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Abstract SiC with unique properties, such as wide band gap, excellent thermal con-

ductivity, chemical inertness, high electron mobility, and biocompatibility, promises

well for applications in microelectronics and optoelectronics, as well as nanocom-

posites. The chapter reviews the recent progress on one-dimensional SiC nanostruc-

tures in both experimental and theoretical level, including synthesis methods and

some properties (field emission, optical, electronic transport, mechanical, photocat-

alyst, and hydrogen storage) of SiC nanowires. Importantly, some novel results on

SiC nanowires were elucidated clearly in our laboratory. Personal remarks end with

some views on development and application of one-dimensional SiC nanostructures.

2.1 Introduction

Recently, one-dimensional (1D) semiconductor nanostructures (wires, rods, belts,

and tubes) have become the focus of intensive research, owing to their unique ap-

plication in the fabrication of electronic, optoelectronic, and sensor devices on a

nanometer scale. They possess novel properties intrinsically associated with low di-

mensionality and size confinement, which make “bottom-up” construction of nan-

odevices possible [1–7]. Because of their potential applications in nanodevices, 1D

semiconductor nanomaterials were selected as one of the top 10 technologies by the

MIT Technical review in 2003 [8]. So far, many kinds of 1D semiconductor nano-

materials, including single element [9–14] and compound semiconductors [15–21],

have been successfully synthesized by a rich variety of methods, and the detailed

research information on these 1D nanostructures can be readily seen in the pertinent

literature [22–44]. Among these semiconductor nanowires, SiC has very unique

properties, such as wide bandgap, excellent thermal conductivity, chemical inert-

ness, high electron mobility, and biocompatibility, which promise well for applica-

tions in microelectronics and optoelectronics, and has thus attracted much interest

from the materials and devices communities [45–47]. In particular, SiC nanowires
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are used for the reinforcement of various nanocomposite materials or as nanocon-

tacts in harsh environments, mainly due to their superior mechanical properties and

high electrical conductance. Hence, research on 1D SiC nanowires is highlighted,

both from the fundamental research standpoint and for potential application in nano-

devices and nanocomposites.

In this chapter, research on 1D SiC nanostructure (nanowires/nanotubes, nano-

wire heterostructures, and nanowire arrays) is highlighted in a comprehensive

review and some important results of pioneering work conducted in our laboratory

on SiC nanowires are reported. The review is divided into three main parts. The first

part introduces crystallographic structures of SiC; the second part focuses on the

synthesis of SiC nanowires and the third part on some special nanostructures of ori-

ent SiC nanowire arrays, SiC nanotubes, and SiC nanowire heterostructures. Some

properties of SiC nanowires are described later. The review ends with a summary,

which is our personal opinion on future research in 1D SiC nanowires.

2.2 Crystallographic Structures of SiC

SiC is a IV–IV compound semiconductor and occurs in many different crystal struc-

tures (polytypes). The crystalline structure of SiC can be considered to consist of

the close-packed stacking of double layers of Si and C atoms. Each C or Si atom is

surrounded by four Si or C atoms in strong tetrahedral SP3 bonds. The distance be-

tween neighboring Si and C atoms is approximately 3.08 Å for all polytypes [48,49].

There are more than 200 polytypes in existence. The polytypes can be defined by

the number of stacking layers in a unit cell. The atom arrangements of popular poly-

types are 3C, 4H, and 6H. The 3C-SiC polytype is the only cubic polytype and it has

a stacking sequence ABCABC. 4H-SiC consists of an equal number of cubic and

hexagonal bonds with stacking sequences of ABCB. Two-thirds of 6H-SiC is com-

posed of cubic bonds and one-third of hexagonal bonds, with stacking sequences of

ABCACB. Only 3C-SiC is referred to as β-SiC; other 4H- and 6H-SiC are called

α-SiC. Figure 2.1 shows the schematic diagram illustrating the stacking layer of

Fig. 2.1 The stacking sequence of 3C-, 2H-, 4H-, and 6H-SiC
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Table 2.1 Typical properties of SiC and other semiconductors [49]

Si GaAs 3C-SiC 4H-SiC 6H-SiC Diamond

Lattice a (Å) 5.43 5.65 4.36 3.08 3.08 3.567

Lattice a (Å) 5.43 5.65 4.36 15.12 10.05 3.567

Bond length (Å) 2.35 2.45 1.89 1.89 1.89 1.54

TEC (10−6 K) 2.6 5.73 3.0 – 4.5 0.8

Density (g cm−3) 2.3 5.3 3.2 3.2 3.2 3.5

Thermal conductivity

(W cm−1 K−1)
1.5 0.5 5 5 5 2

Melting point (◦C) 1,420 1,240 2,830 2,830 2,830 4,000

Mohs hardness 9 9 9 10

Eg (eV) 1.1 1.43 2.3 3.3 3.0 5.4

the common 3C-, 2H-, 4H-, and 6H-SiC. In general, β-SiC, which often appears at

low temperature, is easy to nucleate and grow. However, 4H-SiC and 6H-SiC are

known as high-temperature stable polytypes, which need relatively high tempera-

tures to grow. Typical properties of SiC and other semiconductors are summarized

in Table 2.1.

SiC materials are extremely hard, very inert, and have high thermal conduc-

tivity. Properties such as the breakdown electric field strength, the saturated drift

velocity, and the impurity ionization energies are unique for the different poly-

types. β-SiC possesses the smallest bandgap (∼2.4eV) and has the highest elec-

tron carrier mobility compared with α-SiC, which makes it an important SiC ma-

terial in the microelectronics industry [50]. Because of these excellent properties,

SiC is a perfect material in the electronics industry, with a wide application in

the areas of high-temperature device, high-power device, high-frequency device,

and optoelectronic device, including rectifiers, power switches, RF, and microwave

power devices [51, 52]. Besides, SiC, known for its high-temperature structure and

reinforced composite material, can be also find application in the aerospace, car,

machine, and petrochemical industries [52–57].

2.3 Synthesis of One-Dimensional SiC Nanostructures

Since the discovery of the carbon nanotube (CNT) [58, 59], 1D SiC nanostruc-

tures have attracted many scientists because of their unique electronic, optical,

and mechanical properties. A significant progress in synthesis methods in SiC

nanowire/nanotube was achieved by various technologies, such as carbon template,

arc discharge, chemical vapor deposition (CVD) via silicon precursor, carbothermal

reduction of silica xerogels, etc. In this section, some recent progress in the fabrica-

tion of 1D SiC nanostructures is addressed.
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2.3.1 Carbon Nanotube-Confined Reaction

In 1994, Prof. Zhou at the University of Arizona reported for the first time a method

to produce SiC whiskers without the presence of metal catalysts by reacting carbon

nanotubes with SiO at 1,700◦C under a flow of Ar [60]. The length and diameter

of the as-synthesized SiC nanowire are one order greater in magnitude than that of

the carbon nanotube precursor. The dark carbon nanotubes with hollow cores are

converted to solid greenish SiC nanowires. The carbon nanotube acts as a template

and defines the diameter and length of SiC nanowires. The reaction is as follows:

2CNT(s)+SiO(g) → SiC(s)+CO(g) (2.1)

In 1995, Lieber’s group [61] at Harvard University reported in Nature that carbon

nanotubes can be converted to carbide rods by reaction with SiO or Si–I2. The SiC

nanorods (NRs) are in high yield with typical diameters similar to or much smaller

than the diameters of the carbon nanotube, of between 2 and 30 nm and lengths of

up to 20µm.

A two-step reaction process has been developed to synthesize SiC nanorods at

1,400◦C [62]. SiO vapor was generated via the silicon reduction of silica, and re-

acted with the carbon nanotube to form SiC nanorods. In the two-step reaction

process, the reaction equations are

SiO2(s)+Si(s) → 2SiO(v) (2.2)

SiO(v)+2C(s) → SiC(s)+CO(v) (2.3)

The nanorods are single-crystalline β-SiC with the diameters between 3 and 40 nm.

The thinner SiC nanorods, namely 3 nm in diameter, show a high density of de-

fect planes on the (111) basal planes. In this experiment, the diameter of the SiC

nanowire differed from the precursor carbon nanotube. It may be explained as

follows.

The generated CO vapor in (3) can react with SiO vapor on the generated SiC

nanorod surface by the following reaction:

SiO(v)+CO(v) → SiC(s)+2CO2(v) (2.4)

In this reaction, the diameter of the synthesized SiC nanorods is larger than that

of the starting carbon nanotubes. On the contrary, the thinner diameters of SiC

nanorods can be explained by the following reaction.

C(s)+CO2(v) → 2CO(v) (2.5)

The surface of the carbon nanotubes is consumed by the CO2 and the residual carbon

nanotube reaction with SiO leads to thinner SiC nanorods.

The diameter and shape of the produced SiC nanorods can be controlled by the

local partial pressure of CO gas and the reaction temperature, respectively. Tang
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Fig. 2.2 Geometry of the reactor. (a) Reactants of SiO2/Si source covered with carbon nanotubes

were put in a crucible. (b) SiO2/Si source and carbon nanotubes were put in a boat and the latter

kept clear of the former along the downstream direction of gas flowing

et al. [63] developed a new way as shown in Fig. 2.2. The generated CO byprod-

uct from (3) can be effectively carried away from the reaction area, thus preventing

reactions (4) and (5). The size of the diameter of SiC nanowires is consistent with

the starting carbon nanotubes. The growth mechanism of SiC nanorods is basically

a shape memory synthesis, where the product keeps the shape of the starting nan-

otubes to form nanorods. The shape memory synthesis has the advantages of the

shape of the generated nanorods adjusted by the initial carbon nanotubes, the CO-

generated concentration, and reaction temperature.

The unexpected synthesis of SiC nanorods with thermally annealing single-

walled carbon nanotube sheets (SWNTs) formed by a filtration process using surf-

actant-dispersed nanotubes, at a significantly lower temperature of 1,000◦C between

two silicon wafers [64]. In the experiment, the exterior layers of the carbon nanotube

sheets were converted into a network of SiC nanorods, while the carbon nanotubes

interior to the sheet remained unchanged. The SEM images are shown in Fig. 2.3.

2.3.2 Arc Discharge

Since carbon nanotubes were synthesized by arc discharge, scientists attempted

to fabricate SiC nanowires with the arc-discharge process, considering the simple

setup, ease of operation and high production. Seeger et al. [65] reported for the first

time the synthesis of nanometer-sized SiC whiskers using the arc-discharge process.

The samples were synthesized using an arc discharge between two graphite elec-

trodes, the anode of which was filled with a mixture SiO2 and C powder in the

atomic ratio 1:1. The arc discharge was ignited by 40 A at 22 V under a 53 kPa

helium atmosphere. The graphite cathode of 10 mm diameter was placed horizon-

tally, facing the composite anode of 6.15 mm diameter, which had a 3.2 mm diame-

ter hole drilled, with 25 mm filled with a mixture of graphite and Si powder. β-SiC

whiskers of 10 nm in diameter were synthesized directly.
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Fig. 2.3 SEM micrographs of a carbon nanotube sheet before (a) and SiC nanorods: after (b)–(d)

thermal annealing this sheet at 1,000◦C between two parallel silicon wafers. The large quasi-

spherical particles in (a), with a diameter of typically above 30 nm, contain iron [Ref. 3]

Fig. 2.4 Arc-discharge setup

Later, Xie’s group [66] devised a new route, using a SiC rod as the anode in

an arc-discharge process, developed to fabricate SiC nanorods on a large scale as

shown Fig. 2.4. A graphite rod (15 mm in diameter) had a hole drilled (7.5 mm in

diameter and 10 mm in depth) at one end and its other end was thinned to 6 mm

in diameter. A SiC rod (about 7.5 mm in diameter and 8 cm in length) was inserted

into the hole and acted as the anode, and a graphite plate (with a diameter of 30 mm)

was used as the cathode. The characterization indicated that the prepared nanorods

possess a β-SiC crystal core with a uniform diameter of 5–20 nm and an amorphous

SiO2 wrapping layer tens of nanometers in thickness, and their lengths ranging from

hundreds of nanometers to several micrometers (Fig. 2.5). A possible growth mech-

anism could be explained as follows: during discharging, SiC at the tip of the anode

decomposes into silicon and carbon due to the high temperature of the arc-zone.
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Fig. 2.5 SEM image of the powder by arc discharge [Ref. 51]

SiC(s) → Si(g)+C(g) (2.6)

The silicon gas may react with the quartz (SiO2) to form SiO gas.

SiO2(s)+Si(g) → SiO(g) (2.7)

Hence, the Si, C, and SiO gas were absorbed and dissolved in the liquid-iron droplets

to form a liquid Fe–Si–C–O alloy. When cooled, the liquid droplets were supersat-

urated and the β-SiC core together with the SiO2 sheath was nucleated.

2.3.3 Laser Ablation

Laser ablation has been widely synthesized for carbon nanotubes [67, 68] and Si

nanowires [69, 70], because the method can produce free-standing nanoscale mate-

rial in high-purity yields at a low working temperature for high-melting and multi-

component materials. Shi et al. [71] used the laser-ablation technique (Fig. 2.6) to

synthesise SiC nanowires from a target of SiC target (25× 25× 5mm). The KrF

excimer pulsed laser beam (wavelength 248 nm, energy 400 mJ per pulse, and fre-

quency 10 Hz) was focused on the SiC target and the ablation lasted for 2 h. Large

quantities of straight, curved, and randomly oriented nanowires were formed on the

graphite substrate in the system. The lengths of the nanowires were up to tens of mi-

crometers (Fig. 2.7). There were also some spherical nanoparticles at the tips of the

nanowires (as seen in Fig. 2.7). The SiC nanowire consists of a crystal SiC core with

numerous stacking faults and an amorphous silicon oxide shell. The transmission

electron microscopy (TEM) observation showed that the diameters of the crystalline

cores varied from 20 to 70 nm and the mean value was ∼55nm. The thickness of the

amorphous outer layers varied from 11 to 30 nm and the mean value was ∼17nm.
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Laser

Target

Furnace

Fig. 2.6 Laser-ablation scheme

Fig. 2.7 Typical SEM image of SiC nanowires [Ref. 71]

2.3.4 Sol-Gel and Carbothermal Reduction

Meng et al. [72, 73] have successfully developed a novel method to synthesize bulk

quantities of β-SiC nanowires from silica xerogels containing carbon nanoparticles.

Nanowires were fabricated by carbothermal reduction at 1,650◦C for 1.5 h, followed

by annealing to 1,800◦C and holding for 30 min in flowing Ar atmosphere. TEM,

SAED, and EDX showed that the nanowires consist of 10–25 nm diameter crys-

talline β-SiC cores surrounded by amorphous SiO2 sheathes with outer diameters

between 20 and 70 nm. The nanowires formed by carbothermal reduction at 1,650◦C

for 2.5 h in flowing argon atmosphere are bare SiC nanowires with diameters in the

range of 15–30 nm.

Silicon carbide nanorods were synthesized by sol-gel and carbothermal reduction

processing with TEOS (tetraethoxysilane) and PVP (polyvinyl pyrrolidone) as start-

ing materials and Fe(NO3)3 as catalyst [74]. Results show that the morphologies of
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Fig. 2.8 TEM images of resulting SiC sample catalyzed by Fe [Ref. 74]

the resulting sample are tower-like β-SiC nanorods which typically have a tower

base width between 80 and 100 nm, a step layer thickness of about 10 nm between

two layers and a height from 0.4 to 1.0µm (Fig. 2.8).

2.3.5 Chemical Vapor Deposition

In this process, a mixture of silicon (carbon) precursor of SiH4(SiCl4,Si(CH3)Cl,
CH3SiCl3,CH4) is introduced into the reaction chamber [75–77]. During the reac-

tion, SiC nanowires are formed on the substrate by the reaction of carbon and sili-

con. Although this is at the cost of lower yield, the catalyst can be deposited on the

desired location of substrate, which allows for the formation of novel nanostructures

by predefined position of catalyst [78].

Zhang et al. [79] used microwave plasma CVD to synthesize bulk quantity singe-

crystalline β-SiC nanowires on a Si substrate. The process is divided into two steps:

first, smooth Si(100) substrates of 10×20×0.6mm were ultrasonically cleaned in

ethanol and etched with 3% HF acid in water for 3 min. An Fe film of a differ-

ent thickness (9–105 nm) was deposited on the Si(100) substrate by the sputtering

method. Then the Si substrate was placed in the CVD system. A 100 sccm hydrogen

(H2) and a ∼0.05sccm methane (CH4) were introduced into the chamber. The Si

substrate temperature is from 800 to 1,000◦C. Figure 2.9 shows the TEM images

of the as-synthesized SiC nanowires by the CVD method. The SiC nanowires are

smooth and straight. Many nanowires are cylinder shaped with a circular cross sec-

tion, while some of the nanowires have cross-sectional shapes of squares, rectangles,

triangles, and hexagons. Moreover, no Fe catalyst has been found on the nanowires.
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Fig. 2.9 (a) TEM image of the nanowhiskers obtained by scratching the nanowhiskers from the

Si substrate. The whiskers with circular, square, rectangle, triangle, and hexagon cross-sectional

shapes. (b) High-resolution TEM image of a thin 3C-SiC nanowhisker with an approximate axial

orientation of [111]. (c) A thick 3C-SiC nanowhisker with its selected area electron diffraction

pattern taken by the electron beam parallel to the [011] zone axis

The most commonly occurring diameter of the nanowire sample fabricated at dif-

ferent temperatures and different Fe film thickness is shown in Fig. 2.10.

The relation between PL peak energy and SiC nanowire diameter is shown in

Fig. 2.11. A blueshift of the PL with decreasing nanowire diameters can easily be

seen for quantum confinement effects. The experimental date was made to coincide

with the PL peak energy formula: Epeak = 2.16 + 32d−2
mo , where dmo is the most

commonly occurring diameter of the β-SiC nanowires in the sample.

Zhou et al. [80] synthesized SiC nanorods on silicon substrate by hot filament

CVD. The carbon and silicon powders in a molar ratio of 1:1 were mixed and

pressed into a solid disk and loaded into a HFCVD chamber. Hydrogen fed into

the chamber etched the Si/C solid disk and brought Si/C-containing reactive species

to the substrate surface. After 2 h, nanowires of SiC with a 10–30 nm diameter core–

shell structure were found deposited directly on the substrate surface.
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Fig. 2.10 The dependence of the most commonly occurring diameter of the nanowhisker samples

synthesized on (a) different temperatures and (b) different Fe film thickness

SiC nanowires with diameters of <50nm and lengths of several micrometers

have been fabricated on Si substrates coated with a thickness of 2 nm Ni film

by direct current magnetron sputtering methods [81]. Methyltrichlorosilane (MTS,

CH3SiCl3) was used as a source precursor because it has an equivalent ratio of Si

to C and decomposes at a low temperature. H2 was used both as the carrier gas,

which transfers the source precursor through a bubbler to the quartz reactor, and

as a diluent gas, which regulates the concentration of the mixture containing MTS

vapor and carrier gas. The XRD, TEM, and HRTEM observations confirm that the

nanowires are single-crystalline cubic zinc-blend structures with a 〈111〉 direction

and SiC nanowire growth via the VLS mechanism. Figure 2.12 shows that the SiC

nanowires grow under a reactor pressure of ca. 5 Torr for 2 h. The nanowires have di-

ameters from several tens to hundreds of nanometers and are vertically well aligned

without templates such as anodic alumina templates. Interestingly, Al-doped SiC
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Fig. 2.11 The dependence of the photoluminescence peak energy (Epeak) on the most commonly

occurring diameter (dmo) of the 3C-SiC nanowhisker samples. The dotted line corresponds to

Epeak = 2.16 + 32d−2
mo . The photoluminescence spectra were measured by using a Renishaw 2000

micro-Raman spectrometer with a 350 nm cutoff filter. The wavelength-dependent sensitivity of

the optical system was calibrated by a standard lamp. The 325 nm emission line from a He–Cd

laser was used to excite the luminescence

Fig. 2.12 SEM images of vertically aligned SiCNWs grown on a Si substrate at 1,100◦C for 2 h

under total reactor pressure of 5 Torr. The total hydrogen flow rate including carrier and dilute gas

was maintained at 775cm3 min−1. Left lower inset is a TEM image of SiCNWs [Ref. 81]

nanowires were fabricated for the first time by simply placing the AlCl3 precursor

located upstream in the distance of 5 cm from the substrate. So, the n-type β-SiC

nanowires can be adjusted to p-β-SiC by doping. Figure 2.13 shows the SEM and

EDS images of Al-doped SiC nanowires. An energy dispersion spectroscopy (EDS)

analysis of individual SiC nanowires indicated the existence of Al in the nanowires.

SiC nanostructures in the shape of crystalline nanowire flowers have been syn-

thesized by CVD [82]. The silicon substrate and GaN powder are placed in an

alumina boat in a tube furnace. A steady flow of 300–400 sccm methane gas was

introduced at 1,100◦C. Flower-like structures of diameter 1–2µm and length 3–5µm

are shown in Fig. 2.14a, b. A typical flower (Fig. 2.14c, d) is composed of an in-

tertwined/weaved stem, a bulbous head consisting of a tight bundle of nanowires of
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Fig. 2.13 (a) SEM image of the NWs grown at 950◦C for 5 min by using AlCl3 powders as doping

precursor in MTS–H2 system under atmospheric pressure. Inset is TEM image of individual NW.

(b) EDS data recorded from individual NW indicate the existence of Al in the NW [Ref. 81]

diameter ∼100–200nm, and a single catalyst particle attached at the top end of the

nanowire flowers. The cross section of the broken base (Fig. 2.14c, inset) reveals a

hollow stem of ∼400–800nm in diameter. The flowers are composed of β-SiC and

the formation mechanism is the VLS process.

Novel 2D semiconductor SiC nanonetworks have been synthesized at relatively

low temperature (1,250◦C) via CVD [83]. The mixture of Si and SiO2 powders and

C3H6 were used as precursor materials. The straight or curved SiC networks that

the nanowires are connected to were formed on carbon cloth. The nanowires with

diameter of about 20–70 nm are single-crystalline β-SiC and the growth direction is

along [111].
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Fig. 2.14 (a) SEM images of, and (b) an overview of, nanowire flowers grown on the silicon

substrate; (c) a detached flower showing its base made up of bundles of nanowires (inset: cross-

sectional view of a broken SiC nanowire flower); (d) a typical flower with a catalyst particle at-

tached to the tip [Ref. 82]

SiC nanorods have been synthesized by floating catalyst methods. Iron particle

catalyst was decomposed from ferrocene vapor while being carried into the chamber

by the flowing gases. In the SiCl4–C6H6–H2–Ar system, SiCl4 and C6H6 reacted

with each other, catalyzed by the Fe cluster [84].

2.3.6 High-Frequency Induction Heating

Zhou [85] invented a novel method to fabricate β-SiC nanowires without catalyst

introduction in high yields on the surface of the activated carbon fibers (ACFs). The

experiments were performed in a vertically set high-frequency induction-heating

furnace as schematically outlined in Fig. 2.15, which consisted of a quartz tube and

an inductive heat cylinder of graphite coated by a layer of ACFs. First, 2 g of com-

mercial SiO powder (purity more than 99.9%) was put into a graphite crucible.

Before heating, the chamber was flushed with high-purity 100 sccm Ar to elimi-

nate O2 by means of rotary vacuum pump for three times. Afterwards, the furnace

was rapidly heated from room temperature to around 1,450◦C within 2 min and

maintained for reaction for 15 min under a total pressure of 50–100 Torr. After the

furnace was cooled to room temperature in the flowing Ar, the ACF surface was

deposited with a thick layer of light-blue fluff-like products having a thickness of

several millimeters as shown in the inset of Fig. 2.16. Many mushroom-like lumps

grew perpendicularly and separately from the surface of the ACF and joined each

other at their tip.
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Fig. 2.15 High-frequency

induction-heating furnace

Fig. 2.16 (a) XRD pattern of the as-synthesized products. Inset (b): the digital camera photo of

the products

The X-ray diffraction (XRD) pattern (Fig. 2.16) suggests that the as-synthesized

product consists of the crystalline zinc-blend (cubic) form of β-SiC with the unit

constant of a = 4.358 Å, close to the standard value for β-SiC (4.359 Å, JCPDS card

no. 29-1129). A broad peak at 2θ =∼20◦–30◦ may be attributed to some amorphous

materials with the product. Besides, there is a low-intensity peak (marked with S) at

a lower diffraction angle than that of the strong (111) peak, which usually ascribes

to the stacking faults in the (111) plane. The low-magnification SEM image shown

in Fig. 2.17a reveals that the product consists of numerous wire-like nanostructures

(a large amount of straight, curved, randomly oriented, and free-standing nanowires)

with a length of up to tens of micron. Figure 2.17b shows the chemical composition

of the nanowires characterized by EDS. It is found that the nanowires are mainly
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(a) (b)

(c) (d)

[111]

0.25nm

5nm5nm

1µm

Fig. 2.17 (a) SEM image of as-prepared samples grown at 1,450◦C for 20 min by SiO powder

and carbon fiber, (b) EDS spectrum of the nanowires, (c) TEM image of SiC nanowire, and (d)

HRTEM image of the individual SiC nanowire

composed of Si, C, and O. The large resolution TEM image shows that a d-spacing

of 0.25 nm corresponds to the (111) plane spacing, indicating that SiC nanowire

grows along [111] direction.

In addition, the SiC/SiO2 nanosprings, as shown in Fig. 2.18, were synthe-

sized by the method [86]. The diameter of the nanospring is ∼25nm and with the

nanospring pitch of 10 nm, this amounts to a diameter/pitch ratio of 2.5. The total

nanostructures consist of three segments: two end of the nanostructure is SiC/SiO2

nanocables, but SiC/SiO2 nanospring is clearly seen in the midst of the whole

nanostructure. TEM dark images (Fig. 2.18b) indicate that the nanospring is com-

posed of a crystalline core and an amorphous coating. In the previous chapter, the

important role of the catalyst in the formation of SiC/SiO2 nanosprings was elu-

cidated by Zhang et al. [87], which is different from our experiment without a

catalyst. The helical spring structure is the most fundamental structural configu-

ration for DNA and many biological proteins, which is due to van der Waals force

and hydrogen bonding [88]. These shapes of nanostructures will be found to be

a great potential application in electronic circuits and light-emitting devices such

as nanospring-based transducers and actuators, and tunable functional components
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(a)

5nm
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Fig. 2.18 (a) Typical TEM images for SiC/SiO2 nanosprings and (b) HRTEM image nanostruc-

tures

for MEMS and NEMS. Moreover, the nanosprings are preferable to 1D and 0D

nanostructures when acting as reinforcements in advanced materials because of their

better-combined interface between SiC nanosprings and the matrix in the same con-

dition.

Similarly, Shen et al. [89] used high-frequency induction heating to synthesize

bamboo-like β-SiC nanowires by thermal evaporation of SiO + C + GaN powders

in an Ar atmosphere at 1,350◦C for 1h. Later, they adjusted the mixture ratio of

SiO+C+GaN powders. Hierarchical single-crystalline β-SiC nanowires have been

successfully synthesized. Studies found that the central nanowires have diameters of

∼10–20nm and the branched nanoplatelets have thicknesses of 5–10 nm [90].

2.3.7 Comparison of Methods of SiC Nanowire Synthesis

The aforementioned methods to synthesize SiC nanowire – namely carbon nan-

otube template, arc discharge, CVD via silicon and carbon precursor – and the

high-frequency heating method invited by us, have been often reported during the

last several years. To show the difference clearly, Table 2.2 provides the compar-

ison of several methods of synthesizing SiC nanowire. In most cases the product

is available at the cost of either high-purity or expensive CNT or the hazardous

and easily explosive silicon (carbon) precursor of SiH4 or SiCl4(CH4). In addi-

tion, the synthesized materials were low in yield and purity and the methods time-

consuming. Hence, the preparation of pure SiC on a large scale is still a challenge.

Fortunately, we have developed a method for low-cost, large-scale production of

β-SiC nanowires by high-frequency heating of SiO powders and ACF layers. The

synthesized, high yield, SiC nanowires were directly deposited on ACF without

metal catalyst introduction. Most importantly, the ACF and SiO powders are readily

available because they are mass-produced in the industry and the technology of SiC

nanowire synthesis invented by us can easily be scaled up to industrial levels.



34 W. Zhou et al.

Table 2.2 The comparison of several synthetic methods of SiC nanowire

Synthesized methods Efficiency Cost Temperature Diameter Catalyst

(◦C) (nm)

Carbon nanotube-

confined reaction

Low Higher 1,400 20–25 No

Arc discharge Higher Low 3,000 20–60 Yes

Laser ablation High High 20–70 Yes

Sol-gel and carbother-

mal reduction

Higher Lower 900 40–80 No

Chemical vapor deposi-

tion method

Higher Higher 1,100 10–100 Yes

High-frequency induc-

tion heating

Higher Lower 1,450 5–20 No

2.4 Orient SiC Nanowire Arrays

With the development of electronic and photonic devices such as light-emitting

diodes and laser diodes, field-emission display, high density and well-aligned nano-

wire arrays would be necessary. The unique structure and features of the anodic

alumina membranes (AAM) make it an ideal template for the synthesis of aligned

nanostructures. Li et al. [91] reported for the first time the synthesis of large–area,

highly oriented, SiC nanowire arrays in an ordered nanoporous AAO temperature

through a chemical vapor reaction method. The 1.2:1 molar mixture of ball-milled

Si and SiO2 and AAO template were placed in a graphite cell. The C3H6 flow of

8–10 sccm was introduced from the bottom of the graphite cell and maintained for

3–5 min at 1,230◦C under a total gas pressure of 540–650 Torr. The results show that

the SiC nanowires are single crystalline with diameters of ∼30–60nm and lengths

of ∼8µm, which are parallel to each other, uniformly distributed, highly aligned,

and in agreement with the nanopore diameter of the AAO template. The fabricated

SiC nanowires grow along the [111] direction and possess a high density of planar

defect.

Aligned SiC nanowires have also been synthesized by reaction-aligned carbon

nanotubes with SiO [92]. High-magnification SEM observations (Fig. 2.19) show

that the products consist of highly oriented nanowires that are similar in appearance

to the originally aligned carbon nanotubes. The SiC nanowires within the arrays

have diameters (10–40 nm), spacing (∼100nm), and length (up to 2 mm) similar to

those of the aligned carbon nanotubes. The SiC nanowire is a solid rod and does

not have a hollow core structure (Fig. 2.20). The periphery of the SiC nanowire is

very clean, without any coating of amorphous material, and possesses a high density

of planar defects or stacking faults, which are perpendicular to the wire axes. The

selected area electron diffraction (SAED) pattern (inset of Fig. 2.20a) demonstrates

that the SiC nanowire has a single-crystalline phase.

Highly aligned β-SiC nanowires with a mean diameter of 40 nm and length of

500µm on a large area Si substrate were synthesized by a novel catalytic reaction
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Fig. 2.19 High-magnification SEM image of a SiC nanowire array, showing that the wires are

highly aligned and have uniform external diameters and spacing between wires. The particles

present on the array surface are silicon-containing particles formed and deposited during reac-

tion [Ref. 92]

Fig. 2.20 TEM image of β-SiC nanowires. The SiC nanowires exhibit a high density of stacking

faults perpendicular to the wire axes. The inset shows a selected area electron diffraction pattern

of the β-SiC nanowires [Ref. 20]

1,100◦C [93]. The Si substrate and CH4 were used as the Si and C source, respec-

tively. The Si substrate was coated with Ga metal, GaN powder, and Fe nanoparticle

catalyst.

2.5 SiC Nanotubes

Sun et al. [94] used the equipment (Fig. 2.21) to synthesise SiC nanotubes (SiCNTs).

SiO powders were placed at position A, the middle of the high-temperature zone

of the furnace. Four pieces of Si substrate on which multiwalled carbon nanotube
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Fig. 2.21 Synthesis apparatus

Fig. 2.22 HRTEM image of a SiC nanotube structure with 3.8 Å spacing [Ref. 94]

had been grown were placed at positions marked B1–B4. The temperature of the

system was set to 1,250◦C for 40 min and B4–B1 position temperatures were found

to decrease from 980 to 850◦C. Si nanowires were found in all B4–B1 positions, but

the quantities of Si nanowires decreased from B4 to B1. However, at position B3,

∼935◦C, besides Si nanowires, multiwalled SiC nanotubes were also obtained. A

typical image of the fabricated SiC nanotubes is shown in Fig. 2.22. The interlayer

spacing of the SiC nanotubes ranges from 3.5 to 4.5 Å.

The SiC nanotubes are carbon-filled and open-ended, and use a high-temperature

substitution reaction between multiwalled carbon nanotubes and Si powder. The

mean diameter and diameter distribution (45–70 nm) are smaller than previously

reported for SiC nanotubes [95].

Single-phase silicon carbide nanotubes were successfully synthesized by the re-

action of carbon nanotubes with silicon powder at 1,200◦C for 100 h [96]. TEM
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observations revealed the formation of both single-phase SiC nanotubes and C–SiC

coaxial nanotubes, which are carbon nanotubes sheathed with a SiC layer.

2.6 SiC Nanowire Heterostructures

1D nanowire heterostructures are important for their potential applications in nan-

odevices. There are three basic structures: axial heterostructures, in which the het-

erointerface is perpendicular to the wire axis, radial heterostructures, in which the

heterointerface is parallel to the wire axis, and branched nanowire structures, in

which the structures have branched and tree-like nanowire structures. Detailed in-

formation as to semiconductor nanowire heterostructures can be found in [97, 98].

Multielement nanotubes comprising multiple phases, with diameters of a few

tens of nanometers and lengths up to 50µm, were successfully synthesized by

means of reactive laser ablation in NEC Corporation [99]. A mixed and com-

pressed powder of BN, C, SiO, and Li3N acted as starting material. The synthe-

sized structure consists of β-SiC–SiO2–BN/C nanocables, as shown in Fig. 2.23.

They have high aspect ratios with lengths of several tens of micrometers and diam-

eters of a few tens of nanometers, which is relatively homogeneous for each wire.

The structure resembles a coaxial nanocable with a semiconductor–insulator–metal

(semiconductor–insulator–semiconductor) geometry and suggests applications in

nanoscale electronic devices that take advantage of this self-organization mecha-

nism for multielement nanotube formation. Later, heterostructures of single-walled

SiC nanotubes and nanorods were fabricated by solid–solid reaction between single-

walled carbon nanotubes (SWCNTs) and Si/Ti [100].

Fig. 2.23 Multiphase nanocable. Solid arrows indicate the probe positions in the electron energy

loss fine structure analysis (not shown) [Ref. 99]
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Fig. 2.24 High-resolution TEM images of coaxial nanocables, displaying single-crystalline β-SiC

cores, amorphous SiO2 intermediate layers (c), and outer graphitic C sheaths (d). The inset in (c)

represents the corresponding ED pattern [Ref. 101]

Li et al. [101] reported a simple thermal evaporation route for the mass produc-

tion of SiC–SiO2–CNT coaxial nanocables (Fig. 2.24). Most importantly, they found

that these nanocables may be further transformed into nanochains of SiC–CNT

junctions during high-temperature annealing at 1,600◦C in a high vacuum of

1.5×10−3 Pa (Fig. 2.25).

An insulating tubular boron nitride (BN)-sheathed SiC semiconductor nanowire

was synthesized [102–107]. The BN nanotube may serve as a naturally insulating

and/or protective shield for any nanowire encapsulating within because of its ad-

vantages. Hexagonal BN, a covalently bonded compound, displays stable insulating

properties (∼5.5eV bandgap) independent of its morphology. Moreover, graphitic-

like BN is chemically inert and remarkably thermally stable [108].

The BN-sheathed SiC nanowires can be synthesized by heating a mixture of B

and SiO2 with molar ratio of 1:1 [102]. The inside SiC nanowires exhibit a wide

diameter distribution from several nanometers to 80 nm. The sheathed BN layer has

a uniform coating thickness from 2 to 4 nm, which is independent of the diameter of

the SiC nanowires. B2O2 and SiO vapors were generated by heating the mixture of

B and SiO2 powders at the high temperature of 1,500◦C by the following solid-state

reaction:

2B(s)+2SiO2(s) → B2O2(g)+2SiO(g) (2.8)

The simultaneously formed vapors (B2O2 and SiO) were transported to a deposi-

tion area, where highly oriented pyrolitic graphite (HOPG) covered with fine nickel
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Fig. 2.25 (d) and (e) selected high-resolution TEM images of SiC–CNT junctions after annealing

[Ref. 101]

catalyst grains was placed. SiC and BN can be formed on the surface of HOPG in

the presence of nitrogen by further reactions at about 1,400◦C.

SiO(g)+2C(s) → 2SiC(s)+CO(g) (2.9)

B2O2(g)+2C(s)+N2(g) → 2BN(s)+2CO(g) (2.10)

The ZnS/SiC nanocables and SiC-shelled ZnS nanoribbons were synthesized using

ZnS nanowires and nanoribbons as templates via a controllable two-stage thermal

process. First, ZnS nanowires were formed by heating SiO and ZnS powders. Then,

the decomposition of CH4 and disproportion of SiO resulted in the synthesis of SiC

nanowires on the ZnS-based template surface [109].

A two-step process was used to synthesize a direct heterojunction of ZnO

nanorods on SiC nanowires [110]. First, a nanowire substrate was synthesized by

heating NiO-catalyzed Si wafer at 1,050◦C. Then, diethylzine was used as a metal-

organic gas source to fabricate ZnO nanorods on SiC nanowires at 450◦C. An

atomically abrupt interface without interfacial layers was detected. ZrO2 and metal

coating on SiC nanowire were also synthesized by CVD [111–113].

The synthesis of SiC/ZnO shell–core nanostructures involved two steps [114].

First, ZnO nanostructures (nanobelt, nanocombs, nanojunctions, and nanohelices)

were fabricated using a vapor–solid growth. Then, a SiC layer was deposited on
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the surface of ZnO nanostructures via plasma-enhanced chemical vapor deposition

(PECVD). The source materials for SiC were CH4 and SiH4 gases. Subsequent

dissolution of ZnO (by HCl solution) left a SiC shell that preserved the same shape

at the original ZnO nanostructure. This is one of the most effective methods for

producing hollow nanostructures. The SiC shell nanostructures could have potential

application in space-confined nanoreactors, catalysts, nanofluid channel, and drug

delivery.

2.7 Properties of SiC Nanowires

2.7.1 Field Emission

Because of the small curvature of the tip radius, high ratio, chemical inertness,

and electrical conductivity, SiC wide-bandgap semiconductors are considered to be

promising for the next generation of large-area filed-emission flat panel displays

(FEDs) [115–119]. A series of experiments have been carried out to investigate the

field-emission characteristics of the 1D SiC nanostructures, which indicate that the

SiC nanowires are characteristic of excellent emitting behavior for application in

field-emission technology.

The field-emission measurements were carried out in a vacuum chamber at

a pressure of 3 × 10−5 Pa at room temperature. Figure 2.26 shows the schematic

diagram of the field-emission experimental setup. A platinum film coated on glass

substrate with SiC nanowires was used as a cathode and a stainless steel plate with a

diameter of 6 mm was used as an anode. Before testing the field emission, a 0.008 g

SiC sample (HF-etched SiC fabricated by the high-frequency heating invented by

A

V R

anode

Glass substrate

d

Pt film

Fig. 2.26 Experiment setup used for the field-emission measurement
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Fig. 2.27 The dependence of the field-emission current density J on the applied electric field

strength E of the samples at three anode-sample distances of 100, 120, and 140µm

us) was sonicated into a suspension in deionized water (DE) for 20 min and 20

drops of DE solution of SiC were dropped on the platinum film and dried at 50◦C.

The distance (d) between the emitting surface and the plate was determined by first

lowering the plate to the product until electric contact was observed, then lifting

the plate to a certain value [120]. Figure 2.27 shows the field-emission current den-

sity (J) of the SiC nanowires as a function of the applied electric field (E) at three

anode-sample separation: 100, 120, and 140µm. Here, we define the turn-on field

as the electric field required to produce a current density of 10µA cm−2. It can be

seen that the turn-on field is dependent on the anode-sample distance, its value in-

crease as the anode-sample distances decrease, and measured to be 3.5, 3.4, and

3.1Vµm−1, respectively, which indicates the strong electron emission property of

the SiC nanowires because of the high aspect ratio.

The field-emission property was also analyzed by applying the first-order ap-

proximation of Fowler–Nordheim (FN) theory to understand the emission charac-

teristics, using the following equation [121]

J = 1.56×10−6E2/Φ exp(−6.83×107Φ3/2/E), (2.11)

where J is the field-emission current density (A cm−2), Φ is the work function of the

emission tip (eV), and E is the microscopic local electric field at the emission sites

(V cm−1). The actual value of E could not be measured directly and is related to the

applied voltage V by setting E = βV/d, where d is the anode-sample separation and

β is the field enhancement factor. The FN emission behavior can be examined from

the linearity of curves plotting ln(J/E2) vs. 1/E as shown in Fig. 2.28. It is found

that they yield straight lines for the three different anode-sample distances in agree-

ment with the Fowler–Nordheim equation, confirming that the current is indeed the
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Fig. 2.28 Fowler–Nordheim relationship of ln(J/E2)−1/E plot at three anode-sample distances

of 100, 120, and 140µm

result of field emission. In other words, the field emission from SiC nanowires is

a barrier tunneling, quantum mechanical process. Besides, the straight lines also

show that the field emission is independent of the anode-sample separation, and

only a function of the applied voltage. In addition, a stability and durability test was

carried out on the SiC nanowires at anode-sample 100µm separation. The results

show that field-emission current density of 60µA cm−2 was recorded for 15 min at

the same applied voltage of 550 V. The current fluctuation was as low as ±15% and

the average current did not decrease over this period.

The BN coatings reducing effectively the turn-on field of SiC nanowires were

investigated by Tang [122]. It was found that BN–SiC 1D nanocomposite is a

promising emitting material for applications in flat display. The low turn-on field is

due to a decrease of the effective potential barrier height, which is considered to re-

sult from the existence of a defect-induced positive space charge. Figure 2.29 shows

the field-emission plots for single-crystal β-SiC nanowires, BN nanotubes, and BN-

coated SiC nanowires. The single-crystal SiC nanowires showed a high turn-on field

at 13Vµm−1. The turn-on field of pure BN nanotubes is also larger than 14Vµm−1.

But the pattern of field emission of BN–SiC nanowires clearly showed a low turn-

on field at 6 and ∼20Vµm−1 of threshold field providing 10mA cm−2 of current

density, which is typically required for effectively exciting a phosphor pixel in flat

display.

Core–shell SiC/SiO2 nanowires were fabricated by directly heating Si substrate

with Ni film under reductive environments using the carbothermal reduction of WO3

by C [123]. The thickness of SiO2 layer can be controlled by HF-etching duration.

Figure 2.30 shows the field-emission currents from the bare SiC and the SiC/SiO2

samples for various shell thickness. The turn-on field of the samples was 4.0Vµm−1
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Fig. 2.29 Field-emission plots for single-crystal SiC nanowires, BN nanotubes, and BN-coated

SiC nanowires. The insets show the corresponding FN plots [Ref. 122]

Fig. 2.30 (a) Current density (A cm−2)–electric field (Vµm−1) characteristics of core–shell SiC–

SiO2 and bare SiC nanowire emitters. (b) The Fowler–Nordheim plots of nanowires [Ref. 123]

(bare SiC nanowires), 3.3Vµm−1 (10 nm SiO2-coated SiC), and 4.5Vµm−1 (20 nm

SiO2-coated SiC nanowires). It can be seen that SiC nanowires coated with an op-

timum SiO2 thickness (10 nm) have a higher field-emission current than bare SiC

nanowires. It is because the wide-bandgap SiO2 shell layer has small electron affin-

ity (0.6–0.8 eV) and can hence field emission properties of SiC nanowires. However,

a very thick shell layer could induce charge buildup at the shell layer–SiC emitter

due to limited electron supply through a thick insulating layer. The emission mech-

anism follows with Fowler–Nordheim equation.

The turn-on field of carbon-coated SiC nanowires at the emission current density

of 10mA cm−2 was about 4.2Vµm−1 [124]. The aligned SiC nanowires have a very

low field (2.5–3.5Vµm−1) to be excellent field emitter material.
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2.7.2 Optical Properties

There have been some reports on the optical properties of SiC nanowires. Experi-

ments showed that SiC nanowires have a significant redshift owing to the size con-

finement effect. Figure 2.31 shows the typical Raman spectra of SiC nanowires and

SiC bulk ceramic target [71]. The SiC nanowires have the typical Raman features

at ∼784 and 938cm−1 and both peaks have a marked redshift of 12 and 34cm−1

compared to the TO and LO phonon modes of bulk SiC.

SiC/SiO2 nanocables were synthesized by the low-cost arc-discharge method in

deionized water [125]. The SiC with 10 nm core diameter possesses two broad PL

peaks at 317 and 368 nm (Fig. 2.32a). But two emission peaks of the SiC nanowires

with 20 nm diameter are located at 312 and 393 nm. It is believed that the second

peak results from the central β-SiC nanowire and the blueshift may be the result

of the quantum size effects. The thinner the central SiC nanorod is, the higher the

correspondent PL peak energy is.

The PL spectra of the SiC with core diameter of 20 nm are shown in Fig. 2.32b.

It can be seen that the positions of the PL peaks change little while the strength

changed significantly. It can also be noted that high-temperature annealing would

release the local stress formed during the growth of the nanocables and decrease the

amount of defects; then the PL peak’s intensity and position would change.

The β-SiC nanowires with different diameters, synthesized by our high-

frequency heating method, were investigated by Fourier transition infrared (FT-IR)

spectroscopy. In the FT-IR spectrum, each curve has strong adsorption peaks

(Fig. 2.33). The values of 781 and 1,045cm−1, 788 and 1,082cm−1, and 800 and

Fig. 2.31 Raman spectrum of SiC nanowires by laser ablation
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Fig. 2.32 (a) PL spectra of the as-prepared SiC nanocables with core diameters of 10 nm (I) and

20 nm (II), respectively. (b) The PL spectra of the SiC nanocables with core diameter of 20 nm

before (II) and after (III) annealing
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Fig. 2.33 IR spectrum of β-SiC nanowires with different diameters. di is the diameter of SiC

1,100cm−1 are for SiC nanowires with different mean diameters, namely 36.9,

24.8, and 15.5 nm, respectively. The first value of each curve is the characteristic

peak of SiC, and the second value is attributed to SiO2. Compared with 760cm−1

of bulk SiC and 1,040cm−1 of SiO2, the different SiC nanowires have a significant

bulk-shift, and the bulk-shift value number increased with the decreased diameter

of SiC nanowires.
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2.7.3 Electron Transport Properties

2.7.3.1 Electrical Transport in Individual SiC

Li [126] synthesized SiC nanowires with BN sheaths by high-temperature evapora-

tion of a mixture of Si and In2O3 powders in a small BN crucible at 1,600◦C for

1 h. The electrical transport of the individual SiC/BN nanowires was measured by

AFM. It showed that the BN nanotube sheath is a good insulation layer between

the SiC nanowire core and Au electrode (contacting points 1 and 2). Point 3 coated

by gold and the I–V curve confirm good conductivity. The bare SiC nanowire had

a high semiconductor behavior (Fig. 2.34). Hence, the construction of complex 3D

networks made from the present nanostructures becomes possible with the indepen-

dent electrical performance of each 1D nanostructure.

2.7.3.2 SiC Nanowire Field-Effect Transistors

The SiC nanowire field-effect transistor was investigated systematically by Zhou

et al. [127]. The electronic measurement configuration for a bottom-contacted

nanowire device following drop deposition of a single nanowire onto prepatterned
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Fig. 2.34 (a) SEM image of a BN–SiC nanocable partially covered on the right by a metal elec-

trode. The left tip end of its SiC core protrudes from the BN sheath whereas the right tip is encap-

sulated in it. The three designated points were used for electrical contacting with an AFM tip. (b)

3D AFM image of the nanocable and schematic of the two-probe measurement with the AFM tip.

(c) I–V curves taken at contacting points 1–3, and on a bare SiC nanowire. No current was detected

for the SiC–BN nanocable within the sensitivity of the experimental setup (∼2pA), whereas SiC

nanowires without any coating exhibited semiconducting behavior [Ref. 126]
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Fig. 2.35 (a) Current (Ids) vs. voltage (Vds) curves recorded for different gate voltages at room

temperature. Low-right inset: the SiC nanowire bridges the two electrodes. Left inset: typical Ids

vs. Vg curves measured at a drain voltage of 0.01 and 0.05 V, respectively. (b) Ids −Vds curves

obtained at the different temperatures at Vg = 5V. Low-right inset: Arrhenius plots of mobility of

SiC FET for various temperature. Left inset: temperature dependence of Ids of the SiC nanowire

FET with Au contact electrodes at Vg = 5V

gold microelectrodes on oxidized Si chip substrates (Fig. 2.35a (low-right inset))

shows a SEM image of a typical device, where a nanowire can be seen bridging two

gold electrodes. A typical Ids–Vds characteristic of SiC FETs is shown in Fig. 2.35a.

It is very clear that the conductance increased monotonically with the increase of

the gate voltage Vg, which corrresponds to n-type properties of the SiC nanowire

channel.

From Fig. 2.35a (left inset) and the formula [128]

µe = gmL2/CVds, (2.12)

where transconductance (gm) is expressed as gm = dIds/dVg and C is the gate

capacitance estimated by

C = 2πεε0L/ ln(2h/r), (2.13)

where ε , h, and r are the dielectric constant, the thickness of silicon dioxide, and

the radius of the SiC nanowire, respectively. It can be obtained as µe = 15.9 and

6.4cm2 V−1 s−1 from the formula for Vds = 0.01 and 0.05 V, respectively. The

transconductance (gm) that is obtained from the linear portion of the curve has

the value of 10 × 10−10 and 5 × 10−10 A V−1 at Vds = 0.05 and 0.01 V, respec-

tively (Fig. 2.35a, left inset). The normalized transconductance of 5× 10−10 and

2.5×10−10 A V−1 m−1, respectively. In addition, the transistor has an on–off ratio

of nearly 103. The carrier concentration of SiC FET is approximately 0.82×107 and

1.76×107 cm−1 at Vds = 0.01 and 0.05 V, respectively. Compared with the theoret-

ical value of the bulk β-SiC (∼1,000cm2 V−1 s−1), the results are very low for 1D

nanoscale confinement and scattering from the lattice defects and electron–electron

interaction.

Figure 2.35b shows the temperature dependence of the drain current of the n-

type SiC nanowire FET at Vg = 5V. It can be seen that the drain current increased
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by one order of magnitude at high temperature from that at room temperature. It

is commonly believed that the role of the Vg is to change the value of RSiC through

Fermi level (EF) modulation, thus changing the slope. Figure 2.35b (low-right inset)

shows the carrier mobility in log scale as a function of 1,000/T at Vds = 0.02V. The

liner relation, as observed in the figure, suggests an Arrhenius function

µe = µ0 exp(−Ea/kT ), (2.14)

where Ea is the activation energy, µ0 is the preexponential factor, and k is the Boltz-

mann constant. The carrier mobility increased with the increasing temperature and

has an activated energy of 82 meV.

The dependence of the Ids in log scale on 1,000/T at Vg = 5V and Vds = 0.1, 0.2,

and 0.5 V is shown in the left inset of Fig. 2.35b. The results tally with the thermionic

emission of carriers, in which the current I ∝ exp(−Φb/kT )[exp(qVds/kT )−1], the

barrier heights between the Au electrodes and SiC nanowire were extracted from the

slope as Φb = 58.5, 39.3, and 39.6 meV for Vds = 0.1, 0.2, and 0.5 V, respectively.

2.7.4 Mechanical Properties

1D nanostructures are supposed to be significantly stronger than their counterparts.

Wong [129] used atomic force microscopy to determine the mechanical properties

of individual, structurally isolated SiC NRs that were pinned at one end to molybde-

num disulfide surfaces. The bending force was measured against displacement along

the unpinned lengths. The strengths of the SiC nanorods were substantially greater

(610–660 GPa) than those found previously for larger SiC structures, and they ap-

proach theoretical values. These results are in good agreement with the 600 GPa

value predicted theoretically for [111] oriented SiC, the average values obtained

previously for micrometer diameter whiskers.

Wang et al. [130, 131] used another method called the resonance vibration for

measuring the mechanical properties of the SiC nanowire. The experimental results

are in agreement with theoretically expected values. Some measured and theoretical

values are shown in Tables 2.3 and 2.4.

Table 2.3 Measured Young’s modulus for core–shell SiC/SiO2 nanowire

Ds (nm) Dc (nm) L(µm) f0 (MHz) Eeff (GPa) Exp. Eeff (GPa) Theor.

(±2nm) (±1nm) (±0.2µm)

51 12.5 6.8 0.693 46±9.0 73

74 26 7.3 0.953 56±9.2 78

83 33 7.2 1.044 52±8.2 82

132 48 13.5 0.588 78±7.0 79

190 105 19.0 0.419 81±5.1 109

Ds and Dc are the outer and inner of the SiOx sheath, respectively. L the nanowire length, f0 the

fundamental resonance frequency
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Table 2.4 Measured Young’s modulus of biaxially structured SiC–SiOx nanowires

Dwire (nm) DSiC (nm) L(µm) f0 (MHz) Eeff (GPa) Exp.

(±2nm) (±1nm) (±0.2µm)

58 24 4.3 1.833 54±24.1
70 36 7.9 0.629 53±8.4
83 41 4.3 2.707 61±13.8
92 47 5.7 1.750 64±14.3

Dwire and DSiC are the widths across the entire nanowire and across the SiC subnanowire,

respectively

Fig. 2.36 Typical flexural stress–displacement curves and fiber pullout fracture surface (T-NFRC)

[Ref. 133]

The measured values of SiC nanowires suggest that SiC nanowires can be used as

reinforcement materials for ceramic matrix composites to improve their strength and

toughness. Fabrication and flexural properties (measured by three-point bending) of

a SiC nanowire/Tyranno-SA fiber-reinforced SiC/SiC composite made by the chem-

ical vapor infiltration (CVI) process have been reported [132–134]. A representative

flexural stress–displacement curve is shown in Fig. 2.36. The composite T-NFRC

(T stands for Tyranno-SA fiber and NFRC stands for SiC nanowire/fiber-reinforced

composites) possesses common features with conventional Tyranno-SA/SiC com-

posites upon flexural fracture. However, the SiC nanowire-reinforced Tyranno-

SA/SiC composites show marked improvements on the flexural strength and work

of fracture compared with a series of conventional Tyranno-SA/SiC composites (T-

C50, T-C100, and T-C200). The flexural properties, such as flexural modulus (Ef),
proportional limit stress (PLS), ultimate flexural strength (σu), and the fracture en-

ergies (Wf), are give in Table 2.5.
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Table 2.5 Density, interlayer, and flexural properties of composite with SiC nanowires and con-

ventional composites

Composite

ID

Density

(mg m−3)
Pyc layer

(nm)

E f (GPa) PLS (MPa) σu Wf

T-NFRC 2.62±0.03 60 120±17 570±120 660±77 6.1±0.7
T-C50 2.41±0.03 50 140±13 260±5 410±92 1.8±0.5
T-C100 2.63±0.04 100 160±11 430±32 610±28 3.2±0.4
T-C200 2.61±0.03 200 140±10 340±18 550±58 2.3±0.3

Fig. 2.37 Tensile stress–strain curves of PVA and NW composites, showing an increase in the

ultimate tensile strength and reduction in ductility with increasing NW volume fraction [Ref. 135]

Rao et al. [135] have investigated the mechanical properties of composites of SiC

nanowire-reinforced polymer–matrix (PVA) composites. Experimental results show

that enhancements of these mechanical properties occur even with a small vol%

addition of SiCNWs. A representative curve of tensile stress vs. strain is shown in

Fig. 2.37. With increasing SiC nanowire volume fraction (Vf), a significant increase

in the yield strength takes place. PVA without SiC nanowire reinforcement behaves

like an elastic, perfectly plastic solid. The 0.8 vol% SiCNW composites show near-

zero ductility, fracturing immediately after yielding. The composites exhibit higher

strength; a significant strain softening is seen immediately after the peak in the load.

Figure 2.38 shows tensile strength as a function of nanowire volume fraction. As

for the SiC nanowire-reinforced composite, the strength of the composites increases

markedly initially and reaches a plateau. The initial hardening rate is commensurate

with the strength of the SiCNWs. The measured result is compatible with the least-

square fit of the equation.
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Fig. 2.38 Variation of tensile strength as function of nanowire volume fraction. The solid line

represents the least-square fit to the equation given in the figure [Ref. 135]

2.7.5 Photocatalyst Properties

The photocatalytic activity of the SiC nanowires was evaluated by measuring the

photodegradation rates of CH3CHO for SiC in a quartz vessel as a function of

UV irradiation time under UV light (1.5mWcm−2) [136]. It was found from

Fig. 2.39a that the increase of the initial gaseous acetaldehyde concentration leads

to a strengthened conversion of gaseous acetaldehyde. This is attributed to the

larger amount of gaseous acetaldehyde molecules attached to the surface of the SiC

nanowire powders. After 6 h, the photodegradation of SiC to the initial 100 ppm of

gaseous acetaldehyde is 54.99%, increased by 12% for the initial 50 ppm of gaseous

acetaldehyde. These results, shown in Fig. 2.39b, are also corroborated by the con-

centration variation of produced CO2, evolved as result of photodecomposition of

acetaldehyde, as a function of irradiation time. The CO2 concentration increases

with the photodegradation rate of gaseous acetaldehyde. That is to say, the ac-

etaldehyde is converted into CO2. Besides, the synthesized SiC nanowires coated

with SiO2 layers have higher photocatalytic activity than the HF-treated (bare) SiC

nanowires. Semiconducting SiC nanowires offer an alternative to titanium and other

metal oxides for use in smart nanoelectronics for environmental control and moni-

toring, which is highlighted by Nature Nanotechnology [137].

2.7.6 Hydrogen Storage Properties

Since the time it was proved that carbon nanotubes (CNTs) can store hydrogen [59],

several experimental and theoretical attempts have been performed to investigate
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Fig. 2.39 (a) SiC photodegradation rates as a function of irradiation time during the photodegra-

dation of acetaldehyde gas under UV irradiation and (b) CO2 evolution as a function of irradiation

time (light on at zero) during the photodegradation of acetaldehyde gas under UV irradiation

hydrogen adsorption in CNTs. A detailed review of inorganic nanotubes can be

found [138–140]. In the case of SiC nanotubes that store hydrogen, no record of the

experiment is available. However, theoretical work is underway. Recently, Mpourm-

pakis and Froudakis [141] reported hydrogen storage in SiCNTs by a multiscale

theoretical approach. First, ab initio calculations at the density functional level of

theory (DFT) showed an increase of 20% in the binding energy of H2 in SiC-

NTs compared with pure CNTs. Second, classical Monte Carlo simulation of nan-
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otube bundles showed an even larger increase of the storage capacity in SiCNTs,

especially in low-temperature and high-pressure conditions. Both the results in-

dicate that SiCNTs seem to be more suitable materials for hydrogen storage than

pure CNTs.

2.8 Concluding Remarks

This chapter has reviewed the synthesis of SiC 1D nanostructures (nanowire/nano-

tube) and their applications. The unique properties of SiC nanowires and nanotubes

make them good candidates for nanodevices and nanocomposites. From the pub-

lished literature on 1D SiC nanostructures, it can easily be seen that research on

1D SiC nanostructures mainly focuses on synthesis methods. Optical properties (PL

and Raman spectra, etc.) are also reported. However, theoretical research on the me-

chanical properties, electronic properties, and quantum confinement effect of β-SiC

is scarcely reported [142–146]. Hence, intensive work would be attempted to inves-

tigate various properties of 1D SiC nanowires on the experimental and theoretical

levels. An understanding of the mechanical, electronic, transport, thermal, and other

properties would be gained, as well as the fundamental physical phenomenon of 1D

SiC nanostructures differing from bulk SiC.

In the next stage, some issues should be highlighted. (1) SiC nanostructure ma-

terials fabricated previously were in the shape of hollow nanosphere, nanosprings,

nanoflower, and nanotubes. However, some novel synthesized methods of SiC

nanostructures are still being developed. Various kinds of 1D SiC nanostructures

would be fabricated in high yields at low cost, for example, SiC with other

semiconductors in the form of core–shell and hybrid heteronanostructures. The

diameter, position, and length, of nanostructures can easily be controlled. Besides,

the growth kinetics and thermodynamics of 1D SiC nanostructures are complex, and

fully understanding them will help to device/modulate the desired rich morpholo-

gies of 1D SiC nanowires. (2) The doping for semiconductor materials applicable

to 1D SiC nanostructure materials is a hot topic, because the optical, magnetic,

electrical, and electrochemical properties of as-doped SiC can be modified on a

nanometer scale. (3) SiC nanowires/nanotubes could be promising candidates to

act as connections at nanoscale because they have exceptional mechanical, elec-

tronic, and optical properties. Most importantly, self-assembling nanocircuits made

from SiC nanowire/nanotube building blocks may play an important role in future

nanodevices for next-generation electronic devices. (4) It may be possible to de-

velop a novel SiC nanowire synthesized process compatible with the state-of-the-art

Si semiconductor technology. (5) The SiC-reinforced matrix composites are ex-

pected to find an application in aerospace and the flexible electronic field. (6) SiC

nanowires are ideally suited as interfaces capable of efficiently bridging biological

systems and nanoelectronic devices because of their biocompatibility [143]. The

explorations of the fundamental properties of SiC have foundthat it can enrich

applications in nanodevices (sensor, detector, and actuator) nanocomposites and

biological systems.
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