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Abstract: The amorphous silicon oxycarbide powders containing in situ grown single-crystal silicon carbide nanowires were

fabricated via the pyrolysis of a polymeric precursor using ferrocene as the catalyst. The nanowires, with lengths of several

micrometers and diameters of 10~100 nm, were composed of single-crystal -SiC along the <111> growth direction and

uniformly dispersed in the composite powders. The growth mechanism of silicon carbide nanowires was explored by analyzing

the microstructure of the silicon carbide nanowires. The dielectric properties of the composite ceramic powders were studied.

The results demonstrates that silicon carbide nanowires can be used to adjust the electrical property of the composite, and a

high nanowire content can result in a large real and imaginary part of permittivity.
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One-dimensional nanomaterials, such as nanotubes and
nanowires, have attracted more and more attention due to
their unique structures and properties. These materials are
of great interests for the possibility to adjusting their me-
chanical™?! electrical ®* and magnetic™ properties and
many applications ranging from probe microscopy tips to

[6,7]

interconnections in nanoelectronics As an intrinsic

n-type semiconductor, silicon carbide (SiC) outperforms
other materials such as silicon in electronic devices for

high-power, high-frequency and high-temperature applica-

[8]

tions™ . SiC nanowires exhibit weak gating effect, low re-

sistivity, and very low electron mobility, which may be as-

cribed primarily to the one-dimensional carrier confinement

[91

in the nanowires" . Furthermore, the high strength and

stiffness of SiC nanowires combined with a high aspect ra-
tio make them a very effective reinforcement for various
composites ",

Recently, great progress has been made in the synthesis
of SiC nanowires. Such as carbon nanotube-confined reac-

[11] [12]

tion laser ablation" ', chemical vapor deposition

(CVD)"*! advanced carbothermal reduction of silica xe-
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rogels""!. Despite the wide variety of techniques for grow-
ing SiC nanowires, most of them can be described by va-
por-liquid-solid (VLS) "' and vapor-solid (VS) '
mechanisms. The VLS mechanism involves the use of lig-
uid catalysts to act as the energetically favored site for the
absorption of silicon and carbon species from the sur-
rounding gases to grow nanowires. These nanowires are
easily recognized by the iron-rich semispherical nanowire
tip. But the nanowire tip is sharp in the VS mechanism.
However, previous researches have shown that the in-
homogeneous distribution of the preformed nanowires in
the final product limits the potential benefits of the physical
properties of SiC nanowires as reinforcements. The devel-
opment of processing technique to achieving uniform dis-
persion within nanoscale matrices for successful use of
these materials is still a significant challenge. One way to
overcome the above-mentioned issues is to process with
composite powders that contain in situ formed reinforcing

18,19
nanophases!'*"”!

. Polymer-derived ceramics synthesized by
thermal decomposition of polymeric ceramic precursors

have attracted extensive attention. It has been demonstrated
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that these materials have many advantages over the tradi-
tional ceramics in terms of processing, properties, and
forming capability.

In this paper, we report the synthesis of novel composite
powders containing amorphous silicon oxycarbide (SiOC)
powders and in situ grow single-crystal SiC nanowires
through the pyrolysis of a polymer precursor using ferro-
cene as the catalyst. The unique characteristic of this
method is that the SIOC powders and SiC nanowires can be
formed simultaneously. SiC nanowires can be used to adjust
the electrical properties of the composite, which is impor-
tant to control the dielectric properties of the composite.

1 Experiment

Polysiloxane (PSO) was used as the precursors. It was
supplied by graduate university of Chinese academy of
science, Beijing, China. Ferrocene (Fe(CsHs),, purity>99%)
was used as a catalyst. Firstly, the PSO with 5 wt% ferro-
cene was mixed at 80 °C for 30 min in an Ar atmosphere.
Then a transparent orange liquid was obtained. The precur-
sor was cross-linked at 300 °C for 2 h in an argon atmos-
phere. The cross-linked product was then ball milled for 12
h and passed through a 74 um sieve. The powder mixture
was then placed in a high-purity alumina crucible and py-
rolyzed in a conventional furnace under the flowing Ar at-
mosphere. Thereafter, the powder mixture was heated to
1450 °C at a heating rate of 5 °C/min and held for 4 h fol-
lowed by furnace cooling.

The morphology and microstructure of the composite
ceramic were observed by scanning electron microscopy
(SEM, S-2700, Hitachi, Japan) and transmission electron
microscope (TEM, G-20, FEI-Tecnai, Hillsboro, U.S.A.)
equipped with energy dispersive spectrum (EDS) by a Cu
grid as the sample holder. The phase compositions of the
Si0,-SiC ceramic were analyzed by X-ray diffraction (XRD,
Rigaku-D/max-2400, and Tokyo, Japan). The relative com-
plex permittivity of samples was measured in the frequency
range of 8.2~12.4 GHz (X band) using a vector network
analyzer (VNA, MS4644A, Japan). The samples used for
dielectric properties measurement were prepared by mixing
the nanocomposite powders with paraffin and then pressed
into special shapes with a dimension of 22.86 mm x 10.16
mm X 1.5 mm. The mass ratio of powders to paraffin were
1:9, 3:7,5:5,7:3 and 9:1.

2 Results and Discussion

Fig. 1a shows SEM morphology of the as-synthesized
powder (the pyrolysis product),
lar-shaped particles and nanowires. Note that the SiC

consisting of irregu-

nanowires are uniformly dispersed in the SiOC matrix. The
diameter of SiC nanowires ranges from 10 nm to 100 nm and
the length is over several micrometers. And spherical metal
catalysts was found on the tips of SiC nanowires. This is at-

tributed to Fe playing the role of metal catalyst for the for-
mation of SiC one-dimensional structure. Fig.1b shows the
XRD pattern of the synthesized powders. The sample dis-
plays a broad hump in the 20°~30° range (26) belonging to an
amorphous SiC,0, phase and shows the crystalline peaks at
20 of 35.6°, 41.4°, 60.0°, 71.8° and 45.3°, which refer to the
diffractions from the (111), (220), (200) and (311) lattice
planes of -SiC (JCPDS Card no. 29-1129) and the (210) lat-
tice planes of FeSi (JCPDS Card no. 28-1397), respectively.
TEM and high resolution TEM (HRTEM) images recorded
on the powders a provide further insight into the structure of
the composite ceramic. Fig.2a reveals the powder morpholo-
gies containing particles and nanowires. The EDS spectra of
A and B zones marked in Fig.2a (Fig.2b and 2c) show that
the particles consist only of silicon, carbon and oxygen atoms.
Typical HRTEM images of the particles and nanowires are
shown in Fig.3a and 3b, respectively. It reveals that the parti-
cles contain nanocrystalline SiC, and a little amorphous
SiOC. The HRTEM image and corresponding SAED patterns
of nanowires (inset of Fig.3) show that the nanowires consist
of a single crystal 5-SiC core structure and a very thin
amorphous shell coating. The core crystal nanowire has a
diameter of 10~100 nm, and possesses high-density stacking
faults in the crystal plane normal to the axis of the nanowire.
These stacking faults are generally thought to originate from
thermal stress during the growth process®”*!". The distance
between these planes is 0.25 nm that is the same as the dis-
tance between the {111} planes in f-SiC crystalline. The
SAED patterns are always perpendicular to the stacking fault
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Fig.1 SEM image (a) and XRD pattern (b) of the synthesized

powders
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Fig.2 TEM image of the composite ceramic (a) and the typical EDS spectra of A (b) and B (c) zones marked in Fig.2a

Fig.3 HRTEM images and SAED patterns of A (a) and B (b)

zones marked in Fig.2a

planes{111}, and the main growth direction of the nanowires
can be judged as parallel to the <111> direction.

In reality, SiC nanowires are synthesized by the car-
bothermal reduction reaction according to the overall reac-
tion as follows *>%!;

Si0, +C—SiC+CO, )
Reaction (1) cannot be completed in one step but involves a
multiple-step process. It includes reactions (2)~(6).

Si0,+C — Si0O+CO 2)
Si0,+CO — SiO+CO, 3)
CO,+C— 2CO 4)
SiO+ 2C — SiC+CO ®)
Si0O+ CO— SiC+CO, (6)

Reaction (6) is followed by reaction (4) to synthesize CO,
which in turn reacts with SiO, and SiO according to reac-
tion (3) and reaction (6), respectively, and then the cycle
continues. SiC can be prepared by uniform nucleation ac-
cording to reaction (5) with solid-gas interaction, but the
growth of SiC nanowires is believed to experience a
gas-gas reaction (6) >+,

Further advancement of this approach to nanowire syn-
thesis requires a clear understanding of the growth mecha-
nism. The presence of nanoparticles at one end of nearly all
the nanowires suggests that our growth proceeds by a VLS
mechanism. This idea can be tested and developed in more
detail by considering of the model in Fig.4. In this model,
when the temperature is high enough, the ferrocene is py-
rolyzed into Fe atoms, subsequently the reaction between
the silicon-containing vapors and Fe particles yields iron
silicide, which agglomerates into droplets. The surface of
the droplets is a preferred site for gas deposition because of

SiC nznowire

Fig.4 Proposed nanowire growth model: (a) the hot vapor con-
denses into small clusters, and the furnace temperature is
controlled to maintain the FeSi nanocluster in a liquid
state; (b) nanowire growth begins after the liquid becomes
supersaturated with SiO and CO and continues as long as
the FeSi nanoclusters remain in a liquid state and the SiO
and CO reactants are available; (c) growth terminates
when the nanowire passes out of the hot reaction zone (in
the carrier gas flow) onto the cold finger and the FeSi

nanoclusters solidify
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its large accommodation coefficient®”! (Fig.4a), and when
the nanoclusters become supersaturated with silicon- and
carbon-carrying vapors and act as a reservoir for the reac-
tants, the SiC phase forms. The SiC crystals diffuse and
precipitate from the droplets due to the low solubility of
SiC in Fe, which gives a rise to SiC nuclei. A liquid-solid
interface is created on the surface of the liquid droplets
once the SiC nuclei form. The dissolved Si and C atoms
preferentially diffuse out through the droplets and stack on
the existing liquid-solid interface because this process con-
sumes less energy than that needed to form a new nuclea-

tion site within the droplets ** >

. The nanowires grow
longer with more and more silicon- and carbon- carrying
vapors dissolve in the droplets (Fig.4b). Ultimately, the
growth terminates when the gas flow carries the nanowires
out of the hot zone of the furnace (Fig.4c) P”. The precipi-
tation drives the axial growth of the nanowires and pushes
the liquid metal droplets away from the substrate along the
direction of <111>, because the {111} surfaces of the
face-centered cubic SiC structures have the lowest surface
energy !,

Fig.5 illustrates the dielectric properties in X-band for
the ceramic powders with different powder contents. As
shown in Fig.5a, 5b, with the increase of the powder con-
tent, both real part permittivity ¢ and imaginary part per-
mittivity &” increase across the whole X-band in the range

6.0 2
55 ::::Mm‘
% —a—1:9
Z 50 —e37
= ——5:5
R=] 45+ —¥—7:3
é L ——9:1
S 40F Ad bk d s A d s A A ba s A AdAAdAd N
=
& 351

3.0F b

2.5 pumamst———— -

1 L 1 L 1 L 1
9 10 11 12

Imaginary Permittivity, &'

10 11 12
Frequency/GHz

Fig.5 Real permittivity (a) and the imaginary permittivity (b) of
ceramics with different nanocomposite powder contents

versus frequency

of 2.46~5.8 and 0.01~1.08, respectively. SiC nanowire has
high carrier concentrations close to the metallic limit for a
weak gating effect’®”). The confinement of carriers into one
dimensional nanowires on a nanometer scale can greatly
increase the carrier concentration. The content of SiC
nanowires increases with the increase of ceramic powders.
On the one hand, the increased SiC nanowire content leads
to a larger nano-surface in the composite and a more de-
veloped network formed by the bridging between SiC
nanowires, which gives a rise to the accumulation of
charges at the surface, and leading to the interfacial electron
polarization and the hopping of electrons in the network ©**!,
with can be attributed to the conductive loss. On the other
hand, considering the wire-like shape of SiC nanowires in
the composites, they can act as “micro-antennae” to receive
electromagnetic waves™*!. Both of them can result in a high
dielectric constant.

3 Conclusions

1) A novel amorphous SiOC powders with in situ-grown
single-crystal SiC nanowires were synthesized via the cata-
lyst-assisted pyrolysis of a polymeric precursor.

2) The nanowires are uniformly dispersed within the
SiOC powder. The powder mixtures are useful in the syn-
thesis of nanowire-reinforced SiOC nanocomposites.

3) The presence of nanoparticles at one end of the
nanowires suggests that the growth proceeds by a VLS
mechanism. The real part and the imaginary part of permit-
tivity increases with the increasing SiC nanowire content.
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