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Large scale SiC/SiO, nanocables: Synthesis, photoluminescence,
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Large scale, high yield SiC/SiO, nanocables have been synthesized by thermal evaporation of
carbon powders and silicon powders in the presence of Fe;O, nanoparticle catalysts. Transmission
electron microscopy and high-resolution transmission electron microscopy show that the nanocables
consist of a 50-300 nm single-crystalline 8-SiC core wrapped with a 10—-20 nm amorphous SiO,
shell. The nanocables have two broad photoluminescence peaks located around 390 and 460 nm
when the 250 nm ultraviolet fluorescent light excitation is applied at room temperature. The results
of field emission measurement of SiC/SiO, nanocables indicate the low turn-on and threshold
electric fields of 3.2 and 5.3 V/um at the vacuum gap of 200 wm, respectively. When the vacuum
gap was increased to 1000 um, the turn-on and threshold electric fields were decreased to 1.1 and
2.3 V/um, respectively. The SiC/SiO, nanocables with good photoluminescence and field emission
properties are promising candidates for ultraviolet-blue emitting devices, flat panel displays, and

semiconductor field emitters. © 2007 American Institute of Physics. [DOI: 10.1063/1.2749474]

I. INTRODUCTION

Research on one-dimensional nanomaterials is at present
attracting considerable interest due to its contribution to the
understanding of basic concepts as well as potential techno-
logical applications.l’2 Among the various interesting mate-
rials, SiC is a semiconductor with an especially wide band as
well as other superior properties, such as low density, high
hardness and strength, good thermal conductivity, and excel-
lent physical and chemical stabilities.** The SiC nanowires
have been shown to exhibit properties superior to bulk SiC
materials. For example, both the elasticity and strength of
SiC nanowires are considerably greater than those of
micrometer-size SiC whiskers and bulk SiC.’ Recently, field
emission (FE) properties of SiC nanowires and SiC/SiO,
nanocables have been measured, and the results show low
turn-on and threshold electric field values.” The SiC nano-
wires and SiC/SiO, nanocables are thus suitable for func-
tional ceramics, high-temperature semiconductors, and elec-
tron field-emitting devices due to their excellent mechanical
and field emission properties.

The SiC nanowires and SiC/SiO, nanocables have been
synthesized by several techniques, including chemical vapor
deposition (CVD),*"® physical vapor deposition (PVD),"
and arc discharge process.zo’21 CVD is a widely used tech-
nique to fabricate SiC nanowires and SiC/SiO, nanocables
using carbon nanotubes as the templates to react with SiO or
Si,*'% and using SiCl, and CCl, as the reactants and metal
Na as the coreluctant.'’ This process utilizes the vapor-
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liquid-solid (VLS) growth mechanism to synthesize the SiC
nanowires”''* and one-dimensional SiC nanostructure
without any catalysts.ls_18 However, the above-mentioned
methods need to be operated at higher temperature and the
synthesis processes are complex. Because of this, synthesis
of large scale, high yield SiC nanowires and SiC/SiO, nano-
cables remains difficult, which limits further study and ap-
plications in many fields.

In this paper, we report a low cost and simple chemical
vapor deposition method for fabricating high yield SiC/SiO,
nanocables, which uses the thermal evaporation of silicon
powders and carbon powders in the presence of Fe;O, nano-
particle catalysts. Photoluminescence (PL) and field emission
properties of SiC/SiO, nanocables fabricated with this
method have been measured, in order to examine the possi-
bility of applications in semiconductor lasers and field emit-
ters as well as in other areas.

Il. EXPERIMENT

Fe;O, nanoparticles with a diameter less than 10 nm
were synthesized by high-temperature solution phase reac-
tion of iron (IIT) acetylacetonate with 1,2-dodecanediol in the
presence of oleic acid and oleylarnine.22 The growth of
SiC/Si0, nanocables was conducted in a horizontal tube fur-
nace with a quartz tube. A ceramic boat was charged with
0.2 g carbon powders (99.9%) and placed at the center of the
furnace. The Fe;O, liquid drops were spread over Si(111)
wafer surface, followed by immerging a small amount of
silicon powders (99.9%) into these liquid drops. The coated
Si(111) wafer was placed above another ceramic boat as the
substrate, which was located at the front of first ceramic boat
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loaded with carbon powders. Prior to heating, the system was
flushed with high-purity Ar at a constant flow rate of
300 SCCM (SCCM denotes cubic centimeter per minute at
STP) for 30 min. The SiC/SiO, nanocables were grown us-
ing a two-step furnace profile. In the first step, the furnace
was raised to 400 °C and held for 30 min to eliminate the
remained oleic acid and oleylamine. This was followed by
raising the furnace temperature to 1000 °C and lowering the
Ar flow rate to 50 SCCM, allowing the growth of SiC/SiO,
nanocables. During the above process, the gas pressure in the
quartz tube was maintained at 5 X 103 Pa. After 2 h, the fur-
nace was cooled to room temperature in Ar atmosphere, and
the white product was found on the surface of Si(111) sub-
strate.

Field emission scanning electron microscope (FESEM)
(XL-SFEG, FEI Corp.) was used for the morphological ob-
servation of SiC/SiO, nanocables. X-ray diffraction (XRD)
(D/Max-2400, Rigaku Corp.) with Cu K« radiation was as-
sumed for the phase structure of SiC/SiO, nanocables.
Transmission electron microscopy (TEM) (Tecnai-20,
PHILIPS Corp.) and high-resolution transmission electron
microscopy (HRTEM) (Tecnai F20, FEI Corp.) with energy-
dispersive x-ray spectroscopy (EDS) and electron energy
loss spectrometer (EELS) were employed to perform the mi-
croanalysis of SiC/SiO, nanocables. Photoluminescence was
performed at a fluorescence spectrometer (F4500, Hitachi
Corp.) with a resolution of 1.0 nm. Field emission experi-
ments were carried out in a vacuum chamber with a base
pressure of about 8X 1077 Pa at room temperature. The
sample, as a cathode, was attracted to a stainless steel stand
with conductive glue. A molybdenum probe of 1 mm? in tip
area was adopted as an anode. The spacing of 200—1000 um
between these two electrodes was controlled by a stepper.
Emission current was measured by a picoammeter (Keithley
485). A ballast resistor of 10 M{) was used to protect the
apparatus against circuit shorting.
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FIG. 1. SEM images of SiC/SiO,
nanocables deposited on the Si(111)
substrate at the reaction temperature of
1000 °C for 2 h. (a) Low magnifica-
tion SEM image of nanocables. [(b)—
(d)] High magnification SEM images
of nanocables.

lll. RESULTS AND DISCUSSION

Figure 1 shows the SEM images of SiC/SiO, nanocables
deposited on the Si(111) substrate at the reaction temperature
of 1000 °C for 2 h. High density nanocables are uniformly
covered in a large area of 10 mm? on the surface of Si(111)
substrate, as illustrated in Fig. 1(a). Figures 1(b)-1(d) show
SEM images of the nanocables at different magnifications.
These nanocables have lengths in the range of several tens to
hundreds of micrometers, and the diameter of nanocables is
50-300 nm. Global particles were observed at the tips of the
nanocables. Similar products were also observed at reaction
temperatures of 1100 and 1200 °C. Figure 2 shows the XRD
pattern for the nanowires on Si(111) substrate. Besides the
diffraction peaks of Si substrate,” (111) and (220) diffraction
peaks of B-SiC phase34 were clearly detected. In addition, a
series of weak diffraction peaks of FeSi phase35 has been
observed in the figure, indicating that the 8-SiC phase with a
small amount of FeSi phase formed on the surface of Si(111)
substrate at the above reaction process.

Further sample characterization was carried out using
transmission electron microscopy and selected area electron
diffraction (SAED). Some white deposits of SiC/SiO, nano-
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FIG. 2. XRD pattern for the SiC/SiO, nanocables on Si(111) substrate.
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cables from the Si(111) substrate were peeled off, ultrasoni-
cally dispersed in ethanol, and dropped on a copper grid
covered with holey carbon film. Figure 3(a) shows a typical
TEM image of a nanocable. It can be seen that the nanocable
has a core-shell structure, and the diameter of the nanocable
is about 100 nm. Electron diffraction was done to determine
its structure, as shown in the inset of Fig. 3(a), which sug-
gested that the nanocable is a single crystal. The diffraction
pattern can be readily indexed to a cubic B-SiC structure,
which is consistent with the results measured by XRD shown
in Fig. 2. Figures 3(b) and 3(c) show two HRTEM images of
the nanocable. It indicated that the nanocable core is a crys-
talline phase, while the shell is of amorphous structure. The
lattice fringe spacing is 0.250 nm, corresponding to the in-
terspacing of (111) plane of cubic SiC. In order to further
investigate the distribution of elements in the nanocable, el-
emental mappings of carbon, oxygen, and silicon were
achieved. Figure 4(a) shows the HRTEM image of the nano-
cable. Elemental mapping images of carbon, oxygen, and
silicon were shown in Figs. 4(b)-4(d). It can be clearly ob-
served that carbon is mainly distributed in the core [Fig.
4(b)], oxygen is mainly located in the outer layer [Fig. 4(c)],
and silicon is only detected at the outer layer of nanocable
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FIG. 3. TEM and HRTEM images
taken from a SiC/SiO, nanocable. (a)
A typical TEM image of SiC/SiO,
nanocable and the corresponding
SAED pattern (inset). [(b) and (c)]
HRTEM images of SiC/SiO, nano-
cable, showing a single crystal core
and amorphous shell structure.

[Fig. 4(d)]. However, the corresponding EDS of the nano-
cable shows that silicon is distributed throughout the whole
nanocable. The reason that the energy-filtering mapping can-
not detect silicon at nanocable core is due to the high pro-
trusion of nanocable core compared with the outer layer in
the detection limit of the mapping system. EDS analysis also
reveals that the Si and O atomic proportion of amorphous
sheath is about 1:1.5. So the nanocable consists of a SiC core
and an amorphous SiO, shell.

The vapor-liquid-solid mechanism for the growth of Si
and SiC whiskers initiated by a metal catalyst has been sug-
gested by Wanger and Ellis* and Urretavizcaya and Lopez:24
In our experiments, Fe;O, nanoparticles are employed as
catalysts to fabricate SiC/SiO, nanocables. We have also
tried to synthesize SiC/SiO, nanocables without Fe;O, cata-
lysts, which resulted in no one-dimensional SiC nanomateri-
als on the surface of the Si(111) substrates. Moreover, EDS
also detected the existence of iron at the tips of SiC/SiO,
nanocables. This fact suggested that the Fe;O, catalysts play
a key role in the formation of SiC/SiO, nanocables, and a
VLS mechanism is the most probable growth mechanism.
Here, we give a description for the possible formation of
SiC/Si0, nanocables. Firstly, with the temperature increased
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from 400 to 1000 °C, SiO, formed on the surface of Si(111)
substrate due to the reaction of Si powders with O. Secondly,
the carbonthermal reduction of SiO, took place,25

Si0, + C — SiO + CO. (1)

In the meantime, Fe, Si, and C on the surface of Si(111)
substrate served as the energetically favored sites for conden-
sation and precipitation of reactant vapors. Fe—Si—C nano-
clusters formed on the surface of the Si(111) substrate, which
acted as nuclei for the formation of SiC nanowires. Si and C
atoms supersaturated in the Fe—Si—C liquid with the increase
of SiO and CO pressures. Then the subsequent reaction
occurred,26

SiO +2C — SiC + CO., (2)

2Si0 + 3C — 2SiC + CO,. (3)

With the procession of the above two reactions, a large
amount of 3-SiC nanowires formed. Finally, the SiC nano-
wires may be oxidized to form an amorphous SiO, shell, or
the unreacted SiO and O, took place to form the amorphous
silicon oxide, then deposited on the SiC nanowires.”!

Figure 5 shows the room-temperature photolumines-
cence spectrum of SiC/SiO, nanocables under the 250 nm
ultraviolet fluorescent light excitation. Two broad PL emis-
sion peaks are clearly observed at the center wavelengths of
about 390 and 460 nm. The former emission peak results
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FIG. 4. (a) Bright-field TEM image of
SiC/SiO, nanocable. (b) Elemental
mapping of carbon. (b) Elemental
mapping of oxygen. (c) Elemental
mapping of silicon.

from the effect of the oxygen discrepancy in the SiO, amor-
phous layer.13 The emission peak centered at 460 nm may be
ascribed to the blue emission luminescence from SiC nano-
wires. The latter emission peak has a blueshift compared
with the previous studies on the PL of bulk SiC, which may
be the effect of quantum confinement in the synthesized SiC
nanowires.”” The ultraviolet-blue emission properties of
SiC/Si0O, nanocables are of significant interest for their po-
tential ultraviolet-blue emitting device applications.

Figure 6(a) shows the current density versus the electric
field (J-V) characteristics for SiC/SiO, nanocables at the
vacuum gaps ranging from 200 to 1000 um. The electric
fields at the current densities of 10 wA/cm? and 10 mA/cm?
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FIG. 5. The room-temperature photoluminescence spectrum of SiC/SiO,
nanocables under the 250 nm ultraviolet fluorescent light excitation.
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FIG. 6. (a) Field emission J-V curves of SiC/SiO, nanocables with the
vacuum gaps from 200 to 1000 um and (b) corresponding FN plots.

are defined as the turn-on and the threshold electric fields,
respectively. With a vacuum gap of 200 um, low turn-on and
threshold electric fields of 3.2 and 5.3 V/um were observed
for the SiC/SiO, nanocables. Emission current density was
increased to 50 mA/cm?, and no saturation tendency was
seen at the electric field of 7.2 V/um. When the vacuum gap
was increased from 200 to 1000 wm, the threshold electric
field decreased monotonously from 5.3 to 2.3 V/um, while
the voltage applied on the two electrodes increased from
about 1150 to 2300 V. The threshold electric field value is
relatively low when compared to those of SiC nanowires,'®
SiC nanorods,6 and SiC nanoneedles,28 and close to SiC
nanowires with carbon and BN sheath.?*° Compared with
conventional SiC nanowires, it is suggested that there are
three reasons for enhanced field emission properties of
SiC/SiO, nanocables. Firstly, high density nanowires have
more efficient electron emitting sites, leading to better field
emission properties. Secondly, the wide-band-gap SiO, shell
layer has a small electron affinity (0.6—0.8 eV), which can
enhance the field emission of SiC emitters. Similar results
have also been observed for the SiO,-coated SiC nanowires
by Ryu et al” Thirdly, it is also believed that the field en-
hancement B, which reflects the ability of the emitters to
enhance the local electric field at the tip, is strongly depen-
dent on the geometry of materials.”’ Shen er al."” reported
that bamboolike SiC nanowires with a high aspect ratio have
a better field emission than SiC nanowires with even diam-
eter and lengths. The present SiC/SiO, nanocables have a
large diameter range of 50—300 nm and length ranges of tens
to up to several hundred micrometers. This means that the
present SiC/SiO, nanocables have a high aspect ratio, which
contributes to the geometry enhancement factor and greatly
enhances the electron emission.
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The J-V relationship was analyzed by the Fowler-
Nordheim (FN) theory for metal, which was described as Eq.

(4)’32

2E2 B 3/2
Al 22)

In the equation, J is the emission current intensity, E is the
electric field, ¢ is the work function, and A and B are con-
stants. Figure 6(b) shows the corresponding FN plots of
SiC/SiO, nanocables at the different vacuum gaps from
200 to 1000 wm. It exhibits approximately linear behaviors
in the measured range of 0.1-1.2 um/V, indicating that the
FN theory perfectly fits the field emission behavior of our
samples, and the field emission of SiC/SiO, nanocables
should be a Dbarrier-tunneling, quantum-mechanical
process.'®

IV. CONCLUSIONS

Large scale, high yield SiC/SiO, nanocables have been
synthesized by using a simple and low-cost chemical vapor
deposition method. The SiC/SiO, nanocables grew by a two-
step raising temperature process based on the VLS mecha-
nism. These nanocables consist of a 50—300 nm single-
crystalline B-SiC core and a 10-20 nm amorphous SiO,
shell. The length is in the range of several tens to hundreds
of micrometers. Two broad PL peaks at 390 and 460 nm
were observed at room temperature. The results of field
emission measurement show the low turn-on and threshold
electric fields of 3.2 and 5.3 V/um at the vacuum gap of
200 wm, respectively. When the vacuum gap was increased
to 1000 wm, the turn-on and threshold electric fields were
decreased to 1.1 and 2.3 V/um, respectively.
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