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An Approach to the Synthesis of Silicon Carbide Nanowires by Simple
Thermal Evaporation of Ferrocene onto Silicon Wafers
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Scales of silicon carbide nanowires (SiC-NWs) with high
quality were synthesized by direct thermal evaporation of
ferrocene onto silicon wafers at high temperature. Ferrocene
decomposed into iron and carbon, which was subsequently
treated with silicon to form SiC-NWs at high temperature.
The SiC-NWs possess small diameters of = 20 nm and lengths
of several pms. Furthermore, the samples show a uniform
morphology, crystalline structure, and a very thin oxide layer.
The main crystal direction of [111] was confirmed by high-

resolution field-emission-transmission electron microscopy
(HR-FETEM). The Raman scattering spectra showed two
peaks at = 796 (TO) and = 980 cm™! (LO) with varying inten-
sity ratios at different positions. The band line fluctuation
was contributed to the Raman selection rules. With reference
to the experimental results, we suggested a tentative growth
model according to the vapor-liquid-solid (VLS) mechanism.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Silicon carbide presents wide applications in many harsh
conditions such as high temperature and high frequency
due to the high mechanical strength, high chemical stability,
low induced activity, and so forth.'l Many high-perform-
ance silicon carbide based devices are now commercially
available, including metal semiconductor field-effect transis-
tors and Schottky rectifiers. One-dimensional nanomateri-
als deserve special attention, as they are expected to play a
crucial role as building blocks of future molecular electronic
applications.l>* Silicon carbide nanowires (SiC-NWs), pos-
sessing a special geometrical and wide band-gap semicon-
ductor structure, show the considerable advantage of a high
electrical conductance and excellent mechanical stability,
which makes them extremely interesting in many electrical
and mechanical fields. Much effort has been focused in the
miniaturization of electronic devices by using SiC-NWs in
the last decade.>71 It was demonstrated that the SiC-NWs
displayed excellent field emission and optical properties due
to their remarkable structural and chemical stabilities.!®-3-101
Furthermore, SiC-NWs also exhibit good mechanical fea-
tures in reinforcing the strength of ceramic—matrix compos-
ite[11-121

A number of existing techniques can be used for the syn-
thesis of SiC-NWs, including carbon nanotube confined re-
actions,!> 1319 carbothermal reduction,!'’ 2!l metal-assisted
vapor—liquid—solid (VLS) growth,®-?>-231 etc. Among them,
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a process based upon the carbon nanotube (CNTs) solid—
vapor reaction with volatile oxides and/or halide species,
was reported.l’] By using the floating catalyst ferrocene with
the SiCl,—C¢Hg—H,—Ar system, SiC nanorods with sizes of
=~ 100 nm were obtained.[?3! If the ferrocene on the silicon
wafer was reacted at 600 °C with an ultrahigh vacuum
(UHV) system, SiC nanodots will be formed.** Lee and
coworkers have synthesized crystalline B-SiC-NWs with
diameters of 10-30 nm by hot filament chemical vapor de-
position (HFCVD), and these nanowires possessed good
field-emitting properties.”>2% Yang et al. proposed the syn-
thesis of SiC-NWs by the thermal decomposition of a poly-
meric precursor with a thickness ranging from 80 to
200 nm.?”! Needle SiC-NWs were successfully prepared by
thermal evaporation of SiC powder and iron powder at a
high temperature of 1700 °C.*®! Moreover, Deng et al.
found that single crystalline SiC-NWs could be grown di-
rectly on the surface of bulk SiC ceramic substrates in a
catalyst-assisted thermal heating process.[*”) However, most
of the synthetic methods involved complex processes and
manipulations. Furthermore, the as-produced SiC-NWs
were usually over 30 nm in size and a contained a thick
oxide layer. It is desirable to fabricate crystalline SiC-NWs
with small diameters that are free of oxide layers by a
simple process. Furthermore, the Raman scattering spectra
of SiC-NWs are seldom studied and need to be further in-
vestigated.

Herein we report an alternative approach in which scales
of high-quality SiC-NWs were synthesized by the simple
thermal evaporation of ferrocene onto silicon wafers. Iron
as a catalyst and carbon pyrrolyzed by ferrocene at high
temperatures deposited on the surface of silicon wafers and
reacted with silicon to generate SiC-NWs. The as-formed
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SiC-NWs with small diameters of = 20 nm and lengths of
several ums show a well-crystalline structure, uniform size
distribution, and thin oxide layer. Furthermore, the crystal
direction of [111] is clearly observed. Two peaks at = 796
(TO) and = 980 cm™' (LO) in the Raman scattering spectra
show varying intensity ratios at different positions. The in-
tensity fluctuation is attributed to the Raman selection
rules. Finally, we suggest a possible growth model that is
related to the vapor-liquid-solid (VLS) mechanism.

Results and Discussion

Figure 1 displays the FESEM image of scales of SiC-
NWs with diameters of = 20 nm and lengths of several pms.
Relatively straight SiC-NWs with uniform size distributions
and smooth surfaces can be clearly observed from the en-
larged image in Figure 1b. It also can be seen that the sur-
face of the SiC-NWs is clean and free of impurities. Shown
in Figure Ic is an interesting FESEM image of as-grown
SiC-NWs sticking to the silicon wafer. As can be seen from
the figure, the homogeneous SiC-NWs closely contact to
the surface of the silicon wafer, indicating a different growth
procedure relative to Figure la and b. The possible chemi-
cal composition of the sample was analyzed through the
EDS data recorded from several pure nanowires (Fig-
ure 1d). The presence of peaks demonstrates that the
nanowires are composed of silicon, carbon, and small
amount of oxygen. The quantitative element analysis shows
a Si/C ratio of 1:1, which corresponds well to the standard
SiC (1:1) and thus confirms the composition of the SiC
nanowires. The small quantity of oxygen may come from
the resident oxide layer or the adsorbed oxygen in the air.
The Fe peak was not detected because of the weak concen-
tration. Shown in Figure 2 are the TEM images of several
SiC-NWs with mean diameters of = 20 nm and lengths of
2-3 pms. It is clear that the SiC-NWs are structurally uni-
form and dislocation free. We estimated the diameter distri-
bution of the SiC-NWs by calculating hundreds of
nanowires from the TEM images. As can be seen from Fig-
ure 4b, the majority of SiC-NWs show a concentrated dia-
meter arrangement of = 20 nm. Some of the SiC-NWs have
sizes that are less than 10 nm and very few are over 25 nm.
The high-magnification TEM image in Figure 2b more
clearly shows a smooth morphology and homogeneous size
distribution of the SiC-NWs. Moreover, the SiC-NWs are
of high quality with free of defects such as stacking faults.
The selected area electric diffraction (SAED) pattern corre-
sponding to the SiC-NWs indicates a crystalline structure
(Figure 2a inset). The (111) face that is confirmed in the
figure suggests a main growth direction of [111] because of
the lowest energy theory. Otherwise, the fluctuant bright-
ness of black and white in the TEM image synchronously
indicates a crystalline nature. The lattice structure of the
SiC-NWs can be viewed in the HR-FETEM image (Fig-
ure 3). As can be seen from Figure 3, the regular interplanar
spacing of 0.25 nm shows good agreement with SiC growth
along the [111] direction, indicating a single-crystalline
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structure. Otherwise, it is observed that the lattice fringes
are parallel to the nanowire axes, which indicates a [220]
growth direction. It can also be observed that the surfaces
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Figure 1. (a) The low-magnification, (b) high-magnification, and
(c) special-structure FESEM images of the SiC-NWs with mean
diameters of = 20 nm and lengths of several pms. (d) The EDS
spectrum and quantitative elemental analysis recorded from the
pure SiC-NWs. The weak Au and unmarked peaks come from sam-
ple preparation during the FESEM measurements.
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Figure 2. (a) The low-magnification and (b) high-magnification

TEM images of the SiC-NWs. The inset in (a) is the corresponding
SAED pattern.
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of the SiC-NWs are smooth and clean and possess only a
very thin oxide layer of less than 1 nm. As a result, the SiC-
NWs are structurally uniform, singly crystalline, and have
only a thin oxide layer.

Figure 3. HR-FETEM image of a SiC-NW with the lattice orienta-
tion of [111].

Shown in Figure 4a is the XRD data of the sample,
which is used for analyzing the crystalline structure. As can
be seen from the pattern, the peaks of (111), (200), (220),
(311), and (222) are completely consistent to the standard
face-centered cubic (fcc) cell of SiC with the lattice constant
of a = 0.4349 nm (JCPDS card No. 73-1665). The strong
intensity and narrow width of the lines also indicate an ex-
cellent crystal structure, which is also shown in the HR-
FETEM image. Except for the peaks of SiC, several peaks
of Si,N,O with a low intensity are synchronously observed.
These reflection lines are believed to be derived from weak
nitrification and oxidation during the procedure.

Figure SA displays the Raman scattering spectrum of a
typical SiC-NW sample at room temperature. There is a
prominent band line at = 796 cm™! and a low intensity line
at = 980 cm™'; these two lines correspond well to the band
lines of a zincblende structure of bulk SiC. Furthermore,
these bands normally result from the first-order phonon
frequencies of the transverse optical (TO) and longitudinal
optical (LO) modes, respectively.’Y Between these two lines,
the lines at 729 and 887 cm™! can also be distinguished.
These two peaks may be attributable to special SIC-NWs
Raman-active modes or to impurities. As can be seen from
the figure, the symmetry and narrow width of the lines indi-
cate a crystalline nature of the high-quality SiIC-NWs. The
lines in this Raman spectrum are consistent with those re-
ported for SiC nanorods or nanowires,?>!l but they are
different to those of bulk materials or films of SiC.[3? 33

It is known that the LO band line is usually higher than
the TO band line near the zone center in bulk SiC.’* How-
ever, in this Raman scattering spectrum, the TO band
4008
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Figure 4. (a) XRD pattern of the SiC-NW sample. (b) Diameter
distribution of the SiC-NWs.
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Figure 5. (A) Raman scattering spectra of the SiC-NWs with dif-

ferent positions. (B) Schematic illustration of the SiC-NWs growth
model.
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shows a stronger intensity than the LO band (Figure 5A).
As depicted in the figure, the SiC-NWs sample exhibits a
fluxional intensity ratio of the various band lines when it
was irradiated at different positions. The intensity of the
TO band at = 796 cm™! continually decreases whereas the
LO band at = 980 cm ! increases when the radiation is
moved from position a to ¢. These phenomena may be ex-
plained by the Raman selection rules. During the Raman
measurements, the radiated SiC-NWs were randomly ar-
ranged and had no unique predominant crystalline direc-
tion, although the [111] will be the major orientation of
growth. Therefore, the polarization of the incident and scat-
tered wave vectors such as the (011) face, which is perpen-
dicular to the quasi-backscattering geometry face (100), was
not strictly obeyed.?'-3!1 Consequently, the TO and LO
band lines in the Raman spectrum of our sample were not
completely forbidden or allowed but showed a varying in-
tensity ratio with different positions.

The growth of SiC-NWs with a metal catalyst normally
results from the VLS mechanism. In the current process,
ferrocene was used to serve as the iron catalyst and a source
of carbon whereas the silicon wafer was used as a silicon
source and the substrate. Here we propose a possible
growth model corresponding to the VLS mechanism. Dur-
ing the process, ferrocene [(CsHs),Fe] will favorably be py-
rolyzed into iron and carbon at high temperature. The de-
composed Fe and C atoms will then be deposited onto the
surface of the silicon wafer to form an alloy droplet with Si
atoms along the VLS mechanism (Figure 5B, a). Once the
Si and C atoms reach supersaturation, the excess atoms will
precipitate out from the nuclear (alloy droplet) and grow
up to a SiC-NW (Figure 5B, b). In theory, it is also possible
for the catalyst to serve as an anchor on the tip of the
nanowire. During this step, the one-dimensional SiC-NW
structure usually grows along the direction of [111] because
of the lowest-energy principle. Here one case should be
mentioned; a small quantity of silicon may be oxidized to
Si0, or SiO. The produced silicon oxide will simultaneously
react with the deposited carbon and form the structure of
SiC-NW. Furthermore, some silicon or generated silicon ox-
ide will possibly be nitrified by nitrogen gas at high tem-
perature (as shown in Figure 4a). It is noted that the as-
formed SiC-NWs are not easy to be nitrified because of
their high stability in the present experiments. It is believed
that if another inert gas, such as argon, was used, the nitrifi-
cation will not happen. During the current process, the C,
Si, and catalytic Fe sources are supplied simultaneously by
ferrocene and the silicon substrate, which obviously simpli-
fies the synthesis process. Thus, a useful technique for syn-
thesizing scales of crystalline SiIC-NWs is suggested.

Conclusions

Scales of high-quality crystalline silicon carbide
nanowires with small diameters of = 20 nm and lengths of
several ums were synthesized by direct thermal evaporation
of ferrocene onto a silicon wafer at high temperature. The
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samples possessed a uniform size, crystalline structure, and
a thin oxide layer. The HR-FETEM image showed a main
single-crystal direction of [111]. The Raman scattering spec-
tra of the sample showed varying intensity ratios at dif-
ferent positions, which is attributed to the Raman selection
rules. Finally, a tentative growth model according to the
vapor-liquid-solid (VLS) mechanism was suggested. The
simple synthetic process presented here suggests a useful
route for the fabrication of crystalline SiC-NWs with high
quantity.

Experimental Section

General Procedure: A ceramic boat containing pieces of silicon
wafers (n-type Si (100) with a resistivity of about 4.1 Qcm) and an
amount of ferrocene powder was placed on a silicon surface and
put in the center of a high-temperature chemical-vapor-deposition
furnace. The furnace was heated to 1550 °C at a rate of 10 °C/min.
A nitrogen gas flow was initiated at a rate of 70 mL/min at the
beginning. After heating for ca. 2 h, the samples were taken out for
the next measurements. The morphology and lattice structure of
the samples were checked by field emission scanning electric micro-
scopy (FESEM, FEI Sirion) and high-resolution field emission
transmission electron microscopy (HR-FETEM, JEM 2010F). The
possible chemical composition was investigated by using energy-
dispersive X-ray spectroscopy (EDS) attached to the FESEM. The
crystalline structure was measured by X-ray diffraction using Cu-
K, radiation (XRD, D8 DISCOVER, Bruker). Raman scattering
spectra were measured with a Raman microscope (Renishaw inVia
plus) with a 514.5 nm laser as the excitation source at room tem-
perature.
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