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Si1xCx nanowires (NWs) were synthesized by varying the ratio of SiH4 and CH3SiH3 gases using a
vapor–liquid–solid (VLS) procedure using Au as a catalyst. The growth rate of the Si1xCx NWs and
the change in the wire shape from straight to helical near the Au tip were found to be closely related to
the ratio of the CH3SiH3 content. The large concentration of C in the Si1xCx NWs was proportional to
the CH3SiH3 content, overcoming the extremely low solubility of C in Si, resulting in an interstitial
incorporation of C atoms in the wire. This incorporation can be attributed to the cleavage of Si–C
bonds in the CH3SiH3 compound through the Au catalyst (an Au–Si liquid-state cluster of about 70–
100 nm) during wire growth by the VLS method. Simultaneously supplying CH3SiH3 and SiH4 gases
enhanced the diffusion of Au atoms from the tip to the sidewall of the wire, while also deforming the
shape of the Au tip. When the CH3SiH3 gas was increased to 1.5 sccm, the number of Au nanoparticles
(2–3 nm in size) at the lateral surface induced a surface plasmon resonance (SPR) and improved the
optical conductivity (s) of the Si1xCx NWs. For 2 sccm of CH3SiH3, a remarkable increase in the
number of C atoms incorporated in the Au nanoparticles along the sidewall red shifted the SPR peak,
suggesting that the SPR can be modulated by the Au–C interactions in the nanoparticles.

I.

Introduction

As a component of nearly ten million different compounds,
carbon is an abundant and intriguing element. More specifically,
carbon-containing group-IV semiconductor alloys such as
Si1xCx and Si1xyGexCy have been the subject of considerable
attention, particularly owing to the potential they offer for band
engineering via strain control in microelectronic and optoelectronic devices.1,2 According to literature reports, Si–C alloy
systems show several physical characteristics – e.g., a substantial
lattice mismatch between Si and C (52%), a very low equilibrium solid solubility in Si (104 at% at 1400  C), and a tendency
to form precipitates comprising SiC microcrystallites to lower
their energy at higher temperatures (#950  C).3–5 Although
extensive studies have examined the increase in the substitutional
C content in bulk Si, the complete incorporation of C into
substitutional sites in Si1xCx films occurs at C concentrations of
only up to 2 at% and only over very narrow growth conditions,
due to the extremely low solubility of C in Si.6–9 Furthermore,
while the above-mentioned characteristics of Si–C systems have
a
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been verified in two-dimensional Si1xCx film growth, methods
for preparing and analyzing Si1xCx nanostructures with filamentous configurations (e.g., nanowires) have been thoroughly
developed only for SiC NWs. In this paper, we introduce the first
mechanistic study of Si1xCx NWs grown using a VLS method
with Au as the catalyst. Among the various C precursor gases,
such as C3H8, CH4, CH3SiH3, C(SiH3)4 and C(SiH2Cl)4,
employing CH3SiH3 for Si1xCx film growth is of particular
interest since it is the simplest organosilicon that can be used in
its gas phase at room temperature and that contains no C–C
bonds.5,8–13 Thus, we chose CH3SiH3 gas as the C precursor and
SiH4 gas as the Si precursor for the growth of Si1xCx NWs. In
previous studies, we grew Si NWs by varying the process
parameters and found the critical condition for vertical growth.
The vertically grown Si NWs were then utilized as references (as
shown in Fig. 1(a)) in this experiment. Interestingly, these Si
NWs possess a considerable number of Au nanoparticles (with
sizes of 2–3 nm) along the lateral wire surface due to the diffusion
of Au atoms from the tip during wire growth. In the past decade,
these metallic nanoparticles have attracted much attention
because of their unique electronic, optical, and magnetic properties that vary with the particle size.14–16 In particular, the
surface plasmons of Au nanoparticles, induced by coherent
oscillation of the conduction band electrons, have inspired a new
field of research called plasmonics. In our system, there are two
types of Au particles; one type emanates from the Au tip about
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 FE-SEM images of Si1xCx NWs grown as a function of the ratio
of the gas flow rates of SiH4 to CH3SiH3, keeping other process
parameters constant. (a) SiH4 : CH3SiH3 ¼ 10 : 0 sccm, (b) SiH4 : CH3SiH3 ¼ 10 : 1 sccm, (c) SiH4 : CH3SiH3 ¼ 10 : 1.5 sccm, and (d)
SiH4 : CH3SiH3 ¼ 10 : 2 sccm.

70–100 nm at the top of the wire, and the other is an Au nanoparticle about 2–3 nm in diameter, which is distributed only
along the external surfaces. The existence of these two types of
Au particles fosters various interesting and exotic phenomena in
the growth of Si1xCx NWs, including the following: (i) a large
amount of C (12 at% in 2 sccm of CH3SiH3), which can be
incorporated into the wires via the Au tip, despite a very low solid
solubility of C in Si (surprisingly, this factor has not yet been
investigated in Si1xCx films); (ii) a decreasing wire growth rate
with an increasing CH3SiH3 gas flow rate; and (iii) a greater
number of Au nanoparticles along the sidewall corresponding to
a more deformed Au tip, in proportion to the CH3SiH3 gas.
In order to investigate such novel features in Si1xCx nanostructures, we analyzed their electronic and optical properties
using X-ray photoemission spectroscopy (XPS) and ultravioletvisible (UV-vis) spectroscopy, respectively. In the former, we
verified that a large number of C atoms exist in the interstitial
incorporation into Si lattices and chemically react with Au
nanoparticles, forming Au–C bonds. In the latter, the optical
conductivity (s) of Si1xCx NWs for 1.5 sccm of CH3SiH3 was
improved, which is caused by the surface plasmon resonance
(SPR) due to a certain quantity of Au nanoparticles. Our result is
the first to report on the generation of the SPR from the Au
nanoparticles decorated on a Si nanostructure and to suggest
modulation of the SPR via Au–C interactions.

II. Experimental
For this study, Si1xCx NWs were synthesized according to the
VLS method using an ultrahigh vacuum chemical vapor deposition (CVD) system. A 2 nm-thick Au film (as a catalyst) was
deposited onto a cleaned Si (111) substrate in a metal growing
chamber at a growth pressure of 5  107 Torr (deposition
 s1) by thermal evaporation. The sample was
rate: 0.08 A
transferred in-situ to the main chamber and then annealed at a
pressure of 1  108 Torr for 5 min at 600  C, which is the same
This journal is ª The Royal Society of Chemistry 2012

as the growth temperature, resulting in the formation of Au–Si
alloy droplets from the Au film and the Si substrate.17 After the
formation of these droplets, Si1xCx NWs were grown within a
period of 30 min by filling the main chamber with a mixture of
SiH4 and CH3SiH3 precursors and H2 carrier gas, maintaining a
fixed total pressure of 0.05 Torr via a feedback system with a
throttle valve and a Baratron gauge. In our system, the critical
condition for vertically grown Si NWs – i.e., a process pressure of
0.05 Torr at 600  C – was adopted for the C doping system. In
order to adjust the dopant concentration of C in the Si pillar, the
SiH4 : CH3SiH3 gas ratio was varied between 10 : 0, 10 : 1,
10 : 1.5, and 10 : 2 under a fixed H2 gas flow rate of 200 sccm.
Then, the morphological characteristics and crystalline structures of Si1xCx NWs as a function of the CH3SiH3 gas ratio
were investigated using a field emission scanning electron
microscope (FE-SEM, JSM 6500F, Jeol) and a transmission
electron microscope (TEM) (Tecnai F20), functioning in both
the high-resolution (HR-TEM) and scanning (STEM) modes at
200 kV. High-angle annular dark field (HAADF) STEM images
and energy dispersive X-ray (EDX) analysis confirmed the
chemical composition of the Si1xCx NWs. To investigate the
concentration of dopant atoms and chemical states in the specimen near-surface region, XPS was employed with Al Ka radiation (PHI-5000 Versaprobe, ULVAC-PHI Inc., Osaka, Japan).
The depth profiling experiments were also carried out by means
of Ne ion sputtering with an energy of 2 keV in order to determine the C distribution and the chemical state in the Si1xCx
NWs along the core direction. The pressure of the Ne source
during sputtering was 4  105 Torr. At every stage of the
profiling, narrow scans of C 1s, O 1s, Si 2p and Au 4f core level
spectra were recorded. Then their atomic concentrations were
calculated from the peak intensities using empirically derived
atomic sensitivity factors, which were obtained by software
(Multipak version 9.1.0.9, Ulvac-phi, Inc). Finally, to investigate
the optical properties of the specimens, the reflectance spectra
were obtained using a grating spectrometer (Cary 5) for wavelengths between 200 and 800 nm.

III.

Results and discussion

Changes in the structural shape of Si1xCx NWs as a function of
the CH3SiH3 gas flow rate were investigated using FE-SEM, as
shown in Fig. 1(a)–(d). Surprisingly, the wire length significantly
decreased and the wire shape became helically distorted near the
Au tip in proportion to CH3SiH3 gas flow rates. In order to
investigate the effect of CH3SiH3 gas on the growth kinetics, we
observed the changes in the morphological shape of each wire in
more detail using TEM [refer to ESI Fig. S1†]. As-grown Si NWs
without CH3SiH3 gas showed straight sidewalls, and the Au tip
at top of the wire was a complete hemisphere. On the other hand,
when CH3SiH3 gas was introduced, the wire bent and twisted in
on itself. Its growth rate also gradually decreased with the
increasing CH3SiH3 gas flow rate. Eventually, the growth of
Si1xCx NWs was completely inhibited for high CH3SiH3 gas
contents of more than 2.5 sccm (data not shown here). In addition, as the quantity of injected CH3SiH3 gas increased, the wire
diameter and Au tip size increased as well. This feature appears
to be closely related to the VLS growth mechanism with respect
to the partial pressure of the precursors, as has been reported in
J. Mater. Chem., 2012, 22, 19744–19751 | 19745
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our previous studies.17–19 In the VLS method, the growth rate is
determined by the incorporation of a source gas into Au droplets
and the nucleation of Si atoms at the interface between the liquid
(Au–Si alloy) and the solid (Si substrate at the initial state and Si
wire in the intermediate state). However, the relatively low SiH4
partial pressure due to the presence of CH3SiH3 gas causes the
incorporation of Si into Au to diminish, while the Ostwald
ripening process of Au atoms on the substrate is enhanced,
resulting in a larger Au tip and wire diameter, as clearly
demonstrated in Fig. S1.† Furthermore, the hemispherical shape
of the Au tip changes form, which is also dependent on the
increase of the CH3SiH3 gas concentration. In other words,
liquid-state Au atoms energetically favor the formation of clusters with hemisphere; however, introducing the CH3SiH3 gas
along with the SiH4 gas deforms the Au tip shape, as shown in
Fig. S1(b)–(d).† Data on the average diameter and length of the
wire are summarized in Table 1.
We examined the configuration and crystal structure of the
twisted region of the wire in detail using HR-TEM. Fig. 2(a)
shows the straight sidewall of the as-grown Si NWs without
CH3SiH3 gas. We observed substantial black points in the
vertically grown Si NWs: the points were caused by the formation of Au nanoparticles (2–3 nm in size) that were located on the
outside surface of the nanowire due to the low solubility of Au in
Si.18 The formation of Au nanoparticles on the sidewall of the Si
NWs can be attributed to the diffusion of Au atoms from the Au
tip at top of the wire. The quantity of diffused Au atoms
increased, in particular, at the twisted and bent regions, as evidenced by the HAADF STEM images in Fig. 2(d), where the
white color denotes Au atoms. Note that as the CH3SiH3 gas
flow rate was gradually increased, the number of Au nanoparticles on the lateral surface increased, significantly for 1.5
sccm of CH3SiH3, shown in Fig. 2(d), especially compared to the
as-grown Si NWs shown in Fig. 2(b). Moreover, after introducing the CH3SiH3 gas, a faceting phenomenon on the sidewall
of the wire became clearly evident, as shown in Fig. 2(c), and the
number of dislocation lines connected to the faceting region
increased, causing the wire shape to change from a pillar to a
more twisted strand. Additionally, when 2 sccm of CH3SiH3 gas
was injected, sporadically deposited island layers were observed
on the sidewalls of the wires, as shown in Fig. 2(e). Multiform
island shapes grew on the sidewalls of the entire wires, exhibiting
either an amorphous or polycrystalline structure, as evidenced by
the HR-TEM images and fast Fourier transform (FFT) images
of the red circle region in the inset of Fig. 2(e). According to
previously reported results, the tendency of three-dimensional
island nucleation depends on the interface and surface free
energy as a function of the strain, and can be enhanced during the

Table 1 Summary of the characteristics of the Si1xCx NWs related to
the average wire diameter and length as a function of the inlet gas ratio
SiH4 : H2 : CH3SiH3 flow
rate ratio (sccm)

Average diameter
(nm)

10 : 200 : 0
10 : 200 : 1
10 : 200 : 1.5
10 : 200 : 2

78 (15.4)
79 (13.2)
95 (15.6)
95 (15.1)
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Average length
for 30 min (mm)
2.50 (12.5)
1.67 (8.35)
1.33 (6.65)
0.83 (4.15)

formation of C or SiC particles. These results suggest that the
growth of the island layers was induced by the introduction of a
high 2 sccm CH3SiH3 gas flow rate.20 Under this condition, Au
nanoparticles were clearly observable at the lateral surface, as
were oblique multi-line planar defects, as shown in Fig. 2(f). The
former is due to the condensation of diffused Au atoms on the
sidewall, induced by the surface tension along the interface
between the liquid and solid states. The latter can be attributed to
the distortion of the crystal structure due to the injection of
CH3SiH3 gas, resulting in a twisted deformation. The various
defects have been occasionally observed in SiC thin films with a
high C concentration by several groups.20–24 In our system, many
twin defects are apparent in the FFT images in the inset of
Fig. 2(f), which is a {111} twinning plane that has been
commonly observed in as-grown Si NWs.17 Thus, the significantly increased twin defects appeared in response to the
distortion of the crystalline Si structure due to the incorporation
of C into the wire. Despite the formation of these defects, the
lattice distance in the wire remained almost identical to that
between Si–Si of an FCC phase [for more detailed information
on the FFT images of defects, refer to ESI Fig. S2†]. Hence, the
defects were generated by the incorporation of C in the wire,
while the lattice distance between Si–Si in the wire remained
unchanged.
In order to investigate the incorporation of C in Si NWs, we
considered various detection techniques. Conventionally, the
elemental concentration in one-dimensional nanostructures is
verified by EDX analysis of the HAADF STEM mode images.
However, in our case, this technique was limited to determining
the C concentration because whether carbon is incorporated
inside the wire or not, is still an open question, due to the fact
that contaminant carbon is always present in the TEM chamber
or the wire surface during EDX measurements. Hence, we
employed XPS as an alternative methodology, since it is known
to be effective at identifying not only the chemical states but also
the relative concentrations from peak positions (binding energy)
and peak areas, respectively. The XPS spectra for each core-level
of Si 2p, C 1s, Au 4f, and O 1s obtained from the wires grown as a
function of CH3SiH3 gas flow rate are shown in ESI Fig. S3.†
Among all the XPS spectra, the series of C 1s spectra showed a
noticeable change in the peak at 282 eV with increasing
CH3SiH3 gas, as denoted by the yellow elliptical symbols in
Fig. S3(b).† In general, a peak at 284.5 eV corresponds to a
carbonaceous contamination or weakly bound carbon which
appears consistently in XPS spectra.25 On the other hand, the
peak near 282 eV can be assigned to a Si–C bonding formed by
substitutional C atoms (according to reports, it appears mainly in
the 282.4–283 eV region).26,27 To differentiate the species of C
atoms (Si–C bonding) from external contamination, we performed Ne ion sputtering on the wire at 2 kV. The sputtering
process using Ne ions effectively removes surface C atoms,
minimizing the damage or structural deformation of the
sample.28 Hence, as the sputtering process removed the native
oxide, the concentration of weakly bound C atoms at the surface,
located at 284.5 eV, gradually diminished. More detailed
descriptions and explanations of the sputtering results of XPS are
provided in ESI Fig. S4.† In clear contrast to the peak at 284.5
eV, the intensity of the C signal at 282 eV was maintained,
despite sputtering for 35 min. Based on the remaining peak at
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 HR-TEM images and HAADF STEM images of Si1xCx NWs grown using various SiH4 to CH3SiH3 gas flow rate ratios. (a and b) As-grown Si
NWs with straight sidewalls. (c and d) The gas flow ratio of SiH4 to CH3SiH3 of the nanowires ranged from 10 sccm to 1.5 sccm. (e and f) The gas flow
ratio of SiH4 to CH3SiH3 of the nanowires ranged from 10 sccm to 2.0 sccm. Insets of (e) and (f) present FFT images of the regions represented by a red
circle and a red rectangle, respectively. The former shows a three-dimensional growth region mixed with polycrystalline and amorphous structures. The
latter reveals the twin defects generally observed in Si NWs.

282 eV and the change in the peak height with the CH3SiH3 gas
flow rate, we propose that C atoms were incorporated into the
wire grown with CH3SiH3 gas. In particular, the appreciable C
concentrations of 4% at 1 sccm and 13% at 2 sccm are
remarkably large quantities, especially considering the extremely
small equilibrium solubility of C in Si at the growth temperature
of 600  C. To verify the electronic structure of the incorporated C
atoms, we carried out Raman and FT-IR measurements.
Regardless of the presence of CH3SiH3 gas, both the Raman and
FT-IR spectra showed only peaks assigned to Si–Si bonding, not
Si–C bonding, indicating that the features on the substitutional C
atoms or Si–C bonding were not formed in the Si1xCx NWs
(this information is presented in ESI Fig. S5†).
In order to determine the number of C atoms that were incorporated into the wires, we considered the basic mechanisms of
adsorption, decomposition, and desorption of the precursors
during wire growth. The chemical states confirmed by XPS in
Fig. S3 and S4† contain critical information related to the reaction
mechanisms between Au and the precursors. The main difference
between the Si1xCx film and the Si1xCx wire is the existence of
Au as a catalyst – i.e., the Au catalyst is an important factor that
inhibits the chemical state of C from bonding with Si atoms. In the
case of Si1xCx film growth without the Au catalyst, C atoms can
be substitutionally incorporated into Si sites with connecting Si–C
bonds because the CH3SiH3 precursor maintains its Si–C bonds at
temperatures below 600  C.29,30 The following thermal decomposition mechanisms are generally invoked for explaining Si1xCx
film growth using SiH4 and CH3SiH3:
(i) SiH4(g) / SiH2 + H2
(ii) CH3SiH3(g) / HSiCH3 or H2Si]CH2 + H2
(iii) SiH2 + HSiCH3 / SiH4(g) + SiCH4
This journal is ª The Royal Society of Chemistry 2012

The major decomposition pathway of CH3SiH3 gas (step (ii))
shows that highly reactive intermediates of the isomeric species
of HSiCH3 and H2Si]CH2 can be produced. Then, in step (iii),
as SiH2 reacts readily with HSiCH3, molecular SiH4 can finally
be regenerated. Since the formation of HSiCH3 is dominant at
temperatures below 700  C and the H2Si]CH2 formation is
relatively minor, SiCH4 is needed as the main radical for C
incorporation since it can diffuse across the surface of H-covered
sites such as SiH2 and can be inserted into Si–H or C–H surface
bonds.29,30 Hence, step (iii) is decisive for the incorporation of C
in Si1xCx films by forming SiCH4 radicals. Yet, for Si1xCx
NWs, the growth mechanism by the VLS method using a Au
catalyst has not been studied extensively until now. Some groups
have simply pronounced the growth of C materials, such as
single-wall or multi-wall carbon nanotubes and carbon nanowires. They have demonstrated that the growth of C materials
generally proceeds via the VLS mechanism, like Si NWs, based
on the reaction process involving C uptake, supersaturation, and
precipitation in an iron-group catalyst.31–33 In addition, it has
recently been reported that C materials can be grown by the VLS
method using very small Au particles (about 5–30 nm) in the role
of the catalyst because the solubility of C is enhanced in nanosized Au catalysts; it was a new discovery in the field of nanoscience because actually, unlike nano-size Au particles, the
solubility of C in bulk-phase Au is extremely low.34–37 Based on
the above-mentioned thermal decomposition process in Si1xCx
films, we expected that Si1xCx NWs would be grown with
substitutionally incorporated C atoms by intact Si–C bonds in
the wire. For this process to occur, the SiH4 and CH3SiH3 gases
would have to be simultaneously adsorbed on the Au catalyst
and dissolved in droplets (liquid phase); the droplets would then
become supersaturated through the dissolving process. Finally,
Si1xCx NWs would be precipitated from the supersaturated
catalyst. However, the Si1xCx NWs grown in our system did not
J. Mater. Chem., 2012, 22, 19744–19751 | 19747
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contain any substitutionally incorporated C atoms (Si–C bonds),
despite the high quantity of C in the wire. From the perspective
of the growth kinetics of C materials, C atoms are incorporated
into the catalyst through the decomposition of C-bearing molecules on the catalyst surface. This process suggests that the
absence of substitutionally incorporated C atoms is due to the
cleavage of Si–C bonds in CH3SiH3 compounds (CH3SiH3(g) /
SiH3 + CH3) on the Au catalyst – the products of which are then
dissolved in the liquid state Au droplets.35,36 Furthermore, the
breaking of Si–C bonds in CH3SiH3 inhibits the reaction process
of (iii), resulting in no production of the SiCH4 radicals required
for C incorporation. Hence, the fact that Si–C bonding was not
detected in the FT-IR and Raman spectra can be attributed to
the decomposition of C-bearing molecules through the Au
catalyst in the liquid state. Possible decomposition pathways of
the gas phase reaction of SiH4 with CH3SiH3 are described in
Fig. 3 for both film growth without Au and wire growth with an
Au catalyst. We performed fitting of C 1s core-level spectra to
verify the formation process and chemical state of the interstitial
C for the above-mentioned argument. Fig. 4 showed the C 1s
spectra as a function of the CH3SiH3 gas content, which was
fitted by the electronegativity values contributing to the chemical
states. The C 1s peak of the as-grown Si NWs contained only C–
C bonds from surface contamination. As the CH3SiH3 gas
content increased, two states emerged at 282.2 eV and 286 eV.
Previously reported results have shown that the peak position
between 282.4 and 283 eV is caused by Si–C bonding, and the
intensity is proportional to the quantity of C content in the
film.26,27 However, in our case, the peak at 282.2 eV was observed
at a lower binding energy than that for Si–C bonding, and this
chemical state has not yet been reported in XPS spectra. We
suggest that the peak of 282.2 eV could be induced by the
interstitial incorporation of C atoms because interstitially
incorporated atoms are generally located as elemental atoms at a
lower binding energy than bulk-like bonds; i.e., we were able to
verify the existence of interstitial C atoms in the wire from the
fitted results.18,38 On the other hand, the peak at 286 eV is likely
related to the Si–O–C bonding induced by the surface contamination with a native oxide. After the sputtering process, these

Fig. 4 The core-level spectra of C 1s obtained from the Si1xCx NWs
depending on CH3SiH3 gas flow rate. The peak of C atoms (Ci) interstitially incorporated in the Si pillar increased in proportion to the
CH3SiH3 gas content.

Si–O–C states completely disappeared.25 Thus, in summary,
Si1xCx NWs can be grown by the VLS method when CH3SiH3
gas is injected into the Au catalyst along with SiH4 gas, thereby
overcoming the extremely low C solubility in Au and resulting in
the interstitial incorporation of a high number of C atoms.
Next, we investigated the optical properties of Si1xCx NWs as
a function of the interstitial C atoms and a large number of Au
nanoparticles along the sidewall of the wire. We focused on the
characteristics of Au nanoparticles since light absorption by
surface plasmons of metallic nanoparticles is considered to be an
important feature for optical devices. The reflectance spectra of a
Si wafer and Si1xCx NWs as a function of the CH3SiH3 gas
content are shown in ESI Fig. S6.† Because of the high refractive
index of the bare Si wafer, which is mirror-like and single crystalline, the Si substrate produced a high reflectance. In contrast,
the reflectance of Si1xCx NWs decreased overall and a particularly deeply curved shape was observed near 500 nm. To
determine the optical conductivity (s), we simulated the reflectance spectra of Si1xCx NWs as a function of the C content
using the program ‘‘Reffit’’ by A.B. Kuzmenko.39 Here, s(u) was
derived from the equation given by
sðuÞ ¼

Fig. 3 A schematic diagram of possible decomposition pathways in the
gas phase reactions of SiH4 with CH3SiH3, for both film growth without
Au and wire growth with a Au catalyst.

19748 | J. Mater. Chem., 2012, 22, 19744–19751

up 2 i
4p u þ iG

where up and G are the plasma frequency and carrier scattering
rate of 1/s, respectively. The real part of s(u) was extracted from
the fitted results and is described in Fig. 5. From the results, we
verified the surface plasmon effect from the Au nanoparticles on
the sidewall and CH3SiH3 gas; for 1.5 sccm of CH3SiH3, the SPR
peak was clearly visible at 500 nm, and for 2 sccm of CH3SiH3, it
was red-shifted with the broadening of the bandwidth.
Conversely, noticeable SPR peaks were not observed for the
CH3SiH3 flow rates of 0 and 1 sccm. To better understand the
SPR phenomenon, we investigated the Au 4f core level and
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Optical conductivity (s) spectra simulated from the reflectance
spectra of Si1xCx NWs as a function of the C content using the Reffit
program.

valence band spectra, which provide information on the chemical
states and charge distribution at the Fermi edge of the Si1xCx
NWs as a function of the CH3SiH3 gas content. Note that Au 4f
spectra only contain information on the chemical states of the Au
nanoparticles located along the exterior, not the interior, of the
wire since XPS is well known to be surface sensitive. Nevertheless, the Au 4f spectra first indicated entire peak shift toward
higher binding energy with increasing CH3SiH3 gas content, as
shown in Fig. 6(e). This shift, in addition to the peak broadening
of the Au 4f spectra, indicates the formation of another chemical
phase interacting with the Au atoms, which can be directly
related to the deformed Au tip shape, as indicated in Fig. 6(a)–
(d). We fitted the Au 4f spectra based on the electronegativity
values of Si (1.9) and C (2.5), given that Si has a weaker grip on
its outer shell electron than C. Therefore, the three peaks in the
Au 4f spectra were assigned as follows: Au–Au (84 eV), Au–Si
(85 eV), and Au–C (86 eV). From the fitting results, the entire

peak shift of Au 4f as a function of the CH3SiH3 gas content was
induced by a rise in the Si and C quantities that were incorporated in Au. Consequently, the Au–Si and Au–C states grew
increasingly larger, as shown in Fig. 6(e). The incorporation of Si
and C in Au is closely correlated with the Au nanoparticles along
the sidewall, not the bulk-like Au tip at top of the wire, considering the extremely low solubility of Si and C in Au at room
temperature. In particular, in small Au particles (i.e., sizes of 5
nm or smaller in reported data), the C solubility in Au should
increase drastically and the driving force of C precipitation from
Au should be suppressed,35 thereby allowing the Au nanoparticles along the sidewall to react with the number of C atoms
interstitially incorporated in the wire due to the high injection of
CH3SiH3 gas. The occurrence of this phenomenon was evident
from the Au–C bond, as shown in Fig. 6(e). The increase of the
Au–Si bonding, which stood in stark contrast to the decrease of
the Au–Au bonding, can be attributed to the formation of an Ausilicide phase in nanoparticles of Au in contact with the Si pillar.
Namely, the metamorphosed shape of the Au tip was intensified
in proportion to the CH3SiH3 gas content because the Au
diffusion along the sidewall of the wire increased. A substantial
number of Au nanoparticles formed by diffused Au atoms
absorbed the light until the CH3SiH3 content reached 1.5 sccm,
resulting in the SPR effect. However, once the CH3SiH3 content
reached 2 sccm, the peak position, width, and intensity of SPR
changed (Fig. 5). The red-shifted and broadened SPR peak was
due to the excitation of different oscillations, not the coherent
oscillation of the intrinsic Au nanoparticles.14 This change can be
explained by a rise of the Au–C bond, as confirmed by the Au 4f
fitting results, which generated different oscillations from the Au
nanoparticles, resulting in SPR broadening. On the other hand,
according to previously published results, a change in the SPR
position depends on the Au particle size, suggesting that a red
shift of the SPR peak could be a response to coarsening of the Au
nanoparticles in the twisted region compared to the Au

Fig. 6 TEM images of a deformed Au tip in Si1xCx NWs grown as a function of flow rate ratio of SiH4 to CH3SiH3 gas. (a) As-grown Si NWs,
exhibiting a complete hemisphere. Si1xCx NWs with a deformed Au tip and a SiH4 to CH3SiH3 gas flow ratio of (b) 10 to 1 sccm, (c) 10 to 1.5 sccm, and
(d) 10 to 2 sccm. (e) Fitting results of Au 4f core-level spectra. The peak of the Au–C bond in Au nanoparticles on the sidewall of the wire is noticeably
present in the case of 2 sccm of CH3SiH3 gas.
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nanoparticles along the flat sidewall.14,40 The decrease in the SPR
intensity can also be associated with the small surface area when
incident light strikes the Si1xCx NWs; in the case of CH3SiH3 2
sccm, although the C content in the Au nanoparticles was higher,
the total length was shorter and the diameter was similar
compared to the case of 1.5 sccm CH3SiH3.
Moreover, since the distribution of the occupied state is
closely related to the optical process, it was necessary to probe
the electron distribution of the occupied energy state; thus, the
valence band spectra were analyzed as a function of the
CH3SiH3 gas content, as shown in Fig. 7. For the Si1xCx NWs,
the valence band was determined by the Au s-band and d-band;
the former appears as a Fermi edge at zero binding energy while
the latter dominates below 2 eV because of high population
and cross-section.41 The spin–orbit splitting (D5d), as clearly
presented in Fig. 7, reflects the Au–Au d–d interaction and
became narrower as the coordination number of the nearest Au
atom decreased.42,43 Thus, the D5d of Au nanoparticles should
be narrower due to the reduction in the coordination number of
the nearest Au neighbor relative to the Au bulk (generally,
D5d z 2.6 eV), which is reasonably consistent with our results
(D5d: 2.35–2.02 eV).41 Moreover, it is interesting to note that
there is a clearly visible discrepancy in the D5d values – i.e., D5d
decreased more for higher values of the CH3SiH3 gas content.
These diminishing D5d values were observed when the density of
Au atoms in the nanoparticles was diluted in alloy formation,
which causes a moving away of the top of the d-band from the
Fermi edge. This observation is clearly in accordance with the
behavior of the SPR and Au 4f fitting results. In other words, in
Au nanoparticles, the formation of Au–C bonds with increasing
CH3SiH3 gas content gives rise to a reduction in the coordination number of the nearest Au neighbors, which causes the D5d
values to become narrower. Furthermore, the number of Au
nanoparticles on the sidewall was regulated by the diffusion of
the Au catalyst at the tip with increasing CH3SiH3 gas and
induced the SPR effect. Thus, SPR characteristics can be
modified by exploiting the Au–C bonds formed in the Au
nanoparticles since interactions between Au and C atoms can
induce oscillations that differ from those of the intrinsic Au
nanoparticles.

Fig. 7 Valence band spectra of the Si1xCx NWs as a function of the
CH3SiH3 gas content. As the gas content increased, the spin–orbit
splitting (D5d, Au–Au d–d interaction) became narrower.

19750 | J. Mater. Chem., 2012, 22, 19744–19751

IV.

Conclusion

In this study, we systematically analyzed the interaction between
Au and C atoms in two cases – one where the Au catalyst was
located at the top of the wire, and the other where Au nanoparticles were distributed along the sidewalls of Si1xCx NWs.
The Si1xCx NWs were grown using the VLS method with a Au
catalyst and simultaneous injections of SiH4 and CH3SiH3.
However, C atoms were interstitially – not substitutionally –
incorporated into the Si structure because Si–C bonding was
separated through the Au catalyst (Au–Si liquid state). On the
other hand, we detected numerous Au nanoparticles on the
sidewall formed by the diffusion of the Au catalyst in Si1xCx
NWs, which was enhanced with the increase in CH3SiH3 gas
content. In particular, we observed a sharp surface plasmon
absorption peak when the CH3SiH3 gas flow rate increased more
than 1.5 sccm. Additionally, the plasmon absorption peak
changed its width, intensity and position for the CH3SiH3 gas
flow rate of 2 sccm, which was a response to the existence of Au–
C bonds, as verified by the Au 4f fitting results and valence band
spectra. Hence, the change in Au nanoparticles caused by the
formation of Au–C bonds can directly affect the modulation of
the SPR.
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