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Abstract

The first results on a simple new process for the direct fabrication of one-dimensional
superlattices using common CVD chambers are presented. The experiments were carried out in

a 200 mm industrial Centura reactor (Applied Materials).

Low dimensionality and superlattices allow a significant increase in the figure of merit of
thermoelectrics by controlling the transport of phonons and electrons. The monocrystalline
nanowires produced according to this process are both one-dimensional and present
heterostructures, with very thin layers (40 nm) of Si and SiGe. Concentrations up to 30 at.% Ge

were obtained in the SiGe parts.

Complementary techniques including transmission electronic microscopy (TEM), selected
area electron diffraction (SAED), energy dispersive x-ray spectroscopy (EDS), scanning
transmission electron microscopy (STEM) in bright field and high angle annular dark field
(HAADF STEM), and energy-filtered transmission electron microscopy (EF-TEM) were used

to characterize the nanoheterostructures.

Supplementary data are available from stacks.iop.org/Nano/19/335603

(Some figures in this article are in colour only in the electronic version)

One-dimensional nanostructures are emerging as outstanding
building blocks in nanoscience and nanotechnologies [1-6].
Semiconducting nanowires have the potential for various appli-
cations that include optoelectronics, sensing, nanoelectronics,
and thermoelectricity. Thermoelectric materials are of inter-
est for many applications and in particular for capturing waste
heat since they allow the conversion of heat into electricity.
These materials are experiencing a surge in research activity
aimed at increasing their performance [7]. The latter depends
on the material’s thermoelectric figure of merit ZT, given by
ZT = S?0T /i where S is the thermoelectric power (Seebeck
coefficient), o is the electrical conductivity, T is the tempera-
ture, and « is the thermal conductivity. In order to achieve a
high figure of merit, several strategies can be envisaged. Re-
duction of the dimensionality to form two- or one-dimensional
materials and superlattice structures allows a significant in-
crease in the ZT by controlling the transport of phonons and
electrons [8-10].

Recently, very promising results were obtained with
silicon nanowires, proving that even pure silicon can lead

0957-4484/08/335603+04$30.00

to high performance thermoelectric materials [11, 12].
Previously, Yang et al achieved the synthesis of Si/SiGe
superlattice nanowires [13]. To realize the synthesis of
these semiconductor nanowires with longitudinal ordered
heterostructures, a hybrid process with a pulsed laser ablation
system coupled to a chemical vapor deposition chamber
was developed. Thermal conductivity measurements showed
effectively that the « values of the Si/SiGe superlattice
nanowires are much lower than those of pure Si ones with
similar diameters [14].

Among available processes for the synthesis of silicon
based nanowires [15], the VLS (vapor-liquid—solid) method
is by far the most common route to fabricate Si, Ge,
or SiGe nanowires [16-23]. It is remarkable to note
that, to our knowledge, no growth of Si/SiGe has been
previously reported with unmodified CVD chambers. Though
there are a variety of methods for synthesizing one-
dimensional nanostructures containing heterojunctions, such
as for instance MBE (molecular beam epitaxy) [2, 24],
a general method expendable in common CVD chambers

© 2008 IOP Publishing Ltd  Printed in the UK
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Scheme 1. Schematic illustration of the fabrication process of Si/SiGe nanowires.

has not yet been described. We report herein the growth
of Si/SiGe superlattice nanostructures via the VLS method
using simply SiHy; and GeH, as gas precursors, and
their characterization by transmission electronic microscopy
(TEM), selected area electron diffraction (SAED), energy
dispersive x-ray spectroscopy (EDS), scanning transmission
electron microscopy (STEM) in bright field and high angle
annular dark field (HAADF STEM), and energy-filtered
transmission electron microscopy (EF-TEM). TEM and SAED
characterizations were conducted with a conventional Jeol
2000FX, and STEM and EF-TEM images were realized with a
Jeol 2010FEF, both microscopes operating at 200 kV.

The growth of the Si/SiGe nanowires was performed
according to the VLS method developed for pure Si
nanowires [16-23], and more particularly using growth
conditions developed for pure silicon nanowires on this
reactor [23]. A 10 nm gold thin film was deposited on
a (111)-oriented silicon wafer by physical vapor deposition
and dewetting was realized during 10 min at 550 °C under
H, atmosphere. This process allowed transformation of the
gold thin film into an array of gold droplets used as catalysts
for mediating the growth of nanowires [22]. The wafer was
placed in a 200 mm Centura reactor (Applied Materials) at
10 Torr. A constant flow rate of hydrogen as diluent gas was
maintained during the experiment (10 slm), and temperature
was set at 550 or 700 °C. The key point of the synthesis was
the ability to control the composition of the gas precursors in
the gas phase. At the beginning, pure silane was introduced
in the reactor to ensure formation of the liquid Au-Si alloy
(eutectic temperature: 363°C) and the commencement of
silicon nanowire growth after the incubation delay.

Block-by-block growth of Si/SiGe was carried out under
a constant flow of SiH, gas (100 sccm) by turning the GeHy
mixing valve on and off. Depending on the expected Ge
concentration in SiGe, the germane flow was either 70 or
140 sccm. The successive feed-in of germane was done
regularly so as to fabricate periodically changing slices of both
Si and SiGe compositions (scheme 1).

Figure 1 shows an STEM image of a nanowire grown
at 700°C with 70 sccm of germane and removed from the
growth substrate by sonication (pure ethanol, 40 W, 30 s). The
rather large diameter of the nanowire (~450 nm) is inherent

Figure 1. STEM image of a Si/SiGe nanowire superlattice grown at
700°C. Dark areas are Ge enriched.

to the synthesis temperature, which is relatively high, and thus
unfavorable to small diameters. The catalyst droplet remained
at the tip of the nanowire and the basis was found to be larger
than the mean diameter of the nanowire. The image reveals
18 light (Si) and 18 dark (SiGe) periodic layers, in agreement
with the expected sequential composition of nanowires. EDS
was used to evaluate the chemical composition of both regions.
The ratio of x-ray signals corresponding to Si and Ge atoms
gave an estimate of 14 at.% Ge in the SiGe phase. By a twofold
increase of the germane flow (i.e. 140 sccm), the amount of Ge
atoms in the crystalline structure was doubled, with an EDS
measured content of 30 at.% Ge. This value is probably slightly
underestimated due to the beam scattering in the nanowire.
This indicates that by using this growth technique the Ge
content can be fine tuned by regulating the germane flow during
the synthesis of the nanowires.

In order to narrow down the diameters of the nanowires,
further experiments were carried out at 550 °C. The germane
flow was set to 140 sccm. Moreover, the gold film thickness
was reduced to 2 nm instead of 10 nm to generate smaller gold
droplets after dewetting. The nanowires obtained under these
conditions were effectively narrower (diameter ~ 100£20 nm)
and they also showed superlattices. The nanowire shown
in figure 2 was fabricated under these conditions. It was
composed of 45 periods of SiGe and 45 periods of Si layers.
Smooth surfaces are obtained under these conditions whereas
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Figure 3. Result of using a 90/60 eV EF-TEM image ratio obtained
on the Si/SiGe superlattice nanowire. The SiGe layers appear in
white. Inset: qualitative profile of Ge content along the nanowire axis
between 0 and 30 at.%.

rather rough surfaces are revealed at higher temperature
(figure 1). Though this surface roughness is not well controlled
and understood at this point, it may actually be of interest for
the thermoelectric properties of these materials [12].

0.05 pm

The layers with different compositions are only slightly
visible, because the contrast is rather low due to low mass
contrast between Si and SiGe parts, and because of the
absence of diffraction contrast. In order to obtain a more
accurate mapping of the Ge atoms in the nanowire, EF-
TEM experiments were carried out according to a specific
procedure [25] on nanowires containing ~30% Ge atoms in
the SiGe layers. The contrast obtained using a two-window
EF-TEM 90/60 eV ratio gives an accurate visualization of Ge
distribution (figure 3). Even though the superlattice appears
clearly, some diffusion of Ge atoms into the Si parts of the
nanowire is obvious. This might be simply due to the fact
that germane was introduced sequentially into the reactor,
without complete atmosphere purging. Thus, some Ge species
probably remained in the gas phase when pure SiH4 was fed
in during the CVD process. Nevertheless, the image shows
unequivocally the alternation of Si and SiGe layers, with very
thin slice thickness (around 50 nm).

Scanning transmission electron microscopy (HAADF
STEM) was also performed for the chemical mapping of
the nanowires (figure 4). The spot size was below 1 nm.
Besides the longitudinal ordered heterostructure imaging,
some tiny gold particles were observed along the nanowire
surface.  This was also observed on high magnification
SEM images of pure Si nanowires, with sometimes new
catalytic growth of very slender nanowires (figure Sl
available at stacks.iop.org/Nano/19/335603). Despite some
recent investigation on the surface migration of gold during
the synthesis, this phenomenon remains unclear, and it
is undoubtedly experimental conditions dependent [26—29].
However, for electronic or thermoelectric applications, gold
can be easily removed from the nanowires by chemical gold
removers [30].

The crystalline nature of the nanowires was characterized
on the nanowire shown in figure 5(a) by SAED (diffraction
pattern, figure 5(b)). This nanowire came from the same batch
as those used for EF-TEM experiments (i.e. ~30 at.% Ge
content in SiGe parts). Analysis on a few nanowires showed
that the growth occurs mainly along the [112] direction. The
aperture used for the SAED experiments was approximately
four times larger than the nanowire diameter, leading to the
observation of many Si and SiGe layers. Diffractions show
that the nanowires have a very good crystallinity, in agreement
with Yang et al [12]. Moreover, no splitting of the diffraction

Figure 4. HAADF STEM image of a Si/SiGe nanowire. The SiGe layers are bright and the Si layers are dark.
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Figure 5. (a) Bright field image of a nanowire and (b) its SAED
diffraction pattern.

spots could be observed, even at high frequencies, which
demonstrates the epitaxy between the Si and SiGe layers.

In summary, Si/SiGe superlattice nanowires were
synthesized by simple modulation of the gas composition,
and more specifically the germane content, during the growth.
These nanomaterials were characterized by complementary
electronic microscopy techniques. The fabrication process is
simple and can be carried out in any common CVD chamber,
as for example the 200 mm industrial reactor used in this study.
We believe that this technique could be extended to detailed
compositions and structures of one-dimensional superlattices
and should give access to high performance materials for
thermoelectric applications. Experiments are ongoing for
adding dopants during the synthesis, which should improve
the electrical conductivity and thus increase the thermoelectric
figure of merit of these nanoheterostructures.
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