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Here, we report the synthesis of SixGe1−x nanowires with x values ranging from 0 to 0.5 using bulk
nucleation and growth from larger Ga droplets. Room temperature Raman spectroscopy is shown to
determine the composition of the as-synthesized SixGe1−x nanowires. Analysis of peak intensities
observed for Ge (near 300 cm−1) and the Si-Ge alloy (near 400 cm−1) allowed accurate estimation
of composition compared to that based on the absolute peak positions. The results showed that the
fraction of Ge in the resulting SixGe1−x alloy nanowires is controlled by the vapor phase composition
of Ge.

Keywords: SiGe Alloy Nanowires, Raman Analysis, Compositional Analysis, Ge-Rich Alloy
Nanowires, Plasma-Assisted Chemical Vapor Deposition.

1. INTRODUCTION

Bulk Silicon-Germanium (SiGe) alloys are direct bandgap
semiconducting materials unlike silicon and germanium,
which are known to be indirect bandgap materials.
Because of the direct bandgap, SiGe alloys find exten-
sive use in integrated optoelectronics, thermoelectric
energy conversion devices, heterojunction bipolar tran-
sistor devices and photo detector applications.1–3 In this
regard, the synthesis and understanding of fundamental
behavior of SiGe alloy nanowires is of immense interest
for nanoscale device fabrication. Carrier confinement in
nanoscale SiGe alloys is expected to enhance the mate-
rial properties of bulk SiGe alloys.4–6 The SiGe alloy
nanowires have been primarily synthesized using gold
and iron catalysts using silane and germane as the gas
phase precursors.7�8 In addition, the Si/SiGe superlat-
tice nanowires have been synthesized using laser ablation
of iron containing Ge target and SiCl4 at temperatures
around 900 �C.9 Recently, the synthesis of SiGe alloy
nanowires over the entire composition range is achieved
using gold catalyst particles and using silane and germane
as precursors.10 In all of these reports, the tip-led growth
using gold catalyst particle allowed the synthesis of alloy
nanowires similar to that of pure phase nanowires.

Our studies showed that one can synthesize pure phase,
sub 20 nm size, Si and Ge nanowires using bulk nucleation
and growth from large sized droplets of low-melting
metals such as gallium (Ga) in contrast to techniques

∗Author to whom correspondence should be addressed.

involving catalyst clusters at the tips.11�12 However, no
prior reports exist on the use of low-melting metal droplets
for synthesizing SiGe alloy nanowires. It is also not clear
if one can obtain alloy nanowires in such mode of growth,
i.e., bulk nucleation and basal growth from larger droplets.
Here, we performed a systematic set of studies using dif-
ferent gas phase composition over Ga droplets to modu-
late the composition of SiGe alloy nanowires. In addition,
we also investigated whether the room-temperature Raman
spectroscopy can be used to determine the composition of
resulting SiGe alloy nanowires.

2. EXPERIMENTAL DETAILS

Experiments were conducted in a microwave plasma reac-
tor (ASTEX 5010) with hydrogen (H2)/nitrogen (N2) as
the feed-stock gases. Quartz covered with a thin film of
gallium was used as a substrate for all the synthesis exper-
iments. A well mixed powder of Si and Ge was directly
placed next to the substrate along with sodium chloride
(NaCl) and was exposed to microwave plasma with H2,
N2 gases flowing at 15 sccm and 100 sccm, respectively.
The experiments were carried out at different microwave
powers ranging from 500 to 700 W and at a pressure of
30 torr. Ge nanowires were grown at a microwave power
of 500 W with H2, N2 gases flowing at 15 sccm and
100 sccm, respectively and at a pressure of 30 torr. Ocean
Optics S2000 optical fiber emission spectroscopy (OES)
was used for the analysis of the gas phase composition of
the plasma during synthesis.
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The nanowires were scraped-off and dispersed in
ethanol, sonicated and deposited onto the carbon coated
copper grid for transmission electron microscope (TEM)
analysis using a FE-TEM (JEOL 2010 F). Raman scat-
tering measurements on an ensemble of as-synthesized
nanowires were performed at room temperature in the
backscattering configuration using an in-Via Renishaw
micro-Raman system consisting of a cooled CCD detector
and a confocal microscope with 50× objective. The spot
size at the sample is approximately 1 �m2. The excitation
source was a He:Ne laser with 632.8 nm radiation.

3. RESULTS AND DISCUSSION

The hydrogen/chlorine plasma exposure of the well-mixed
Si and Ge powders generated Si and Ge containing vapor
phase species. Figure 1(a) shows a typical optical emis-
sion spectrum of the plasma during one of the chemical
vapor transport experiments described here. The domi-
nant species in the spectrum are SiH∗ (silyl radicals),
SiH2Cl2 (dichlorosilane), and GeH4−nCln (n= 0�1�2�3�4)
(chlorogermanes). The absence of GeH∗ peak at 265 nm is
attributed to the presence of excess hydrogen present in our
experiments similar to work by other researchers.13 The
integrated intensity of the peaks is used to determine the
composition of the solutes (Si and Ge) in the vapor phase.
Figure 1(b) shows the composition trends of vapor phase
species of Ge as a function of the microwave plasma power
used in our experiments. As seen in the Figure 1(b), the
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Fig. 1. (a) A typical optical emission spectrum of the microwave plasma
used for the synthesis experiments. The synthesis conditions used were
H2 and N2 flow rates at a ratio of 15:100, a pressure of 30 torr and
microwave power of 500 W. (b) A plot showing the estimated Ge
composition in the vapor phase as a function of microwave power.

fraction of the Ge containing vapor phase species increases
linearly with increasing microwave power. At low synthe-
sis temperatures used here, the formation of vapor phase
species containing Ge is favored compared to that of Si.7

Figures 2(a–c) show SEM images of high densities
of SiGe nanowires growing out from >100 nm sized
Ga droplets. The diameter distribution of the resulting
nanowires in each experiment is found to be Gaussian
with FWHM less than 10% of the average. The aver-
age diameter of the resulting nanowires as a function of
the microwave power is shown in Figure 2(d). In the
microwave plasma reactor used, the substrate is heated
directly by the microwave plasma. The size of the resulting
nanowires increased with the substrate temperature con-
sistent with the results obtained earlier when using low-
melting metal droplets for pure phases, i.e., Si and Ge.14

A Raman spectrum of a SiGe alloy typically consists of
3 distinct peaks, i.e., two peaks for pure phases (Si and Ge)
and one for alloy (SiGe) phase. The optical phonons in the
alloy produce a local mode at a frequency of ∼410 cm−1.15

The optical phonons in pure Ge and pure Si produce local
modes at frequencies of ∼300 cm−1 and ∼520 cm−1,
respectively. Alloying of Si and Ge results in both peak
broadening and peak shifting of the local modes of Si
and Ge relative to that of the pure materials.16 Alonso
et al.,17 have explained that the appearance of additional
peaks at ∼250 cm−1 and ∼465 cm−1 is due to the long
range ordering of the Si-Ge atoms in the alloy. A typi-
cal Raman spectrum shown in Figure 3(a) has the char-
acteristic peaks for Ge at ∼300 cm−1 and for the alloy
nanowires at ∼400 cm−1. For SiGe alloys with XGe > 0�45,
the Raman intensity corresponding to Si at ∼520 cm−1 has
been observed to be extremely low similar to that reported
in the literature for bulk alloys.18

It is well known that Si, Ge and the alloy Raman peaks
are often indicative of the fractional composition of Si and
Ge in SixGe1−x alloys. But, the use of the equations based
on the absolute peak positions19 led to erroneous results
here. This can be explained with the following reasons:
The absolute peak positions could be affected with several
factors other than composition such as (a) phonon con-
finement effects,20 (b) peak broadening and peak shifting
in low dimensional systems due to size and (c) the peak
shifts due to the laser heating. On the other hand, Renucci
et al.,21 have proposed that a random Ge-Si alloy with
equal oscillator strengths for the Si-Si, Ge-Ge and Ge-Si
pairs follow the ratios of their intensities as described
below

I	Ge-Ge

I	Ge-Si


� 1−x

2x
�

I	Si-Si

I	Ge-Si


� x

2	1−x


In this case, the intensity is considered to be the ampli-
tude of the Lorentzian (peak) instead of the integrated area
of the peak as it exhibits lesser noise (also both the analy-
sis methods basically show the same results).18 Using the
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Fig. 2. SEM images of the SiGe alloy nanowires grown at different microwave powers at 30 torr pressure using 15 sccm H2 in 100 sccm N2: (a) An
image showing a high density of nanowires from a 2 micron sized Ga droplet. (b) A low magnification image showing high densities of nanowires
from a number of Ga droplets. (c) A high magnification image showing the nanowire-Ga droplet interface. (d) A plot showing the SiGe alloy nanowire
diameter as a function of the microwave synthesis power.

above intensity ratios, the Ge fractional composition (Gex)
is estimated for a number of synthesized alloy nanowires.
In order to validate the composition determined using the
Raman peak height analysis, the nanowires were also char-
acterized using TEM with two methods, i.e., energy disper-
sive spectroscopy (EDS) and lattice imaging. The lattice
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Fig. 3. (a) A Raman spectrum obtained using a HeNe laser (� = 632�8 nm; power = 0�17 watts) of the as-synthesized SiGe alloy nanowires. The
nanowires were synthesized using a microwave power of 600 W. (b) A graph showing the ratio between the vapor phase species of Ge (determined
from the OES spectra) with the Ge fractional composition x (of SixGe1−x) in the alloy nanowires (calculated from the Raman spectra). The graph
represents the Raman data collected at two different laser powers of 0.17 mW and 0.85 mW. (c) A high resolution TEM image of a SiGe alloy nanowire
showing the growth direction of the nanowire to be (1̄11).

plane spacing determined using high resolution TEM can
be related to the Si/Ge composition using Vegard’s law.22

aGeSi = xaGe + 	1−x
aSi

Where, aGe and aSi are the lattice constants of bulk Ge and
bulk Si respectively and ‘x’ is the fractional composition
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Table I. Comparison of the Ge fractional composition in the nanowires
obtained using Raman spectroscopy, TEM EDS and the TEM lattice
parameter data.

Raman HRTEM lattice
Power (W) analysis (%) parameters (%) TEM EDS (%)

500 51�5 50 49�7
600 69�3 67�5 67�9
700 77�5 76�4 76�8

of Ge in the alloy. Figure 3(c) is a high resolution TEM
image of a SiGe nanowire synthesized using microwave
power of 600 watts. As seen in Table I, the compositional
data obtained using Raman peak height analysis agree well
with that obtained using both TEM EDS and HRTEM lat-
tice plane spacing.

The Ge composition data for the nanowires is plotted
as a function of the Ge composition in the vapor phase
in Figure 3(b). The data shows that the Ge fraction in the
nanowires seems to follow that of Ge fraction in the vapor
phase but is always higher in the nanowires than in the
gas phase. In prior studies with bulk SiGe alloy deposi-
tion, Lovtsus et al.,23 have shown that the Si fraction in the
alloys increases with increase in the synthesis temperature.
So, in the present study, the Ge fraction of the nanowires
increased with increasing temperature indicating that the
nanowire composition is controlled by the gas phase com-
position rather than the synthesis temperature.
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Fig. 4. (a) Dark field STEM image of a Ge/SiGe core-shell structure
synthesized at microwave powers of 500 W and 550 W at 30 torr pressure
using 15 sccm H2 in 100 sccm N2. (b) EDS profile taken along the
line in (a). The EDS profile shows a uniform Ge core with a SiGe shell
around the core. (c) Raman spectrum of the Ge/SiGe core–shell structure.

A set of experiments were performed to create Ge/SiGe
core–shell structures by SiGe alloy growth on the pre-
synthesized Ge nanowires. Figure 4(a) shows a dark field
STEM image of the resulting Ge/SiGe core–shell struc-
ture. The EDS profile shows a slightly Ge-rich SiGe shell
around the Ge nanowire. The Raman spectroscopy shown
in Figure 4(c) also confirms the presence of SiGe alloy
in the resulting Ge/SiGe core–shell nanowires. The results
show that Ge-rich SiGe readily forms a uniform layer
on Ge nanowires. Devices made using similar radial het-
erostructures should be of interest as they have recently
been shown to yield very high carrier mobilities.8

4. CONCLUSIONS

In summary, the synthesis of Ge rich SixGe1−x nanowires
is studied using vapor phase decomposition of Si and Ge
containing gas phase precursors over micron sized gallium
droplets. The results showed that high densities of sub
20 nm size SixGe1−x nanowires resulted from each gallium
droplet. Most importantly, the Ge composition of SixGe1−x

alloy nanowires is varied from 0.5 to 0 by varying the
Ge fraction in the vapor phase. The fractional composi-
tion obtained using the Raman peak heights agrees very
well with that obtained using both TEM based EDS and
lattice parameter data. The Raman peak intensity is shown
to estimate the composition of nanowires accurately com-
pared to that based on the peak positions which can have
complicated effects due to nanoscale phonon confinement
and laser induced heating.
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