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Cubic phase silicon carbide (3C-SiC) nanowires (labeled as “Sample 1”) with diameters ranging from
10nm to 80nm and lengths up to several micrometers were obtained by using CHIs, Si powder, and
metallic Na as reactants at 230 °C. In addition, SiC polyhedra (labeled as “Sample 2”) with smooth surfaces
and diameters of 2-5 pwm were obtained by using the different amounts of the same reactants at 500°C.
The room-temperature photoluminescence (PL) spectra of Sample 1 and Sample 2 show strong ultraviolet
emission peaks centered at 360 nm and 354 nm, respectively. Thermal gravimetric analysis (TGA) curves
reveal that the thermal stability (against air oxidation) of Sample 2 is better than Sample 1. The possible
formation mechanisms of the products with distinct dimensions were briefly discussed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The synthesis of silicon carbide (SiC) materials has aroused great
research interests because of their diverse superior properties,
which make it useful in functional ceramic and high temperature
semiconductor fields [1-4]. SiC has large number of polytypes such
as 3C-SiC, 4H-SiC, 6H-SiC etc.; moreover, 3C-SiC shows the highest
electron mobility [5,6]. Therefore, 3C-SiC has a potential applica-
tion in high power and high frequency devices [7]. In the literature,
many indications show that the properties (e.g. optical properties)
of SiC display strong dependences on their morphologies and sizes
[8-14]. Compared with SiC nanostructures [9-20], there were few
reports on the SiC micro-scaled polyhedra [21-23]. The investiga-
tion on the synthesis and properties of micro-scaled polyhedra will
not only enrich the morphology science of SiC but also provide new
enlightenment for the synthesis of large-sized SiC single crystals,
which may broaden the potential applications of SiC semiconductor
materials in the future [24].

Conventionally, the methods for the preparation of 3C-SiC
nanocrystals always need high temperature, for instance, carboth-
ermal reduction, self-propagating, sol-gel, and so on [25-29]. In
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this case, synthesis of SiC at low temperature is still a prac-
tical challenge. Most recently, 3C-SiC had been synthesized at
low temperature, for example, a sulfur-assisted reduction route
(Si-S-Na-C,Cly) at 130°C [30], using Na-K alloy as reduc-
tants (SiCl4;—Na-K-CHBr3) at 130°C [9], and by the system of
Si0,-CyH50H-Mg at 200°C [31].

Herein, we report a simple but effective method for the fabri-
cation of 3C-SiC nanowires by using metallic Na, Si powder and
CHI; in a stainless-steel autoclave at 230°C; While SiC micro-
scaled polyhedra with high yields also could be produced by using
about twice amounts of the same reactants at 500 °C. The reac-
tion temperature and the amounts of carbon source were found
to be crucial for the formation of the SiC with different morpholo-
gies.

2. Experimental
2.1. Preparation of samples

All the reagents (Shanghai Chemical Reagents Company) used in these exper-
iments were of analytical grade and were used without further purification.
[Warning: Metal Na and K are chemical active reductants, for security, the experi-
mental procedure should be done carefully and quickly.]

Sample 1 was prepared as follows: Na (1.527 g), Si powders (0.500 g), and CHI3
(7.017 g) were mixed in a 22-ml stainless-steel autoclave. After tightly sealed, the
autoclave was maintained at 230°C for 20 hours (h) and then cooled to room tem-
perature naturally. The raw products in the autoclave were collected and washed
with absolute alcohol, dilute HCI, hot concentrated 70% HClO,4 (at 180°C for 3 h),
and the mixture of HF-HNO; (v/v=1:3), respectively, in order to remove the alkali
metal halides, amorphous carbon and Si. Finally, the gray product was washed with
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Fig. 1. XRD patterns of the final samples: (a) Sample 1; (b) Sample 2.

distilled water and absolute alcohol for several times and then it was dried in a
vacuum at 100°C for 1h.

Through tuning the amounts of the reactants (see Table 1: sign 8), the other
sample was prepared. In order to remove the byproducts, the raw product was post-
treated similarly with that of Sample 1. Then the solution containing the SiC product
was stirred vigorously for several minutes and kept still for 5 min. The dispersion
and sedimentation process were repeated several times. After drying in vacuum
at 100°C for 1h, a sample with green color (labeled as Sample 2) was eventually
obtained.

2.2. Sample characterization

The X-ray powder diffraction (XRD) were carried out on a Bruker D8 advanced X-
ray diffractometer equipped with Ni-filtered Cu Ko radiation (A =1.5418 A). Fourier
transform infrared spectroscopy (FTIR) measurements were performed by a Bruker
Alpha-T. The Raman spectra were obtained from a NEXUS 670 FT-IR Raman spec-
trometer. The morphology and structure of the products were investigated by
transmission electron microscopy (TEM, Hitachi H-7000), high-resolution transmis-
sion electron microscopy (HRTEM, JEOL-2100, 200 kV), and field emission scanning
electron microscopy (FESEM, JEOL JSM-6700F). Photoluminescence (PL) spectrum
measurements were performed in an Edinburgh FLS 920 fluorescence spectropho-
tometer with a Xe lamp at room temperature. Thermal gravimetric analysis (TGA)
was recorded on a SDT Q600 V8.0 Build 95 thermal analyzer apparatus under air
flow.

3. Results and discussion
3.1. XRD, FTIR, and Raman analysis

Fig. 1a and b shows the typical XRD patterns of Sample 1 and
Sample 2, respectively. The sharp peaks with strong diffraction
intensity in the two patterns can be appropriately indexed to cubic
SiC. The lattice parameters of the 3C-SiC cell calculated from these
two patterns are 4.359 A and 4.357 A, which are consistent with the
standard values for 3C-SiC (a=4.358 A, JCPDS card no. 65-0360). The
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Fig. 2. FTIR spectra of the final samples: (a) Sample 1; (b) Sample 2.

low-intensity peaks marked with SFin Fig. 1a and b can be ascribed
to the stacking faults in the crystals [32]. No noticeable diffraction
peaks of other impurities such as Si, SiO,, and C were detected in
these patterns.

Fig. 2a and b shows the typical FTIR spectra of Sample 1 and
Sample 2, respectively. The intense absorption peak positioned at
808 cm~! in Fig. 2a (or 875cm~! in Fig. 2b) can be indexed to the
transverse optical (TO) photons vibration mode of the Si—-C bond,
which is consistent with the earlier reports [9,33]. The weaker
absorption peak centered at about 1275cm™! in Fig. 2b can also
be assigned to the vibration mode of Si—C bond [34,35]. No obvious
peaks of other impurities were detected in these two spectra.

Typical Raman spectra of Sample 1 and Sample 2 are shown
in Fig. 3. It is clearly seen that the presence of two sharp peaks
positioned at 792 cm~! and 968 cm~! in Fig. 3a (Sample 1), which
are associated with the TO and LO phonons at the I" point of 3-
SiC, respectively [30]. The Raman spectrum of the as-synthesized
micro-scaled polyhedra (Sample 2) is shown in Fig. 3b, two sharp
peaks centered at about 793 cm~! and 969 cm~! are also obviously
observed. The intensity of the TO (I') phonon line is stronger than
that of the LO (I') phonon line; The relative shift (3-8 cm~!) of the
peaks in the spectra compared to the bulk SiC may be attributed
to the confinement effect and the stacking faults of the products
[36,37]. The sharp peaks confirm that the as-synthesized two sam-
ples are well crystalline [38-40]. At the same time, the results are
consistent with those of the above X-ray patterns.

3.2. PL and thermal analysis

Fig. 4 shows the room-temperature photoluminescence (PL)
spectra (with the excitation wavelength of 220nm) of the final

Table 1
Experimental results of the final products produced at different reaction conditions.
Sign Na (g) Si(g) CHI; (g) T(°C) t(h) Phase Nanowires Polyhedra
1 1.527 0.500 7.017 170 20 No SiC
2 1.527 0.500 7.017 180 20 3C-SiC 50% Low
3 1.527 0.500 7.017 230 20 3C-SiC 80% Low
4 1.527 0.500 7.017 500 20 3C-SiC 50% Low
5 2.997 1.000 7.011 500 20 3C-SiC 50% Low
6 2.997 1.000 10.302 500 20 3C-SiC 40% 30%
7 2.997 1.000 12.002 500 20 3C-SiC 15% 50%
8 2.997 1.000 14.030 500 20 3C-SiC 5% 70%
9 2.997 1.000 14.030 230 20 3C-SiC 50% Low
10 2.997 1.000 14.030 500 5 3C-SiC Low 70%
11 2.997 1.000 14.030 500 10 3C-SiC Low 70%
12 2.997 1.000 14.030 500 15 3C-SiC Low 70%
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Fig. 3. Raman spectra of the final samples: (a) Sample 1; (b) Sample 2.
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Fig. 4. Room-temperature PL spectra of the final samples: (a) Sample 1; (b) Sample
2.

SiC samples. Curve (a) and curve (b) show the PL spectra of Sam-
ple 1 and Sample 2, it can be clearly observed that peaks with
strong intensity centered at 360 nm and 354 nm, respectively. Com-
pared with the blue-green luminescence from the 3C-SiC films [41],
the present emission peaks of the as-synthesized SiC products are
indicative of blue-shift. This phenomenon might originate from the
morphology, defects and quantum size effects [9,42], however, the
exact luminescence mechanism still requires further interpreta-
tion.

In order to study the thermal stabilities (against air oxidation)
of the samples, TGA was carried out under a flow of air in the tem-
perature range of 40-1200°C (see Fig. 5a). Initially, it is observed
from TGA curves that both of them have a small peak in the tem-
perature range of 40-360 °C. This may be attributed to the baseline
drift of the TGA instrument (see Fig. 5b). Getting rid of the error
from the instrument, curve a (I) shows almost no drastic weight
gain or loss below 800 °C, while a gradual tiny weight gain suggests
that SiC nanowires are oxidized in air atmosphere at temperatures
above 800 °C. This result is in agreement with the previous reports
[32,33]. When the temperature is raised above 1000 °C, curve a (I)
correspondingly displays a drastic weight gain, indicating that the
SiC nanowires sample is accelerated oxidized. Compared to curve
a (I), curve a (II) is much smoother which does not show obvious
weight gain or loss below 1200 °C. This may be ascribed to larger
crystal size accordingly with smaller surface areas which result in
their outstanding oxidation resistance [14,43]. These results show
that the as-obtained sample especially the polyhedral products has
good thermal stability (against air oxidation).

3.3. Morphology and growth mechanism of Sample 1

Detailed structure and morphology analysis of the products
were further carried out with TEM and HRTEM. As shown in Fig. 6a,
Sample 1 is mainly composed of one-dimensional SiC nanowires
with uniform diameters about 60 nm and lengths up to several
micrometers. The statistical TEM observation results indicate that
the proportion of the nanowires (most of them have diameters
about 60nm, and a small part of them have diameters ranging
from 10nm to 80nm) in the product is approximately 80%. It is
found that almost one third of the obtained nanowires are bent.
The quantum interference effect of the bent structure endowed the
nanowires with new functions [44], for instance, it might provide
potential application in nano-mechanics and nano-electron devices
[45]. Fig. 6b shows the high-magnification TEM image of part of a
randomly selected nanowire (in the lower-left corner), in which the
interfringe distance of 0.25 nm is consistent with (11 1) interplanar
distance of 3C-SiC, and the stacking faults could be observed. The
corresponding fast Fourier transform (FFT) pattern (in the upper-
right corner of Fig. 6b) indicates a streaking diffraction pattern
characteristic of stacking faults. Combining this result with that
of the XRD pattern (Fig. 1a), the appearance of low-intensity peak
(marked with SF) is due to stacking faults of 3C-SiC. In addition,
the [11 1] direction is parallel to the axis of the nanowire, implying
that the nanowire might grow along the [11 1] direction.

In order to investigate the possible growth mechanism of the as-
synthesized SiC nanowires, the raw product of Sample 1 (without
treated with any solvents) was studied by TEM. As shown in Fig. 6¢
and d, it is found that solid particles exist at the tip or bending site
of a SiC nanowire. This phenomenon is frequently found under TEM
observations in our experiment. Solid particles located at the tip or
bending site of these nanowires revealing that the as-obtained SiC
nanowires may grow via a vapor-liquid-solid (VLS) growth mech-
anism [31,46,47]. Fig. 6e shows the XRD pattern of the raw product
of Sample 1 without treated with any solvents, in which Nal, Si,
and C are observed besides the cubic SiC. Fig. 6f shows a typical
EDS spectrum of the raw product (without post treatment), indi-
cating the raw product is mainly composed of SiC and Nal (based
on the results of XRD pattern in Fig. 6e).

According to the aforementioned experimental results, the
overall reaction involved in this experiment may be tentatively
described as follows:

2CHI5 (g) + 6Na(l) + 2Si(s) — 2SiC(s) + 6Nal(s) + Hy(g) (1)
The reaction (1) may include the following reactions:

CHI5 (g) + 6Na(l) — 6Nal(s) + Hay(g) + 2C(s) (2)

Si(s) + C(s) — SiC(s) (3)

3.4. Morphology and growth mechanism of Sample 2

Fig. 7a shows the FESEM image of Sample 2. It can be seen that
Sample 2 is mainly composed of polyhedron-like structures with
sizes of 2-5 pum. Some typical images of individual polyhedra are
shown in Fig. 7b1-b4, their multiple faces and smooth surfaces can
be clearly seen, and the morphology of polyhedron in Fig. 7b1 is fre-
quently observed in Sample 2. As the lattice fringes of micro-scaled
polyhedra could hardly be clearly seen by HRTEM, we studied the
small-scaled structure of Sample 2. Fig. 7c shows the HRTEM image
of one typical layer (from Sample 2) with small scale. The clearly
resolved interplanar spacing is about 0.25 nm, which corresponds
to the (111) spacing of 3C-SiC. Fig. 7d shows the HRTEM image
of a small particle (from Sample 2) near the edge (marked with S)
of a polyhedron (in the lower-left corner of Fig. 7d), in which the
interfringe distance of 0.25 nm is consistent with (11 1) interplanar
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Fig. 5. (a) TGA analysis of the SiC samples, carried out under a stream of air, at heating rate of 10°C/min: (I) Sample 1; (II) Sample 2. (b) TGA curve of the blank test.
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Fig. 6. (a) A typical TEM image of Sample 1. (b) HRTEM image of a part of a single nanowire. The inset shows its corresponding FFT pattern (upper) and TEM image of the
nanowire (bottom). (c) TEM image of an individual nanowire attached with a solid particle. (d) TEM image of a curved nanowire attached with a solid particle. (e) XRD pattern
of the raw product of Sample 1 without treated with any solvents. (f) A Typical EDS spectrum taken from the raw product without post treatment.
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Fig.7. (a) A typical FESEM image of Sample 2. (b1-b4) High-magnification FESEM images of some individual polyhedra. (c) HRTEM image of Sample 2 obtained from a typical
layer which has small scale. (d) HRTEM image of a small particle near one edge of a polyhedron (marked with S in the bottom). The inset shows its corresponding FFT pattern
(upper) and the low magnification TEM of the particle marked with a black square (bottom).

distance of 3C-SiC. The corresponding FFT pattern (in the upper-
right corner of Fig. 7d) indicates that the twin crystal phenomena
might exist in Sample 2.

The possible growth mechanism of the polyhedron is brief
discussed as follows. As shown in Fig. 8, the formation of SiC
micro-scaled polyhedra may undergo such a process. First, the SiC
crystal experienced a two dimensional nucleation and formed a
complete crystal layer (Fig. 8a), then the layer continued to grow
based on layer-by-layer growth mode [48,49] and formed multilay-
ered polyhedron-like structure (Fig. 8b), finally the multilayered
polyhedron-like structure grown into polyhedron (Fig. 8c) under
certain conditions. In general, the rate of the step generation is
lower than that of the step movement, because the growth unit has
to overcome the energy barrier caused by the increase in surface
energy during the step generation. Thus, the layered steps disap-
peared while the perfect polyhedron formed. Conversely, if the
rate of the step generation was higher than the step movement,
the multilayered polyhedron-like structure would generate [50].
However, much work is still needed to explore the exact formation
mechanism of 3C-SiC nanowires and micro-scaled polyhedra.

3.5. Influence of reaction conditions

To understand the effects of the reaction conditions on the for-
mation of the SiC nanowires and micro-scaled polyhedra in the
autoclave, a series of experiments (Table 1) have been conducted by
varying the reaction temperatures or carbon sources. In our study,

the autoclave is used as the reaction vessel which provides a sealed
environment, and CHI3 is used as the carbon source in the mean
time to sustain a high pressure.

To investigate the effects of temperature, the reactions were car-
ried out at different temperatures while keeping other parameters
constant. When the temperature was set below 170 °C, almost no
solid powders even amorphous or poorly crystalline SiC (obtained
at 180°C) could be collected (as shown in Table 1, signs 1 and 2).
If the temperature was higher than 230°C (e.g. 500 °C), the yield of
SiC nanowires decreased (Table 1, sign 4). The results indicate that
the relatively lower temperature is favourable for the formation of
SiC nanowires.

Besides the reaction temperature, the amount of carbon source
also has a significant effect on the yield of the SiC nanowires. The
increase of the amount of CHI3 could result in the lower ratio of SiC
nanowires but high yield of SiC micro-scaled polyhedra (Table 1,
signs 5-8). The yield of SiC nanowires would increase when the
reaction temperature was decreased (Table 1, signs 8 and 9). More-
over, when the reaction time was shortento 15 h, 10 h, 5 h, while the
other parameters were kept constant with Sample 2, the morphol-
ogy of the SiC micro-scaled polyhedra almost remained unchanged
(Table 1, signs 10-12). But the yields of the final products were
reduced.

Furthermore, different metals and carbon sources were also
studied to explore the optimal routes for the synthesis of SiC micro-
scaled polyhedra or nanowires (see Fig. 9). When K was used
instead of Na, the reaction could occur at 140°C; the XRD pat-
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Fig. 8. FESEM images of Sample 2, which may demonstrate the growth mechanism of polyhedron.
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Fig. 9. (a) XRD patterns of the samples synthesized by three different systems: I: CHI3/Si/K/at 140 °C for 20 h; II: CBr4/Si/Na at 300°C for 20 h; III: CHCl3/Si/Na at 350°C for
48 h. (b) The typical SEM image of Sample obtained from system I. (c) TEM image of Sample obtained from system II. (d) TEM image of Sample obtained from system III.

tern of the obtained product in Fig. 9a (I) can be indexed as 3C-SiC.
However, the obtained product is mainly composed of irregular
polyhedron-like structures (Fig. 9b). If metallic Mg was used instead
of Na as the reactant, no SiC could be obtained even the temperature
was elevated up to 600 °C. SiC nanowires also could be prepared by
using CHCl3 and CBr4 instead of CHI3 in our experiment (see Fig. 9¢
and d), Fig. 9a (II, IlI) shows the XRD patterns of the two prod-
ucts, which can be assigned to 3C-SiC. Whereas, both the ratio of
the nanowires (70%) in the two products are lower than Sample 1
(80%).

4. Conclusions

In this paper, cubic SiC nanowires and micro-scaled polyhedra
have been synthesized by using Si powder, CHI3, and metallic Na

at 230°C and 500°C, respectively. At room temperature, strong
ultraviolet emissions at 360 nm and 354 nm are found in the as-
obtained SiC nanowires and micro-scaled polyhedra. TGA curves
reveal that the thermal stability of the micro-scaled polyhedra is
better than nanowires. Owing to their intensive ultraviolet emis-
sion and superior thermal stability, the as-synthesized samples
may have potential applications in ultraviolet light-emitting diodes
and extreme environmental conditions especially at high temper-
ature.
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