7!). Subsequent annealing was
carried out in N, ambient at 950°C for 10 min. In
order to minimize the moisture intake, the sample
was transferred into the cold furnace.

XTEM images were taken from as-oxidized, as-
implanted, and annealed samples, shown in Figs. 2
and 4. Additionally, using STEM-EDX, a 2D Ge
mapping of an as-implanted sample was per-
formed, which is shown in Fig. 3.

3. Kinetic Monte-Carlo simulation

Naturally, the most appropriate theoretical
method to study the wire formation from an
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Fig. 2. XTEM images of (a) an as-oxidized state and (b) an as-
implanted sample (70 keV, 1 x 10'7 Ge* ¢cm~2). The dashed
line indicates the idealized location of the original, not im-
planted V-groove. The solid curve is the surface after ion im-
plantation as predicted by the theory of [5], which agrees nicely
with the XTEM image (Fig. 2(b)).

inhomogeneous supersaturation is an atomic de-
scription. For processes with many degrees of
freedom, statistical Monte-Carlo methods are ad-
vantageous compared to deterministic molecular
dynamics simulations. Here, a KLMC code for
diffusion and reaction of impurity atoms on a 3D

fce lattice has been used. In order to keep simu-
lation time below one week, the system of the
computer simulation is still smaller than the sys-
tem studied experimentally. A general description
of the KLMC method can be found in [6].

Here, interactions between impurity atoms (Ge)
were simulated by a cellular automation approach
(see e.g. [7]). Gauging the binding energy per bond
Eyp of the impurity atoms, their effective nearest-
neighbor interactions within the host matrix has
been considered. Here, the most simple imple-
mentation is used, i.e., the interaction is assumed
to be independent of the occupation of nearest-
neighbor Ge sites. The binding energy nEjy is just
proportional to the number of occupied nearest-
neighbor Ge sites n and can be described by the
Ising model [7]. Additionally, the diffusion of
monomers in the host matrix is thermally activated
with an activation energy Ej.

Then, the transition from the initial out-of-
equilibrium state towards the thermodynamical
equilibrium is described by a Markov process,
where the importance sampling of configurations
have been chosen according the Metropolis algo-
rithm [8]. A sequence of states is produced repre-
senting the time evolution. Each state is generated
from its predecessor by a jump of a randomly
chosen atom to a neighboring empty site with a the
transition probability

E
o el ne=m,
if — ‘ By En
eXp —(nl—nf)kB—T—kB—T , Ny < n;.

During one Monte-Carlo step (MCS), each atom
has statistically one attempt to jump from its ini-
tial site 1 to the final site f. The principle of detailed
balance imposes only that the transition proba-
bility Pr depends on the energy barrier between the
initial and final state. It is possible to renormalize
the transition probability P such that each diffu-
sional jump is successful (Ex — 0), which scales
only the time of a MCS but improves the simula-
tion speed,

ne = nj,
ng < nj.

1,
Pr = {exp {_(m _”f)"%}’
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Fig. 3. STEM-EDX Ge mapping on a cross-section of an as-implanted sample. The levels of gray correspond to the concentration of
Ge relative to the maximum concentration of 30 at.% in the V-groove bottom. The solid curve shown is the projection of the Ge
concentration onto the horizontal axis. The average Ge content in the sidewalls is shown by a dashed line, which discriminates the Ge

enriched bottom from the sidewalls.

This approach has been proven useful for the de-
scription of precipitation after ion implantation
[9]. For the KLMC simulation of the nanowire
formation a simplified initial impurity distribution
was assumed. A cylindrical Gaussian profile
aligned to the [100] direction of the simulation
lattice was used as shown in Fig. 5(a). A peak
concentration of 31% and a standard deviation of
4 nm was assumed. 95% of the implanted atoms
lay in a cylinder of 16 nm diameter, which re-
sembles the Ge-rich region at the bottom of the
V-groove.

4. Results and discussion

High-fluence Ge™ implantation erodes the
SiO; on V-groove sidewalls and leads to an ac-
cumulation of material (Si, O, Ge) at the
V-groove bottom. This effect is shown in Fig. 2,
comparing XTEM images of as-oxidized and as-
implanted samples. The sharp depression of the
as-oxidized surface at the V-groove bottom is
refilled during implantation by sputtered and then
redeposited material, which has been simulated
recently [5] and is shown in Fig. 2(b) as solid line.
The model uses a continuum description for the

surface evolution under ion irradiation, including
sputtering and redeposition of sputtered atoms.
The material accumulated at the V-groove bot-
tom is enriched by Ge, which is confirmed by the
STEM-EDX mapping in a cross-section of an as-
implanted sample (Fig. 3). Due to a slight wedge
in the specimen, the concentration profile is
asymmetric with respect to the center of the
V-groove. The left side is thicker than the right
one resulting in an increased X-ray yield there.
Both the Ge concentration (~30%) and the total
amount of Ge are in the V-groove bottom much
higher than in the sidewalls. The total amount is
estimated from the projection of the concentra-
tion profile onto the x-axis, which is shown as a
solid curve in Fig. 3.

During subsequent annealing, the Ge accu-
mulated in the V-groove bottom forms a wire by
precipitation and coalescence, while the threshold
for coalescence is not reached in the sidewalls
and only nanoclusters are formed there. Fig. 4
shows a XTEM image of an annealed sample.
Buried Ge clusters are present in the sidewalls
and the bottom. The dark dot, visible in the
V-groove bottom, is a cross-section of the ex-
pected nanowire with a diameter of 35 nm. The
continuity of the wire remains to be proven,
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Fig. 4. XTEM image of an annealed sample. Ge cluster in the
SiO, layer appear dark. The large cluster in the V-groove bot-
tom is a cross-section of the Ge nanowire with 35 nm diameter.

since a plane view TEM image is still missing.
Nevertheless, several XTEM images taken from
different cross-sections show always the large
black dot with identical diameter in the bottom
of the V-groove, which is at least a strong indi-
cation for a continuous nanowire. Furthermore,
it can be seen that the first 20 nm below the SiO,
surface are free of Ge clusters and appear
brighter. This range was affected by moisture
from the ambient leading to Ge oxidation and
redistribution processes, which have been de-
scribed recently in [2]. Obviously, the nanowire
has not been affected, since it is buried deeper
than 20 nm in the SiO,. It should be noted that
oxidation suppresses the formation of Ge clusters
in the sidewalls.

Using KLMC simulations, some aspects of the
wire formation mechanism can be understood
without an immense experimental effort. Fig. 5
shows as an example the simulation of the syn-
thesis of a 6 nm thin nanowire from an initially
cylindrical Gaussian profile. The dispensed im-
purity atoms literally condense onto the profile
center. In detail, this process consists of different
steps: the nucleation stage, the competitive

growth of Ge clusters (Ostwald-ripening), and
their coalescence. Complete coalescence will only
occur, if the initial profile is not too broad or the
Ge concentration not too low. Otherwise, the
clusters remain isolated, in the course of coars-
ening they do not reach the percolation threshold
for coalescence. On the other side, during further
annealing, a continuous wire is metastable only,
since a set of large clusters has a smaller surface
area and, thus, is energetically favored. Due to
thermal fluctuations especially thin wires can be
fragmented into droplets. Additionally, being
aligned to the [100] direction, the simulated wire
has (100) surfaces, which have a higher surface
energy than (111) surfaces. The evolution of
energetically favored (111) facets on the wire
surface may act as a knife and directly lead to the
fragmentation of the wire. In contrast, wires
aligned to the [110] direction having (11 1) facets
would be relatively stable at much smaller di-
ameters. Thus, the wire stability depends on the
relative alignment of the single crystalline wire to
the simulation lattice. However, an experimen-
tally synthesized wire in an amorphous matrix,
i.e. SiO,, should rather be polycrystalline. Here,
grain boundaries may provide a source of insta-
bility against a breakup. Thus, Fig. 5 gives a re-
alistic estimate of the reachable wire diameter,
which is approximately 5-10 nm. Beside this in-
stability considerations, the KLMC simulations
give an indication that temperature variation
during phase separation allows to take additional
control over the nanostructure synthesis. The
background is that nucleation and cluster growth
have different activation energies, and a change in
temperature will favor different processes at spe-
cific stages of the evolution.

In summary, IBS was used to fabricate Ge
nanowires embedded in SiO,. It has been shown
experimentally that (i) Ge"™ implantation into
oxidized silicon V-grooves leads to Ge accumu-
lation in the V-groove bottom and that (i) wires
can be formed from this enriched Ge during
annealing. A Ge wire of 35 nm diameter has
been found. Kinetic Monte-Carlo simulations
were used to estimate a lower limit for the wire
diameter (5-10 nm) and show the instability of
the wire against a possible breakup.
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Fig. 5. KLMC simulation of the nanowire formation from an initially cylindrical Gaussian profile with a peak concentration of 31%
and a standard deviation of 4 nm. Shown are (a) the initial, (b) an intermediate (102 000 Monte-Carlo steps) and (c) the final (490 000

Monte-Carlo steps) state. The wire diameter is approximately 5 nm.
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