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1. Introduction

Since the introduction of carbon nanotubes in 1992, the study of one-dimesional
nanomaterials, which includes metallic, magnetic, semiconducting and oxide compounds,
has attracted considerable interest, especially as regards nanowires (NW), nanobelts and
nanorods [Kolasinski, 2006].

The main interests of this research are in the realization of nanoelectronic devices (e.g. nano
field-effect transistors), nano-electromechanical systems, and nano-sensors exploiting high
selectivity and compatibility with biological systems. Nanostructures may present very
different characteristic and novel properties with respect to the corresponding bulk material,
and they have important physical and chemical properties, in particular large specific
surface/volume ratio and quantum size effects, which permit many applications such as
nanoscale devices, sensors and scanning probes not possible with standard structures.
Silicon carbide (SiC) has gained importance as both a coating and a structural material for
Micro Electro Mechanical Systems (MEMS) (Sarro, 2000; Mehregany et al, 2000). SiC is a
wide bandgap semiconductor used for high temperature, high power applications and
radiation-hard environments. The high Si-C bond energy confers a high Young’s modulus
and hence mechanical toughness and high fracture strength (Li and Bhushan, 1999);
moreover, it is chemically inert to the most corrosive and erosive chemicals and is
biocompatible (Willander et al. 2006; Casady and Johnson 1996; Yakimova et al. 2007). More
than 100 polytypes of SiC exist but the SiC cubic phase (3C-SiC) has drawn particular
attention because it can be deposited on Si (Marshall et al. 1973).

The combination of these distinctive physical, chemical and mechanical properties of SiC
and the possibility to synthesize SiC NW make this material an excellent candidate for the
design and fabrication of nanodevices.

Surface functionalization introduces specific chemical functional groups onto a surface, in
order to tailor its properties to specific needs. Functionalization of NW is nowadays a
burgeoning field of activity, and motivates researchers involved in nanotechnology and
related activities: defining a specific molecule/NW interface, suitable for selective bonding
to a chosen chemical species, is a key step of the development of nano-objects tuned by the
physical and chemical properties of molecules, and may have notable application in sensing
and biosensing.

Source: Nanowires, Book edited by: Paola Prete,
ISBN 978-953-7619-79-4, pp. 414, March 2010, INTECH, Croatia, downloaded from SCIYO.COM
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2 Nanowires

Functionalized 3C-silicon carbide NW have the potential to act as highly sensitive detector
elements in bio-chemical field (Yakimova et al., 2007).

Many methods are currently being used to prepare SiC-NW (pure or with a SiO; shell) on
silicon substrates using a catalyst, including chemical vapour deposition, vacuum
evaporation of SiC, direct synthesis from Si and C powders.

In this paper we will present a brief review of growth methods used to obtain cubic silicon
carbide NW, both with and without SiO; shell, and our results on the NW growth and
characterization of morphological, structural and optical properties by SEM, TEM, CL and
Raman.

Finally we will review some of the possible applications for nanodevices.

2. A brief review of NW growth methods

Different growth methods have been developed to prepare NW of different materials, and
several theoretical models have been proposed to explain the growth mechanisms.
Semiconductor NW are generally synthesized via a Vapor-Liquid-Solid (VLS) process
(Wagner and Ellis, 1964), a process that can be divided in three main steps: a) formation of a
small liquid droplet on the surface of the substrate, b) supersaturation of the liquid by the
incorporation of gaseous precursors and c) subsequent nucleation and growth of the NW
from the liquid-solid interface.

Small metal clusters are deposited by different techniques on the substrate surface, forming
nanosized dots.

In a second step, a gas of the proper precursors flows through the reaction tube and, when
in contact with the metal droplets, the precursor deposits on the liquid surface and forms an
alloy. A continuous incorporation of the precursor leads to a supersaturation of the desired
compounds and as a consequence to the NW growth at the solid-liquid interface.

With other growth techniques it is possible to realize NW without a metal catalyst on the
substrate surface, by thermal evaporation of a suitable source near its melting point and
subsequent deposition at cooler temperature. This mechanism is called “vapor-solid” (VS)
growth and has been mainly used to synthesize metal oxide and some semiconductor
nanomaterials (Wang et al., 2008). It is often called self-catalytic growth, since in this case
one component of the gaseous atoms might play the role of the catalyst.

3C-5iC/SiO; core-shell NW have been synthesized both by a direct heating method using
WO; and graphite mixed powder as starting material and Ni as catalyst (Bark et al., 2006)
and from a mixture of activated carbon and sol-gel derived silica embedded with Fe
nanoparticles (Liang et al., 2000).

They are also obtained using iron catalyst by chemical vapor reaction in a mixture of milled
Si and SiO. powders and C3Hg as raw materials in a graphite reaction cell (Meng et al.,
2007).

Alternatively, a CVD method can be employed making use of Fe as catalyst and methane as
precursor (Zang et al., 2002).

A high yield core/shell SiC/SiO, NW production method without the use of catalyst was
developed starting from raw powders of Si via an oxide assisted thermal evaporation
process (Khongwong et al., 2009).

Core-shell SiC NW have also been synthesized from carbon monoxide using Ni catalyst by
carbothermal reduction method (Attolini et al., 2008).

www.intechopen.com



Cubic SiC Nanowires: Growth, Characterization and Applications 3

Pure 3C-SiC NW, without shell and free from impurities with the exception of those related
to the catalyst at the tip, have been prepared as follows:

3C-SiC NW were deposited on silicon substrate by metalorganic chemical vapor deposition
(MOCVD) by wusing Ni, Au, Fe as catalysts and dichloromethylvinylsilane or
methyltrichrolosilane as precursors (Kang et al., 2004; Takai et al., 2007; Yang et al., 2004;
Choi et al.,2004; Seong et at. 2004).

The CVD approach consists in flowing the reactants with a carrier gas in a reaction tube
inserted in a furnace where either (100) or (111) oriented silicon substrate are placed.
Polycarbosilane (PCS) was used as a precursor to grow porous silicon carbide ceramics with
embedded B-S5iC NW (Zhu et al., 2005).

Single B-SiC NW were grown through annealing of polycrystalline SiC layer in hydrogen
atmosphere at 1150°C (Yang et al., 2006).

Table 1 gives a brief overview of the different methods with the main parameters used in
SiC NW growth.

Chemical Vapor Deposition (including Metal Organic Vapor
Methods Phase Epitaxy, Chemical Vapor Reaction, Chemical Vapor
Infiltration), Physical Vapor Deposition, Sputtering

Methytrichlorosilane, Dichlorometilsilane, Methane, Propane,
Precursors

Silane, Diethylsilane
Starting materials Si+Si0, with methane; Si+C; SiC powder;
Substrates (100), (111) Silicon
Catalyst Ni, Fe, Au, Pt, Pd, Fe/Co, Al
ifgvzth temperatures g om 1000 to 1400 °C

Table 1. Typical methods and conditions to prepare 3C-SiC NW

3. Experimental

In our laboratory we obtained 3C-SiC NW with three different growth methods:

1. core-shell NW were obtained using carbon oxide in an open tube;

2. SiC NW were synthesized in a heated quartz tube using carbon tetrachloride;

3. SiC NW were grown in a VPE reactor with silane and propane as precursors.

In this section, we will describe these growth procedures and the characterization of the NW
in detail.

The morphological and optical characterizations of the as-grown NW were performed by
acquiring secondary electron images in an S360 Cambridge Stereoscan Scanning Electron
Microscope (SEM) equipped with a Gatan MonoCL2 system with photomultiplier detector
to collect Cathodoluminescence (CL) spectra. The structural and compositional analyses
were performed by Transmission Electron Microscopy (TEM) in a JEOL 2200FS working at
200 kV, equipped with an in-column Q filter, a High Angle Annular Dark Field (HAADF)
detector for Z-contrast imaging and an Energy-Dispersive X-Ray (EDX) detector for
elemental mapping and EDX spectroscopy.

Micro-Raman scattering measurements were performed at room temperature (RT) with a
100x objective and a 532 nm excitation light. The spectrum resolution was about 0.2-0.3 cm-1.
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4 Nanowires

3.1 Growth and characterization of core-shell NW

The growth of 3C-SiC core-shell NW on Si substrates was performed in an open-tube

configuration by flowing carbon oxide and nitrogen or argon as carrier gases.

The growth procedure is the following;:

- (100) oriented silicon substrates are cleaned in organic solvents with an ultrasonic bath,
dipped in a nickel-salt solution and dried in an oven at 60 °C before being placed into
the reactor;

- the substrate is placed in an open tube inside a horizontal furnace, previously purged
with inert gas to remove air. The central position of the furnace is selected as a zone of
constant temperature;

- the temperature is raised to 1100°C and, after temperature stabilization, carbon oxide is
introduced into the tube. The growth time was varied from 1 to 60 minutes, while the
gas flow was kept constant in all the experiments.

The NW grow on the Ni-covered substrate areas and are arranged in dense forests (see

representative SEM images in Fig. 1), with a quite narrow diameter distribution and with

lengths up to several tens of microns. A round-shaped tip is observed on the NW, as
discussed in the following.

5 pm
—

Fig. 1. SEM images of 3C-SiC/SiO; core-shell NW. a) 45°- tilted view, showing a good
vertical alignment of the NW, b) planar view, showing the quite uniform NW diameter.

Compositional analyses performed by energy filtered TEM and HAADF imaging (see Fig. 2)
highlighted the core/shell structure of the NWs. Fig. 2a reports a zero-loss filtered image of
a typical wire, showing the crystalline core and the amorphous shell. Elemental mapping
(see Fig. 2b-e) confirms the complementary distribution of carbon and oxygen, in the SiC
core and in the oxide shell respectively. The oxygen to silicon ratio in the shell, as estimated
by EDX point spectra, is very close to two, allowing to identify the shell as silicon dioxide.
Further, EDX maps and HAADF images acquired in the tip region (see Fig. 3) confirm the
presence of a high-Z nichel-containing particle on top of the NWs, consistently with a VLS
growth process.

Structural studies were performed by HRTEM on the NW core. The symmetry of the crystal
(inset in Fig.4a) and the lattice spacings identify the structure as 3C-5iC, with <111> growth
axis. As reported in Fig. 4a, quite long segments grow almost free of planar defects.

www.intechopen.com
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However, the insertion of (111) stacking faults and the occurrence of local stacking
sequences of 2H, 4H and 6H polytypes is observed in some areas (Fig. 4b). These results are
consistent with the wide literature on planar defects and phase transitions in 3C-SiC
whiskers(Seo et al., 2000; Yoshida et al., 2007).

‘50nm

¥ ©

colour-coded map

Fig. 2. (a) zero-loss filtered TEM image, evidencing the SiC/SiO, core/shell structure, (b)-(d)
elemental maps computed from energy-filtered images with the 3 window method. The L3
silicon edge and the K carbon and oxygen edges have been used for the energy filtering. The
map in (e) is obtained by color-mix of the C and O maps.
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1200 s gverlap

Fig. 3. HAADF image (a) and EDX maps (b-d) showing the distribution of silicon, nichel and
oxygen in the tip region of a typical nanowire. (e) is obtained by colour-mix of the maps in
(b)-(d).

X-Ray Diffraction (XRD) measurements (see Fig. 5) confirmed the presence of several 3C-SiC
peaks, while no evidence of other polytypes phases was observed. A weak shoulder
detected on (111) peak at 33.7° could be related to the presence of stacking faults. After a
Reitveld refinement carried out using the MAUD program, a value of 4.361 A has been
calculated for the lattice parameter, in good agreement with the expected value for the 8

polytype.

www.intechopen.com
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I{) i

Fig. 4. HRTEM images in [110] zone axis of the 3C-SiC crystalline core: (a) segment almost
free of planar defects, (b) defective area. Inset in (a) shows the fast Fourier transform.

Intensity (a.u.)

20

Fig. 5. XRD pattern of a NW sample on a 100 Si substrate. The 3C- SiC peaks (V) and the
extra stacking fault peak (s.f.) are indexed.

The lattice parameter was also analysed by micro-Raman experiments. As shown in Fig. 6,
vibrational modes due to the shell and the TO and LO phonon modes of the B-SiC core were
revealed. The latter are detected at 797.3 and 976.2 cm! respectively, slightly shifted from
the expected 3C-SiC bulk values. The positions of Raman modes are known to shift because

of lattice mismatch (Zhu et al., 2000) and it is possible to estimate the value of Aa/ ap from
the following equations (Nakashima & Harima, 1997):

o(TO)=796.5 + 3734 - (‘—Aaj

Q)
a,
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o(LO) =973.0 + 4532 (ﬂ] )

&
We estimated Aa/ap of the order of -0.02% and -0.07% from the TO and LO mode
respectively, corresponding to -Aa of the order of 10 A. The longitudinal variation is
slightly higher than the transverse, consistently with the NW geometry. Some broadening of

the SiC phonon modes was observed (e.g. TO-FWHM= 4 cm) and ascribed to lattice
imperfections.
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Fig. 6. Raman spectrum of core/shell NW.

Cathodoluminescence experiments were performed to investigate the optical properties of
the core/shell NW. A broad room temperature emission, with an intense above-band-gap
component, was detected (Fig. 7). By Gaussian deconvolution, the 3C-SiC near-band-edge
(NBE) indirect transition was identified at 2.25+0.5 eV, while a second intense band was
revealed at about 2.7 eV (blue band).

Above-band-gap luminescence from cubic SiC whiskers and nanocrystallites has been
reported in the literature (Xi et al., 2006), but the contribution of a SiO» related emission in this
spectral region (McKnight & Palik, 1980) has to be considered. In our samples, size-dependent
CL studies on single NWs do not give clear evidence of quantum-confinement effects.

Electron beam irradiation effects (Fig. 7a-c) were studied to investigate the blue
luminescence. The electron beam in the SEM was kept continuously impinging on the
sample and CL spectra were acquired every minute until a total irradiation time of 1 hour.
The results of this experiment are reported in Fig. 7c, showing the CL intensity evolution for
the two main Gaussian components. The SiC-related emission stays almost constant, while
the blue luminescence increases till saturation as a function of the irradiation time. This is
consistent with an attribution of the 2.7 eV band to oxygen-deficiency-centres ODC(II) in the
silicon dioxide (Skuja, 1998).

Further experiments on the core/shell NW geometry were aimed to study the selective
removal of the silicon dioxide layer by etching. A long growth time (1 hour) was selected, to
allow the synthesis of a larger amount of NW and the formation of a thicker shell. The

www.intechopen.com
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sample was then submitted to etching treatments in HF:H,O (1:3) solution, and room-
temperature CL spectra were acquired at different etching steps (Fig. 8).
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Fig. 7. Room temperature CL spectra of core/shell NW. The spectral evolution after 1 h
exposure to the electron beam in the SEM at accelerating voltage of 15 KeV and beam
current of 2 nA is reported in (a). Systematic spectra have been acquired as a function of the
irradiation time (b), and the time-evolution of the CL intensity is reported in (c) for the two
Gaussian components due to the SiC core (circles) and the shell layer (squares).

In these conditions the as-grown NW showed the SiC-NBE and the SiO,-ODC related
emissions discussed above, convoluted with additional bands peaked at about 1.98 eV, 2.55
eV, and 3.15 eV. In agreement with literature data, the 1.98 eV shoulder on the low energy
side was assigned to the presence of substitutional oxygen on carbon site (Oc defects),
unintentionally incorporated in the silicon carbide lattice [Gali et al, 2002; Kassiba et al.,
2002). The high-energy emission at 3.15 eV could be related to the nanometric inclusions of
hexagonal SiC polytypes with Ecsn = 3.15 eV, Ecun = 3.24 eV (Bechstedt et al., 1997) as
observed by high-resolution TEM (Fig. 4). As for the 2.55 eV band, it was tentatively
ascribed to interface states related to carbon clusterization at the core/shell interface
(Afanas’ev et al., 1996), suggested also by XPS data (not shown here).

A decrease of the whole CL emission was observed as an effect of the etching treatments
(Fig. 8a). In particular, the SiO, related bands showed an exponential decay as a function of

www.intechopen.com
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Fig. 8. CL spectra of single NW at different HF etching steps (a) and intensity evolution as a
function of the etching time (b).The silicon dioxide and the silicon carbide related emissions
show different decays.

the etching time, while the SiC related emissions showed a linear decrease (Fig. 8b). The
SiO; related emissions decrease in intensity due to material removal. On the contrary, the
chemical inertness of the silicon carbide to the hydrofluoric acid etching ensures that the
decrease of the SiC related emissions has a different origin. A peculiar relationship between
the removal of the silicon dioxide and the decrease of the core luminescence can be
hypothesized, as discussed in the following.

It is possible to propose a model to explain why the presence of the silicon dioxide shell
increases the radiative recombination in the silicon carbide core. A type I band alignment
(Pistol & Pryor, 2008) of 3C-SiC and SiO; can be hypothesized, with conduction and valence
band-offsets AEc= 3.6 eV and AEy = 2.9 eV (Afanas’ev et al, 1996). In this framework, the
carriers generated by the electron beam in the shell diffuse into the core, and here recombine
according to the allowed transitions in 3C-SiC. The diffusion of the carriers could be
considered as an energy transfer from the shell to the core, an effect that has been observed
for semiconductor nanoparticles (Louis et al., 2006) but not yet in NW. In our system, the
amorphous shell results to be beneficial to enhance the luminescence intensity of the
crystalline core, preferentially the SiC NBE radiative recombination. Besides the
effectiveness as a carrier injector region, this could be partly related to the fact that the shell
can act as a passivation layer to reduce the non-radiative recombination related to surface
states, likewise in the case of entirely crystalline core/shell systems such as GaAs-based
NWs (Skold et al. 2005; Jabeen et al. 2008; Tomioka et al., 2009).

3.2 Growth of NW using carbon tetrachloride

A fused silica reaction tube is placed inside an external liner and uniformly heated in a
resistance furnace as shown in Fig. 9. The reaction tube is connected to a gas inlet through
which a gaseous mixture of N,-CCl, flows, obtained by flowing N into a bubbler containing
CCly at 293 K. (100) oriented silicon substrates are cleaned in organic solvents with an
ultrasonic bath, dipped in a nickel-salt solution, dried in an oven at 60 °C and put inside the
reaction tube.

The air is completely purged by flowing nitrogen. The furnace is heated to 1000 °C while
flowing the N>-CCly mixture and held at this temperature for a growth time of 30 minutes.

www.intechopen.com
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The furnace is then switched off, the tube is removed and cooled down to room
temperature.

FURNACE

I |
|
N, /CCl
2 ‘o = ——— 100 Si SUBSTRATE

v |

REACTION TUBE / \

TEMPERATURE PROFILE

Fig. 9. Schematics of the experimental apparatus for the growth of NW with carbon
tetrachloride.

In this case the NW synthesis is obtained by a three step process, consisting in:
1. thermal decomposition of CCly
2. reaction of chlorine decomposition products with silicon, both on substrate surface and
in the vapor phase, to form silicon chlorides
3. reaction of silicon chlorides with carbon atoms to produce silicon carbide NW.
CCly decomposition in the temperature range 767 - 1913 °C releases two chlorine atoms per
decomposing molecule. In thermal plasmas in N> atmosphere the main species formed in
the temperature range 477 - 1477 °C is chlorine (Huang & Guo, 2006). Either the main
decomposition product is Cl, or Cl, a silicon extraction from the substrate is expected to
occur due to the presence of halogens. This should be the result both of the surface etching
(Dohnalek et al., 1994) and the reaction with the silicon vapor at the growth temperature.
All silicon chlorides, from SiCl to SiCly, are expected to be formed in the gas phase, with
different concentrations (Chaussende et al, 1999). These species react with the C formed by
CCly decomposition, giving silicon carbide. The growth of NW is catalyzed by the nickel
atoms present on the silicon surface, according to the preferential interface nucleation
mechanism (Wacaser et al., 2009).
This process produces NW several microns long, with diameters below 80 nm (see the
secondary electron image in Fig. 10a). They are arranged into dense networks randomly
oriented on the silicon surface. Some craters (Fig. 10b) are opened in the substrate surface
due to the etching action of the chlorine, as mentioned above for the reaction process.
A first investigation of the SiC crystalline structure performed by X-ray diffraction (not
shown here) confirms the presence of the characteristic peaks of the cubic SiC polytype, in
particular the most intense (111) diffraction at 20 = 36.6°. In order to investigate the
structure of the single NW, a more accurate structural characterization is carried out by
TEM analyses. A typical low-magnification image of a single wire, with uniform diameter of
about 50 nm, is shown in Fig. 11a. As verified by SAED and high resolution studies, the
lattice is cubic (see Fig. 11b) and the NW growth axis is parallel to the [111] direction.
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Fig. 10. SEM images showing (a) a typical NW ensemble, (b) the substrate surface etched by
the chlorine.

©)

Fig. 11. (a) low magnification TEM image, (b) HRTEM image of a perfect region with its Fast
Fourier Transform, (c) HRTEM image of a defective region with its Fast Fourier Transform.
The crystal lattice is imaged in (b) and (c) along a [110] zone axis. The arrows indicate the
growth axis.
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Defective areas are observed, a detail of which is shown in Fig. 11c, together with the
corresponding streaky pattern in the power spectrum. These results are consistent with
common findings on 3C-SiC whiskers, as discussed above for core/shell NW.

The CL emission spectrum of the NW ensemble (see Fig. 12) is quite broad. A Gaussian
titting and deconvolution was performed in order to resolve the different components. The
peak related to the indirect band gap emission of the 3C-SiC NW is detected at 2.20+£0.02 eV.
Two anomalous components, the band centered at 1.730+0.005 eV and the dominant band at
1.950+0.005 eV, are identified. A reference spectrum was acquired from a region of the
substrate not covered by the NW, to eliminate possible contributions from porous silicon or
silicon dioxide substrate. Since the luminescence from the substrate in this spectral region is
about three orders of magnitude weaker, any spurious contribution can be excluded. In
agreement with literature data, the emission at 1.73 eV can involve deep levels in 3C-5iC
with activation energy of about 0.5 eV (Alfieri & Kimono, 2009; Itoh et al., 1997). The
dominant red emission at about 1.95 eV can be tentatively assigned to the presence of
substitutional oxygen on carbon site (Oc defects), unintentionally incorporated due to
contaminants present in the open-tube growth (Gali et al., 2002). Finally, a high-energy
emission is observed in the CL spectrum at 2.55+0.02 eV. Luminescence above the band-gap
in cubic SiC has been previously debated in the literature: attributions to quantum
confinement effects in nanowhiskers (Zhang et al., 2002), effects of morphology, orientation,
defects and dangling bonds in NW facets (Chen et al., 2008), or to recombination involving
surface/interfacial groups (Shim et al., 1997) have been proposed. Since we have a typical
NW size too large to achieve appreciable quantum confinement, the weak blue emission
detected in CL could be more likely related to surface modifications.

240
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2.2eV
Near band edge

P Pt

(o] [\ (o))

] ] (e)
T

CL Intensity (a.u.)

N
(aw]

0 L | . o DS~ _4._.--,--“.“. . .
1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

Energy (eV)

Fig. 12. CL spectrum at T=77 K of NW grown with CCly precursor.

3.3 Growth of NW in VPE reactor

3C-SiC NW have been grown in a home-made induction heated Vapor Phase Epitaxy (VPE)
reactor at atmospheric pressure (Fig. 13), by using diluted (3%) propane and silane as
precursors, hydrogen as carrier gas and Ni as catalyst.
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14 Nanowires

Fig. 13. Photo of the VPE reactor used to grow SiC NW.

A nominally 4 nm thick nickel film was deposited by e-beam evaporation system on a Si
(100) substrate, previously etched in an HF solution for 60 s in order to remove the surface
native oxide. For the VPE growth, a preheating of the nickel-deposited substrate at 1100°C
for 2 minutes was performed in order to get catalyst dewetting, then the reagents were
introduced into the growth chamber for a growth time of 5 minutes.

The process resulted in the formation of a NW network (Fig. 14a) in the nichel-covered
substate areas. By spatially selective nichel deposition using conventional photolitographic
techniques, peculiar geometries could be obtained (Fig. 14b).

Fig. 14. SEM images of VPE grown NW. (a) NW network, b) selective NW growth in a cross-
shaped area of the substrate.

Z-contrast analyses (Fig. 15) showed a high-Z (brightest) particle on top of the NW, indicating
a metal-catalysed VLS growth mechanism. A tapering of the NW was observed: the average
size decreases from about 80 nm in the center-base region to about 10 nm near the tip.

The lattice simmetry and structural quality of the as-grown NW were characterized by X-ray
powder diffraction and TEM studies. The X-Ray profiles (not shown here) showed the
characteristic peaks of B-SiC at 20 = 35.6° (111), 41.4° (200), and 59.9° (220). The electron
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Cubic SiC Nanowires: Growth, Characterization and Applications 15

diffraction patterns and the high-resolution TEM data confirmed the NW are predominantly
3C polytype with (111) growth axis, but stacking defects occur on (111) planes (Fig. 16a) and
local stacking sequences characteristic of other polytypes (in particular 4H) are observed in
the near-tip segments (Fig. 16b).

| 00 nim

Fig. 16. HRTEM images in the center region (a) and in the tip region (b) of a VPE-grown NW.

The growth of NW was also tested on 3C-SiC substrates previously grown in the same
reactor. The 3C-SiC film was deposited on 2" p-type (001) Si substrates. The substrate was
etched in 10% HF solution for 60 s before introduction in the growth chamber and heated at
1000 °C for 10 minutes to completely remove the Si native oxide layer. In order to relax the
lattice mismatch between SiC and Si, a carburisation step was performed before the growth:
the temperature was lowered to 400 °C, 3 sccm of propane were injected in the growth
chamber and the temperature was raised to 1100 °C in about 2 minutes. This temperature
was then held for 5 minutes to complete the carburisation process and form a thin
monocrystalline SiC layer on the Si substrate. After the carburisation process the propane
flow is interrupted, the temperature is raised to 1200 °C and SiHs and CsHs are injected in
the growth chamber for 10 minutes (Bosi et al., 2009).
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A Ni film, nominally 4 nm thick, was deposited on the 3C-SiC/Si wafer and the wires were
grown in the same manner as described above.

A VLS nichel assisted growth of NW was achieved. A typical side-view SEM image is
shown in Fig. 17a. The lattice structure and spacings (Fig. 17b) correspond to those of 3C-
SiC, with stacking defects on (111) planes. At the tip, a quite sharp interface was observed
between the SiC wire and the catalyst particle (magnified detail in Fig. 17c). TEM
observation shows that zones with a lower defect density are observed on SiC NW grown
on 3C-SiC with respect to the ones grown directly on Si.

Fig. 17. (a) side-view SEM image of 3C-5iC NW grown on 3C-SiC substrate, (b) HRTEM
image of the NW lattice and corresponding FFT analysis, (c) HRTEM image of the
catalyst/wire interface at the tip.

4. Applications

The great interest that SiC has gathered in latest years is due the possibility to combine in
one single material good semiconducting and chemical properties, biocompatibility and
sensing potentiality. SiC chemical inertness, wide bandgap, tribological properties,
hydroxyapatite-like osseointegration, and hemocompatibility make it a very promising
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candidate for biosensors, interface with biological tissues and lab-on-chip medical devices.
Moreover, the possibility to realize nanostructures opens the possibility to assembly novel
nanoscale devices and arrays by the bottom-up approach, and to enhance the sensing
capabilities of the material thanks to the high surface/volume ratio of NW.

As it happens with other materials, low dimensional SiC may exhibit peculiar electronic,
optical, thermal and chemical properties, as well as carrier quantum confinement. Many
mono-dimensional structures have proven to exhibit better properties than the same
material with bulk size, and the bottom-up approach would permit to combine appropriate
building blocks to obtain unique functions, or combinations of functions, in integrated
nanosystems, unavailable in the conventional top-down approach.

Several electronic devices, such as power diodes or field-effect transistors based on 3C-SiC
(SiCFET) have already been developed (Zhou et al. 2006a, Chung et al., 2008) and SiC power
diodes have already reached the market stage (Roussel, 2007). Several devices are fabricated
by thermally growing SiO; layer on n-type Si wafers followed by deposition of parallel Au
contacts, used as source and drain electrodes, while the n-type silicon is used as back gate.
n-type 3C-SiC FETs were tested at different temperatures and were proven to have good
performance at high temperatures, with larger current and higher carrier mobility. SiC
nanostructures could be used to enhance these landmarks even more, as it happened with
other compounds, but very few literature papers deal with SiC NW applications, even if
there are already several “proof of concept” nanodevices realized with conventional
semiconductors such as Si, GaAs, GaN NW (Xia et al. 2006, Lieber & Wang, 2007).

One of the challenges for SiC research for the next years would involve using the experience
gathered on other compounds in order to exploit SiC possibilities in nanoscience.
Large-scale B-SiC NW coated with SiO, layer exhibit the characteristics of an excellent
photocatalyst. The photocatalytic activity was evaluated by the photocatalytic
decomposition of gaseous acetaldehyde accompanied by generation of carbon dioxide. SiC/
SiO; core/shell NW present higher photocatlytic activity than the pure 3C-SiC NW,
resulting from their stronger absorption of gaseous acetaldehyde by SiO, and holes
remaining in the valence band of SiC (Zhou et al., 2006b).

Functionalization of the SiC surface with specific organic or inorganic molecules is a
possible route to obtain specific surface properties such as high selectivity, biomolecular
recognition and adhesion of species of biological interest. SiC, in all its polytypes, is
suggested as a suitable material for biofunctionalization of H-terminated surfaces via
hydrosilylation similar to silicon (Yakimova et al., 2007). Experimental study of pyrrole
funtionalized Si- and C- terminated SiC have been made. This organic compound contain in
its molecule NH group and two C-C double bond which may be used for further
functionalizations (Preuss et al., 2006).

Other organic molecules with different functional groups, such as 3-aminepropyl
triethoxysilane (APTES) having amine group or mercaptopropyl trimethoxysilane with thiol
group, have been suggested for SiC NW surface functionalization.

In this framework we have used a Supersonic Molecular Beam Deposition approach (Milani
& lannotta, 1999) to functionalize 3C-SiC thick films and NW grown with our VPE reactor
(Aversa et al., 2009). Porphyrins have been deposited onto the SiC surface and the core
level/valence band emission have been studied with synchrotron radiation light. First
experiments and analysis on SiC film show that both porphyrin macrocycle and the phenyl
groups of the molecule have an interaction with the substrate: core level photoemission
reveals significant changes on peak positions and lineshape. Functionalized 3C-5iC NW
shows that oxidized and/or amorphous/oxycarbide components are present, while the Si,
and C;s bands show a strong lineshape change. The interaction of attached molecules is
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more evident on SiC NWs than on films, and a role of F in “etching” the outer shell of NW
could be hypothesized.

MEMS are a family of technologies and integrated devices that are becoming more and
more important in modern life. Some areas in which these systems are already applied are
shock sensors for airbag, inkjet printers, accelerometers and gyroscopes for boats and
airplanes, entertainment, healthcare instruments, communication and information
technologies, biology and biosensors. MEMS offer significant advantages over hybrid
systems and devices because of their small dimensions, integration of different components
and low power consumption (Godignon & Placidi, 2007). Although Si is presently the most
used material for MEMS fabrication it has serious limitations for some applications, such as
high temperature (T > 300 °C) and/or harsh environments with corrosive chemicals and
biocompatibility, and SiC could be a viable alternative material. Micro cantilever of 3C-SiC
with oscillating frequency in the order of 106 Hz and Q factors of 103 were realized and the
resonators were used for high sensing applications such as mass detection for gas sensing
devices in harsh environments (Zorman & Parro, 2008).

Combining MEMS and nanostructures peculiar characteristics such as high affinity to
selected species via functionalization and high measurement sensitivity thanks to high
resonant frequency and Q factors could open interesting possibility in detection devices for
biological applications.

We have made some preliminary 3C-SiC NW depositions, starting from a patterned Si
substrate on which structures such as micron-sized cantilever, beam and springs were
fabricated. A Ni layer, nominally 2 nm thick, was deposited as catalyst on this
microstructured Si substrate with an e-beam evaporator and the growth was performed in
the VPE reactor, using the procedure described above. A SEM micrograph of the NW
obtained on the spring is shown in fig. 18.

b P A

Fig. 18. SEM micrograph of 3C-SiC NW obtained on a Si spring (Si micromachined
substrates were kindly provided by Dr. A. Roncaglia, IMM-Bologna, Italy). Marker is 20 pm.

5. Conclusions

Nanowires (NWs) open promising near-future perspectives for the design and fabrication of
nano-scale devices.

In this paper we discussed the 3C-SiC NW preparation obtained by three different growth
procedures:
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- SiC/SiO; core/shell NWs grown by a Chemical Vapor Deposition (CVD) process on n-
type Si (001) substrates

- 3C-SiC (without shell) NWs obtained by a chemical reaction using carbon tetrachloride
(CCl4) as a precursor and Ni as catalyst.

- 3CSiC NWs grown in an home-made Vapor Phase Epitaxy (VPE) reactor using
propane and silane as precursors both diluted (3%) in hydrogen, and Ni as catalyst.
Selected morphological, structural and optical characterizations of the three NW sets,
performed by Scanning Electron Microscopy, Transmission Electron Microscopy, X-Ray

Diffraction and SEM-Cathodoluminescence, were presented.

We have presented some preliminary results about patterned NW growth on Si using
standard photolitographic techniques to draw figures like crosses, NW functionalization
using porphyrins and NW deposition on Si cantilever obtained by microstructuring a Si
substrate.
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