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Abstract

Nanostructured silicon carbide has unique properties that make it useful in microelectronics,
optoelectronics, and biomedical engineering. In this paper, the fabrication methods as well as optical
and electrical characteristics of silicon carbide nanocrystals, nanowires, nanotubes, and nanosized
films are reviewed. Silicon carbide nanocrystals are generally produced using two techniques, electro-
chemical etching of bulk materials to form porous SiC or embedding SiC crystallites in a matrix such
as Si. Luminescence from SiC crystallites prepared by these two methods is generally believed to
stem from surface or defect states. Stable colloidal 3C-SiC nanocrystals which exhibit intense visible
photoluminescence arising from the quantum confinement effects have recently be produced. The
field electron emission and photoluminescence characteristics of silicon carbide nanostructures as
well as theoretical studies of the structural and electronic properties of the materials are described.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Silicon carbide nanostructures have very unique properties which bode well for appli-
cations in microelectronics and optoelectronics and have thus attracted much interest from
the materials and device communities. In the microelectronics industry, silicon carbide is
regarded as a promising substitute for silicon, especially in high power, high temperature,
and high frequency devices [1,2]. Recent advances in the preparation of ultra-high quality
SiC single-crystals have in fact paved the way for wider uses of silicon carbide in micro-
electronic devices [3].

Among the different kinds of SiC nanostructures, SiC nanocrystals which have potential
applications as nanoscale light emitters were the first to receive attention and have been
studied extensively in the last ten years. Optically, bulk SiC shows weak emission at room
temperature on account of its indirect band gap [4]. However, the emission intensity can be
significantly enhanced when the crystallite size diminishes to several or tens of nanometers
[5,6]. This is thought to be caused by depressed non-radiative recombination in the confined
clusters [7]. In accordance with the quantum confinement (QC) effect, photoluminescence
(PL) of the crystallites with diameters below the Bohr radius of bulk excitons is shifted
to blue with decreasing sizes [8,9]. Consequently, wavelength-tunable emissions can be
achieved by preparing crystallites with different sizes. The large band gap of SiC (2.23 eV
for 3C-SiC) renders the nanocrystals a good candidate as blue and ultraviolet (UV) light
emitters in displays. This is in contrast to silicon crystallites from which strong and stable
emissions in these spectral ranges are difficult to achieve [6]. Moreover, the high chemical
and thermal stabilities [10] of silicon carbide make the luminescence from these nanocrys-
tals very stable enabling the use of the materials in harsh environments and demanding
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applications. Combined with their excellent biocompatibility, especially blood compatibil-
ity, low density, and high rigidity [11,12], SiC nanocrystals are potentially useful in biology
and medicine as well, for example, in bio-labeling [13,14].

Luminescence from SiC crystallites has been experimentally studied [15–19] and there
are several methods to fabricate luminescent SiC crystallites. The older method is based
on electrochemical etching of bulk SiC [20,21], mostly the 3C or 6H polytypes [15–18]. Since
the mid-1990s, several groups have attempted to attain blue emission from SiC nanocrys-
tals produced by new techniques such as C ion implantation into bulk Si followed by etch-
ing [19], co-implantation of C and Si into SiO2 [22], C60 introduction into porous silicon
followed by annealing [23], and so on. However, the luminescent properties of SiC nano-
crystals have been observed to be quite variable and strongly depend on the fabrication
methods and even on the specific measurements. The emission band can span a wide spec-
tral range from 400 to 500 nm. No luminescence exhibiting obvious quantum confinement
has been reported until recently. This is in contrast to porous Si [5,24] and Si nanocrystals
[25–28] from which quantum confinement can be more easily observed. As a binary com-
pound, silicon carbide has complex surface states and structures [29–32]. The main reasons
why quantum confinement is not easily achieved in SiC are that there are many surface or
defect states which dominate the luminescence and that the SiC nanocrystals are too large
[17]. Recently, colloidal 3C-SiC nanocrystals with diameters ranging from 1 to 8 nm have
been fabricated via electrochemical etching of polycrystalline 3C-SiC wafers followed by
ultrasonic treatment [33]. They yield intense visible PL in a large wavelength range as pre-
dicted by the quantum confinement effect [34]. These 3C-SiC nanocrystals that exhibit
wavelength-tunable and strong luminescence have potential applications in nano-optoelec-
tronics and biology/medicine [35]. As an extension of this technique, SiC/polymer compos-
ite films emitting blue light have also been synthesized successfully [36].

On the theoretical front, the structure and electronic properties of SiC nanostructures
have been investigated employing semi-empirical and first-principle calculations [34,37,38].
The results suggest that the band gap of SiC nanostructures has a strong dependence on
their sizes and surface compositions.

Recently, one-dimensional (1D) SiC nanostructures such as nanowires [39], nanotubes
[40], and so on have attracted a lot of interest because they play a crucial role as the build-
ing blocks in molecular electronics [41]. Silicon carbide nanowires that have outstanding
mechanical property and high electrical conductance can be used to reinforce composite
materials or as nanocontacts in a harsh environment. Moreover, the materials have good
field electron emission properties and biocompatibility. In the paper, we review the various
techniques used to synthesize 1D SiC nanostructures. The electrical and optical properties
of these nanostructures are also discussed. In comparison with zero or one-dimensional
nanostructures, not much is known about the fabrication and luminescent properties of
nanocrystalline SiC films [42], and so this research area will only be briefly reviewed here.

2. Fabrication of and luminescence from porous SiC

2.1. Electrochemical etching of bulk SiC

Canham [5] first demonstrated that luminescent Si nanocrystallites could be fabricated
by electrochemical etching of bulk Si. The resulting porous structure is composed of inter-
connected nanoparticles or nanowires with sizes ranging from less than one nanometer to
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tens of nanometers, depending on the fabrication conditions. Similarly, porous SiC can be
prepared in this way. Etching can be used to selectively pattern bulk SiC for microelec-
tronics and produce luminescent porous SiC for optoelectronics. However, one technical
challenge remains. Unlike Si, there are no chemical etchants that attack SiC at room tem-
perature, with the exception of phosphoric acid which only causes slow decomposition
[43]. One effective etching technique for b-SiC is reactive ion etching (RIE) with etching
rates between 50 and 200 nm/min [44]. Anodic etching of diffraction gratings made of
n-type b- and a-SiC has been conducted in the presence of light illumination [45].
Laser-assisted photo-electro-chemical etching of n-type b-SiC using an electrolyte com-
prising H2O, HF, and H2O2 in the ratios of 205:5:1 has been proposed [20], and etching
rates of 1–100 lm/min that are higher than those reported using other etching methods
have been achieved. The frequency-doubled 257 nm line from an Ar+ laser generates holes
near the surface. These holes are transported in the presence of an external bias to the SiC/
solution interface where dissolution occurs via anodic oxidation of SiC and removal of the
oxide by HF. The presence of water is necessary here. After etching, the surface layer
which is carbon rich (Si/C = 0.22) extends 0.5 nm into the bulk materials. This carbon-rich
layer is formed by unoxidized carbon on the sample surface or Si depletion due to the dis-
solution of the native SiO2 layer on the SiC surface. In order to further oxidize the unox-
idized carbon, a small amount of H2O2 (0.5%) can be added to the solution from which
CO2 bubbles are formed.

Based on this method, a patterning technique has been proposed for n-type SiC epilay-
ers on p-type substrates serving as an etch stop [46]. The surface band bending of n- and
p-type SiC is different thereby affecting the charge transport across the semiconductor/
liquid junction. As a result, etching of p-type semiconductors occurs at much higher poten-
tials than in n-type materials. Hence, by selecting an appropriate potential, the n-type mate-
rials can be photo-electro-chemically etched while the p-type substrate can act as an etch
stop. In fact, it has been found that 6H-SiC can be etched rapidly using this technique.

Bulk SiC can be electrochemically etched to form porous SiC [47,21]. Fig. 1 shows a
plan view TEM micrograph of the porous 6H-SiC layer prepared by electrochemical
Fig. 1. Plan view TEM micrograph of an anodized n-type 6H-SiC sample. Anodization is conducted at
V = 1.4 Vsce and I � 300 mW/cm2 in 2.5% HF. The horizontal bar indicates 200 nm [47].
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etching of single-crystal n-type 6H-SiC under UV illumination [47]. The bright areas rep-
resent pores and there exist central pores from which smaller pores branch out. These
structures resemble the dendritic structures observed in metals and are similar to the mor-
phology observed in porous Si [48]. Recently, fracturing of a hydrogen-rich surface has
been shown to yield a porous layer of silicon nanocrystals [49]. By means of a fractal
model, the evolution of the nanocrystallites’ fractal dimension (2.1–2.4) as a function
of the porosity is deduced by correlating the modeled results to empirically determined
hydrogen concentrations. This is similar to that of SiC. As shown in Fig. 1, the pore sizes
vary between 10 and 30 nm and the spacing between the central pores is less than 150 nm,
while adjacent branches appear to be separated by several nanometers. The pore mor-
phology varies across the surface of the porous SiC sample. This can be attributed to
the nonuniformity in the photo-electro-chemical process as a result of the change of
the UV intensity or localized electrode potential. Selected area diffraction (SAD) indicates
that the anodized porous layer is composed of single-crystal 6H-SiC, demonstrating that
the dot- or wire-like structures are well connected to the substrate. With regard to the
optical properties, only very weak UV luminescence has been observed and its origin is
still unknown.

The formation mechanism of the porous structures in Si is complicated and consensus
on the formation mechanism has not been reached [48]. One puzzling question is the
unusually high stability of the thin Si fibers against electrolytic attack. Similarly, it is
not clear how the porous structure forms in SiC. It has been suggested that the large
amount of defects found in sublimation-grown 6H-SiC may initiate these pores. Another
possibility is that pores may begin to form due to variations in the surface chemistry.

Porous boron-doped p-type and undoped b-SiC samples can be produced by electro-
chemical anodization [21]. TEM data indicate that both the doped and undoped samples
possess porous structures similar to porous Si. However, there are some differences
between the two types of samples. The boron-doped sample shows a wire-like porous
structure with diameters ranging from 50 to 70 nm. On the other hand, the undoped por-
ous sample has an irregular structure with a much smaller size. The thickness of the porous
layer in both samples is about 0.5 lm. The chemical reaction leading to anodic dissolution
of b-SiC is believed to be as follows:

SiCþ 8OH� þ keþ ! SiO2 þ CO2 þ 4H2Oþ ð8� kÞe� and ð1Þ
SiO2 þ 6HF! H2SiF6 þ 2H2O ð2Þ

where k is smaller than 8, and e+ and e� represent a hole or an electron, respectively. No
visible photoluminescence is observed from either the undoped or boron-doped porous
b-SiC sample at room temperature. The crystallite diameter is about 20 nm and is too
large to exhibit quantum confinement [50].

It is well known that when a porous layer forms on Si, the sample changes from being
semiconducting to insulating. The electrical properties and formation mechanism of por-
ous silicon carbide have been studied [51]. The porous SiC is prepared by electrochemical
etching of n-type 6H-SiC single crystals doped with 1–3 · 1018 cm�3 nitrogen in 2.5 M
NH4F and HF solutions with or without UV light illumination. The SEM images in
Fig. 2 disclose considerable differences between these two kinds of samples. The average
fiber thickness is about 0.5–1 lm in the dark-etched material whereas it is below 50 nm
in the photo-assisted etched materials. The results are consistent with those in others



Fig. 2. SEM images of porous SiC: (a) dark-etched materials, plan view; (b) photo-assisted etched materials,
trench wall [51].
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reports [47,21] and show that the sample preparation conditions affect the structure of the
materials. A correlation between the fiber size and resistivity of the porous SiC is observed.
A smaller fiber size results in a semi-insulating material due to Fermi-level pinning to the
surface states, and a model has been proposed to explain the self-regulation of the fiber
size in the porous SiC formation. The model relates the blocking of the fiber dissolution
process to the increase of resistivity in a thin wire due to Fermi-level pinning.

Based on further studies on the photo-electro-chemical etching of n- and p-type silicon
carbide, several models have been proposed to explain the formation of the porous struc-
ture [52,53]. Photo-electro-chemical etching of highly-doped n-type 4H-SiC along different
crystallographic orientations has been carried out in diluted hydrofluoric acid under low
voltage and/or low current conditions [52]. The SEM pictures show that anodization of
hexagonal 4H-SiC proceeds anisotropically and leads to pore formation. It is proposed
that under UV illumination, the crystallographic planes terminated with silicon atoms
are more resistant to electrolytic attack than those terminated with carbon. As illustrated
in Fig. 3, this model is used to explain the observed triangular-channel pore morphology
and that the resulting pore structure does not depend on the direction of the external elec-
tric field applied to the sample.

In p-type 6H-SiC, pore formation is favored on the C-terminated face while complete
dissolution occurs on the Si-terminated face [53]. When the C-terminated face is etched,
the thickness of the pore wall diminishes with increasing current density. The surface mor-
phology of the porous structure depends on the polishing conditions prior to anodization
while the bulk porous structure is independent of the surface treatment (Fig. 4). The over-
all reactions are suggested to be as follows:

SiCþH2Oþ 6F� þ 6hþ ¼ SiF2�
6 þ COþ 2Hþ ð3Þ

SiCþ 2H2Oþ 6F� þ 8hþ ¼ SiF2�
6 þ CO2 þ 4Hþ ð4Þ

Well-organized columnar structures have been observed to form in alumina [54] and
silicon [55]. Similar self-organized structures have also been seen in porous 6H-SiC [56].
Under certain conditions, channels are found to propagate nearly parallel to the c axis.
The pores in 6H-SiC tend to propagate initially nearly parallel to the base plane and
gradually change direction to align with the c axis.



Fig. 3. (a) Cross-sectional SEM image of a vicinal h0001i n-type 4H-SiC sample photo-electro-chemically etched
at 3 V in aqueous HF. Perforating triangular pores are arranged in layers about 35 nm thick. (b) Plan view SEM
image of a 4H-SiC sample, 8� off the c axis towards h1120i, anodized to obtain the triangular porous morphology
[52].
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So far, we have described methods utilizing electrochemical anodization in HF solu-
tions. Several other methods have also been reported [57,58]. An electroless method that
produces porous 6H-SiC without requiring electrical contact during etching is quite effec-
tive [57]. The platinum metal deposited on the wafer before etching acts as a catalyst to
reduce chemical oxidation. UV illumination injects holes into the valence band, and the
holes subsequently participate in the oxidation and dissolution of the substrate. HF and
K2S2O8 aqueous solutions are used as the etchants. It is hypothesized that SiC is oxidized
in an 8e� process in which the products react with HF to produce a soluble product
according to the following equations:

Cathode (Pt):

4S2O2�
8 þ hm! 8SO2�

4 þ 8hþ ð5Þ
Anodic (SiC):

SiCþ 4H2Oþ 8hþ ! SiO2 þ 8Hþ þ CO2 ð6Þ
SiO2 þ 6HF! H2SiF6 þ 2H2O ð7Þ

Using either a concentrated or diluted HF solution, an etching time of less than 30 min
yields a ridged porous structure [Fig. 5(a)]. Generally, the porous morphology is homoge-
neous across the wafer surface, although occasional pockets with varying degrees of poros-
ity have been detected. A longer etching time produces different morphologies that depend
on the etching solutions. In the case of diluted HF, a sponge-like morphology is observed
[Fig. 5(b)]. The etched samples display similar PL characteristics with respect to the unet-
ched wafer but with slightly enhanced intensity and shifted emission wavelength.



Fig. 4. Plan view SEM images of porous p-type (p � 2.0 · 1018 cm�3) C-face 6H-SiC samples treated prior to
electrochemical etching by: (a) chemical–mechanical polishing, (b) diamond paste polishing down to 0.25 lm, and
(c) diamond paste polishing down to 1.0 lm [53].
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Porous n-type 6H-SiC can be produced electrochemically using aqueous KOH in lieu of
aqueous HF [58]. The etching process proceeds by oxide formation followed by dissolution
of the silicon oxide. The flattest etched surface is attained at a current density of 1 mA/cm2

in 1 wt% KOH at 50–55 �C under UV light illumination. Using this method, a patterned
structure with evaporated Ni metal as the mask can be fabricated.

2.2. Luminescence from porous SiC

Compared to Si, silicon carbide has a wider band gap, 2.23 eV for 3C-SiC, 2.86 eV for
6H-SiC, and 3.0 eV for 4H-SiC [12], and so PL from SiC can be more easily shifted to a
shorter wavelength as the particle size decreases to the nanometer regime. Therefore, SiC



Fig. 5. SEM micrograph (plan view) of porous SiC prepared from n-type 6H wafer by electroless etching in
concentrated HF etchant for (a) 20 min and (b) 60 min [57].
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constitutes a better UV or blue emitter in applications such as light emitting diodes (LED)
or displays. At the same time, SiC is one of the best biocompatible materials and has
potential applications in biolabeling and biosensing [13,14].

It has long been known that bulk SiC can exhibit blue luminescence at room tempera-
ture. However, the emission intensity is rather low due to the indirect band gap. Since the
mid-1990s, much work has been done to obtain more robust SiC quantum dots with con-
trollable luminescent properties. Matsumoto et al. fabricated porous n-type 6H-SiC by
means of electrochemical anodization in a HF–ethanol solution [15]. Fig. 6 shows the
SEM image of the porous SiC layer showing many pores. The thickness of this layer after
anodization for 60 min is about 3 lm.

In the luminescence spectrum, the peak is at around 460 nm, and the intensity is about
100 times higher than that of single crystal 6H-SiC (Fig. 7). Bulk 6H-SiC exhibits emission
at a wavelength slightly longer than 600 nm, and this phenomenon is generally attributed
Fig. 6. SEM image of the porous SiC layer. The anodization current density is 40 mA/cm2 [15].



Fig. 7. Luminescence spectra acquired from porous SiC for an anodization current density of (a) 60 mA/cm2 and
(b) 40 mA/cm2; (c) crystalline 6H-SiC [15].
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to donor–acceptor recombination [59,60]. The observed luminescence is largely blue-
shifted to 460–500 nm and the origin is believed to be different from that of bulk SiC.
Moreover, the emission peaks (2.6–2.7 eV) lie below the band gap of bulk 6H-SiC, and
so the effect cannot be induced by quantum confinement and may arise from some surface
states generated during anodization.

Luminescent porous p-type 6H-SiC has been synthesized employing similar methods
[16]. TEM micrographs indicate that the interpore spacings are between 1 and 10 nm
and the average crystallite size is about 6 nm. The size is small enough that quantum con-
finement may emerge according to the theoretical calculation described in Ref. [61]
(Fig. 8). Cathodoluminescence (CL) instead of PL has been conducted and the results
are displayed in Fig. 9. An emission peak at 480 nm appears from both the SiC substrate
and porous SiC. However, the intensity of the peak from the porous layer at 77 K is nearly
three orders of magnitude lower than that from the substrate. The intensity of the peak
from the SiC substrate decreases considerably at room temperature, while that of the por-
ous SiC remains at about the same order of magnitude, resulting in an intensity ratio of
10:1 between them. This emission peak may originate from defect centers in 6H-SiC. With
regard to the porous film, two new peaks emerge, one at 3.0 eV, and the other at 3.7 eV,
and both of them are above the band gap of bulk 6H-SiC. Lowering of the anodization
current density leads to the reduction or disappearance of these two UV bands. It is
believed that they are possibly associated with recombination of carriers confined in the
nanocrystals. However, the wavelength width at half maximum of both peaks is too small
and they are too sharp, in contrary to the broad size distribution of the 6H-SiC nanocrys-
tals as disclosed by TEM. Selected area diffraction (SAD) shows a pattern characteristic of
single crystal in the porous SiC layer. This indicates that the unanodized portions of the
porous layer are interconnected and maintain the original orientations, and it is in agree-
ment with other reported results [47].



Fig. 9. Comparison of the CL between a UV luminescent porous p-type SiC film and substrate at 77 K. The
porous film exhibits relatively weak luminescence, and the UV peaks which are present in the porous layer are
absent in the substrate [16].

Fig. 8. Transition energy versus particle size for porous 6H-SiC [16].
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Another study of the luminescence from p-type 6H-SiC [17] shows that the PL of both
the bulk and porous 6H-SiC are located at 2.65 eV (Fig. 10). They also have a similar line
shape and this is consistent with the above-mentioned result [16]. However, the luminescent
intensity from the porous sample is enhanced by about 100 times at 300 K rather than sup-
pressed [16] compared to the bulk crystal, which agrees well with the general results
observed in porous Si samples [6]. It is suggested that this luminescence originates from



Fig. 10. PL spectra from bulk and porous 6H-SiC at 300 K and 5 K, with excitation energy of 3.5 eV [17].
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the Al-related donor–acceptor. As expected, the PL intensity from bulk SiC increases lar-
gely and the peak becomes more defined when the temperature is reduced to 5 K. In com-
parison, there is further intensity increase of only about two times in porous SiC upon
cooling from 300 to 5 K. As shown in Fig. 11, the EL spectra obtained from both samples
have similar shapes and peak positions and the maximum enhancement is about 10 times. It
should be noted that the PL band maximum of both samples appears at 2.25 eV rather than
2.65 eV. It is believed that the electrolyte excitation preferentially excites donor–acceptor
pairs with a lower energy. The increased surface area between the porous layer and electro-
lyte may have led to the higher EL intensity compared to that of the bulk materials.

Very little is known about the surface compositions and structures of porous SiC. Free-
standing layers with thicknesses between 5 and 40 lm have been fabricated [17], making it
possible to obtain reliable infrared (IR) spectra. Fig. 12 shows the transmission spectrum
Fig. 11. EL spectra of bulk and porous 6H-SiC under forward bias in an electrolyte (0.15 M Na2S2O8 + 1.0 M
H2SO4) [17].



Fig. 12. IR transmission spectra of a typical free-standing porous 6H-SiC layer showing various vibration modes
[17].
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of such a porous 6H-SiC layer. The CH2 and CH3 stretching modes appear in the range of
2800–3000 cm�1. The 1600 cm�1 peak is probably related to N–H vibrations that are quite
strong in porous materials, indicating a high concentration of N and preferential attach-
ment of H to these atoms. The 1448 and 1285 cm�1 peaks correspond to the CH2 and CH3

bending modes, respectively. The Si–C vibration modes appear at 800–1000 cm�1. It
should be noted that the Si–H peaks at 2100 and 2200 cm�1 are absent from the spectra,
suggesting that H attaches predominantly to C. It may be induced by the existence of a
carbon-rich phase on the surface of the electrochemically etched SiC by HF [20]. C–H
bonds are known to resist oxidation thereby yielding stable surfaces.

In order to unravel the luminescent mechanism of the SiC crystallites, different poly-
types of SiC and different fabrication conditions have been investigated [18]. N-type
6H-, 4H-, and 3C-SiC crystals are etched in NH4F or HF at a current density of
2–5 mA/cm2 either under UV irradiation or in the dark. The p-type samples are anodized
at a current density of 50–60 mA/cm2 in the dark. The obtained porous layer is about 5–
10 lm. The average fiber size is 0.5–1 lm in samples prepared in the dark whereas it is less
than 50 nm in samples fabricated using UV irradiation. The PL spectra from samples pre-
pared with or without UV photoexcitation have similar shapes and emission wavelengths
(Fig. 13), in contrast to the considerable differences in the electrical and physical properties
[51].

No significant differences can be observed in the PL spectra acquired from samples fab-
ricated under different conditions including electrolyte concentrations, etching time,
applied bias, and photoexcitation. Therefore, the above results indicate that luminescence
may be related to deep centers in the bulk SiC or surface states as a result of the large sur-
face to volume ratio of the SiC crystallites. In order to identify the more dominant factor,
comparative experiments have been conducted, as shown in Fig. 14, the PL spectra of
different polytypes of SiC are quite similar.



Fig. 14. Dependence of normalized PL spectra on the polytype of the initial crystal. The excitation wavelength is
above the band gap for all the polytypes [18].

Fig. 13. Typical PL spectra acquired from porous SiC produced by anodization of n-type 6H-SiC with (PA) and
without (DCM) UV photoexcitation [18].
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It is well known that the large band gap differences in 3C-, 4H-, and 6H-SiC lead to the
0.9 eV energy difference for the famous deep defect center, D1, in these polytypes [62].
Therefore, it can be inferred that luminescence does not originate from D1 or some typical
bulk defects in crystalline SiC [59,60,63], as it does not depend on the polytype. It has been
observed that annealing in oxygen at 700 �C for 1 h results in complete quenching of the
PL (Fig. 15). The PL can be partially recovered by dipping the oxidized sample in 40%
HF, probably because the HF-treated porous Si surface contains a carbon-rich phase giv-
ing rise to a high density of surface states [20]. The disappearance of PL upon oxidation
and recovery via subsequent HF treatment suggest that luminescence from porous SiC
should be related to the surface states.

The morphologies of anodized porous n-type and p-type 6H-SiC samples fabricated
under different conditions and the PL properties have been studied [64]. Fig. 16 shows
the SEM micrographs of the porous layer. The results obtained from the n-type porous



Fig. 15. Transformation of the PL spectra following thermal oxidation and subsequent treatment in HF [18].

Fig. 16. SEM images of porous (a) n-type and (b) p-type SiC layers [64].
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sample indicate that when the samples are etched under higher light intensity or higher HF
concentration, the size of the walls is nearly unchanged, indicating that the ultimate size of
the interconnected dots or wires is independent of the fabrication conditions. However, the
pore diameters and porosity increase showing a strong dependence on these conditions.
The results obtained from the p-type materials are quite different. After drying in air,
the porous SiC layer delaminates from the substrate, but it can be prevented by supercrit-
ical drying in CO2, similar to that of porous Si [65]. The SEM image in Fig. 16(b) shows
that the dendritic morphology is quite different from that of the porous n-type sample.

Fig. 17 depicts the PL spectra acquired from both types of porous samples. The n-type
substrate exhibits a peak at 2.2 eV which may be ascribed to defect centers. The porous
sample displays an even broader band at about 2.6 eV with no clear dependence on the
illumination density or the HF concentration. Meanwhile, the emission intensity of the
original band at 2.2 eV is dramatically reduced. The p-type substrate shows a luminescence
peak at 1.8 eV whereas the corresponding porous sample exhibits an emission peak at
2.5 eV that is close to that of the n-type porous sample. Since the typical interpore spacing



Fig. 17. PL spectra obtained from porous n-type (upper part) and p-type (lower part) 6H-SiC in comparison to
the luminescence from the corresponding substrate [64].
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in porous 6H-SiC (n-type) is 100 nm, the quantum confinement effect can be ruled out
here. Thus the PL at 2.5–2.6 eV possibly arises from some surface states.

Other PL results have been obtained from porous SiC. For example, both the 6H-SiC
substrate and corresponding porous sample have been observed to exhibit luminescence at
about 600 nm, and the intensity is enhanced by about 100 times after etching [66]. In
another piece of work, the CL spectra obtained from bulk 6H-SiC show emission at about
600 nm that is shifted to 355–400 nm for the porous samples [67]. Readers are referred to
several other reports for more details on luminescence from porous SiC [68–74].

2.3. Common features

Luminescence from porous SiC prepared by electrochemical etching is discussed in this
section. Almost all investigators have selected 6H-type SiC as the substrate. However, a
more comprehensive study of the 3C, 4H, and 6H polytypes shows that there is no signif-
icant difference in the luminescent properties among these different porous samples [18].
The luminescent spectra acquired from porous SiC span a wide spectral range from near
UV to about 600 nm. In some cases, the porous sample exhibits emission similar to that of
the corresponding bulk materials [17,66], but in most cases, the porous samples exhibit
new emission peaks shifted to the lower energy side relative to the PL peak of the sub-
strate. The former emission may originate from intrinsic defect centers, whereas the latter
is most likely associated with surface states created during the etching process. No explicit
evidence of quantum confinement has been observed due to two reasons. First of all, the
SiC crystallites fabricated in these experiments are too large, generally tens or hundreds of
nanometers [15,17,18], for the appearance of quantum confinement. Crystallites with sizes
of several nanometers had, however, been once reported [16] but no obvious signs of quan-
tum confinement have been obtained. Research has revealed that the porous SiC etched in
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aqueous HF has a carbon-rich layer on which complicated surface states can appear [17].
They may be responsible for the observed luminescence similar to that of porous Si [75–
77].

3. SiC nanocrystals embedded in matrix

3.1. C ion implantation into crystalline Si

A porous 3C-SiC layer can be produced via anodization of annealed carbon implanted
Si [19]. In this experiment, carbon ions are first implanted into a boron-doped Si wafer
with a dose of 1017 cm�2 and then annealed in N2 at 950 �C for 1 h. The sample is subse-
quently anodized using a current density of 40 mA/cm2 in an HF–ethanol solution for
10 min while illuminated from above by a 150 W halogen lamp to expedite the etching pro-
cess. The PL spectra obtained from the implanted and unimplanted samples are displayed
in Fig. 18. The unimplanted sample shows an emission peak at 560 nm (2.2 eV) which is
typical of porous Si and may be ascribed to Si nanocrystals [6]. With regard to the C ion
implanted Si sample, a new emission band appears at 445 nm (2.79 eV) in addition to the
peak at 560 nm. Its intensity is much higher than the Si-related emission band and it is thus
an implantation related effect.

The FTIR spectrum shows an absorption peak at about 800 cm�1 corresponding to the
TO phonons in 3C-SiC [78]. To further understand the PL peak at 445 nm, cross-sectional
TEM is conducted. As shown in Fig. 19 [79], the implanted and annealed sample has three
layers: (A) a damaged single crystalline Si layer that is 90 nm thick, (B) a 60-nm thick poly-
crystalline layer, and (C) a 50-mm thick solid-phase epitaxial layer. The HRTEM images
reveal that 3C-SiC nanoparticles with sizes of 2–8 nm are formed epitaxially in layers A
and C, but are randomly dispersed in layer B [79,80]. The in-depth distribution of the
Fig. 18. PL spectra acquired from: (a) C ion implanted sample after annealing, and (b) reference sample without
ion implantation. Both samples are anodized at 40 mA/cm2 for 10 min [19].



Fig. 19. Cross-sectional TEM micrograph acquired from the C ion implanted single crystal silicon sample after
annealing in N2 at 1100 �C for 90 min. The surface of the sample contains three layers, A, B, and C, with different
contrasts [79].

1000 J.Y. Fan et al. / Progress in Materials Science 51 (2006) 983–1031
3C-SiC particles resembles a Gaussian distribution indicative of ion implantation. The PL
peak energy (2.79 eV) of the porous 3C-SiC sample is higher than that of the band gap of
bulk 3C-SiC that is 2.2 eV [12]. This phenomenon may stem from quantum confinement in
the porous 3C-SiC, but no further evidence has yet been obtained. SiC nanoparticles can
be encapsulated in ZSM-5 (a kind of Si–Al zeolite with a two-dimensional open frame-
work structure with 50–60 nm pores) by carbon ion implantation into the Si/ZSM-5
host–guest composite materials followed by thermal annealing in a vacuum chamber
[81]. The emission peaks are centered at 548 and 460 nm, respectively, and the 460 nm
peak is conjectured to arise from SiC.

3.2. SiC embedded in SiO2

There have been several reports on embedding Si nanocrystals into SiO2 films to gen-
erate visible PL [82,83]. Due to the much larger band gap of bulk SiO2 (9.3 eV) [84]
compared to that of Si (1.12 eV) [12], carriers can be confined in the Si crystallites. Lumi-
nescent SiC nanocrystals embedded in SiO2 matrix can be realized similarly.

Thermal SiO2 films have been co-implanted with Si and C to obtain intense, short wave-
length PL [22]. Si ions are first implanted followed by 1100 �C annealing for 60 min. Then
C ions are implanted to the same depth and the sample is further annealed. The sample
annealed at 800 �C for 60 min shows a dominant peak at 470 nm and a weaker peak at
350 nm (Fig. 20). As the annealing temperature is increased, the PL intensity goes up.
By comparing the PL spectra and the PL dynamics to those of Si or C ion implanted
SiO2 films, it can be deduced that the interaction between Si and C in the SiO2 films plays
an important role in the luminescence from the co-implanted films.

Si and C co-implanted SiO2 films can exhibit even more complicated emission bands. In
fact, as shown in Fig. 21, white luminescence has recently been reported [85]. These struc-
tures are synthesized by sequential Si+ and C+ implantation followed by high temperature



Fig. 21. PL spectra obtained from samples implanted with different fluences of Si and C. The samples are
annealed at 1100 �C for 2 h [85].

Fig. 20. Room temperature PL from C+ and Si+ co-implanted and annealed SiO2 films at an excitation
wavelength of 300 nm [22].
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annealing. The white emission is the result of the co-existence of three bands in the PL
spectra covering the whole visible spectral range. Microstructural characterization reveals
the presence of a complex multilayer structure. The Si nanocrystals are observed only out-
side the main C-implanted peak region. The density and size of the nanocrystals are smal-
ler closer to the surface. These nanocrystals appear to be responsible for the emergence of
the band in the red region of the PL spectrum. The relationship between the higher energy
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bands with the implantation fluence and annealing time suggests that they are related to
the formation of carbon-rich precipitates in the implanted region. In comparison, two
emission peaks at 2.1 and 2.7 eV are observed from thin, thermally grown SiO2 layers
implanted with silicon and carbon ions [86]. SiyC1�yOx complexes with x < 2 are assumed
to cause the observed blue PL.

3C-SiC nanocrystals have been prepared by carbon implantation into Si followed by
annealing in Ar and dry oxidation [87]. Two PL bands at 460 and 535 nm are detected.
The carbon-implanted thermal SiO2 films also exhibit blue luminescence centered at about
490 nm [88]. The PL peak location and intensity depend strongly on the annealing temper-
ature. HRTEM measurements reveal the formation of amorphous carbon clusters which
may be the origin of the observed PL.

SiC–SiO2 composite films can be formed by co-sputtering of SiC and SiO2 [89]. The
films show a PL band at 460 nm (2.7 eV). The intensity increases and then decreases with
increasing annealing temperature. The as-deposited SiC–SiO2 composite films are
amorphous but SiC nanocrystals with diameters of about 5 nm can be observed in the
740 �C annealed samples. The FTIR spectra of the as-deposited film show a SiC
absorption peak at 803 cm�1 and Si–O stretching band at 1030 cm�1. The origin of the
luminescence is suggested to be related to defects in the silicon oxide at the SiC/SiO2

interface.
Methane plasma immersion ion implantation (PII) into silicon has been used to pro-

duce SiC [90]. The hydrogenated amorphous silicon carbide is transformed into 3C-SiC
at high annealing temperature. The FTIR spectra show that the amount of Si–C bonds
increases with annealing temperature while that of the C–C bonds decreases. At a high
temperature, a large amount of 3C-SiC forms and graphitization occurs in the remaining
carbon clusters. The CH4 implanted and annealed samples show a PL peak at about
450 nm which may be related to the 3C-SiC grains.

3.3. Other methods

This section reviews several other methods used to produce SiC nanocrystals that emit
visible light. Several groups have reported the formation of SiC films by deposition of C60

films on Si substrate followed by thermal annealing [91–94]. The deposited C60 is progres-
sively destroyed by annealing, and then carbon reacts with silicon to form SiC [94]. The
reaction starts at the interface and continues by diffusion of silicon through the formed
SiC. The stoichiometric films are uniform with a grain size of 20–40 nm. In a similar
way, blue light emitting 3C-SiC has been fabricated by annealing C60-coupled porous sil-
icon [23]. The C60 molecules are chemically incorporated into the porous Si structure by
means of a coupling agent [(CH3O)3Si(CH2)3NH2], as shown in Fig. 22. To prevent the
C60 molecules from escaping during high temperature annealing, a 1 lm thick Si film is
first deposited on the C60-coupled porous Si by magnetron sputtering. The sample is then
annealed in nitrogen at 1100 �C for 100 min. During annealing, the coupling agent and C60

molecules are decomposed and react with Si to form SiC crystallites. FTIR and XRD
spectra obtained from the samples indicate the formation of 3C-SiC. Fig. 23 shows the
PL spectrum which can be deconvoluted into two peaks at 450 and 380 nm. The
380 nm peak is frequently observed from Si oxide films prepared by magnetron sputtering
[95,96] and is considered to be associated with SiO2. The 450 nm peak is believed to derive
from the a-Si1�xCx:H components.



Fig. 23. Typical PL spectrum acquired from the Si-coated and annealed sample. The spectrum can be
deconvoluted into two Gaussian distributions centered at 380 and 454 nm [23].

Fig. 22. Schematic diagram of the porous Si/C60 coupling system [23].
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By means of high temperature pyrolysis of a polyimide Langmuir–Blodgett film on por-
ous silicon in vacuum, 3C-SiC layers can be formed [97]. The blue–green luminescence is
believed to come from the silicon carbide layers. The SiC/porous Si films can also be
formed by plasma sputter deposition on porous Si using a SiC target [98]. The thin SiC
film (�50 nm) mitigates the intensity of the 700 nm PL peak by up to three times com-
pared to the uncoated porous Si. This band originates from porous Si. In addition, an
emission peak at 450 nm appears and is ascribed to the SiC film or SiC nanoclusters.

Silicon or silicon dioxide films are used as the substrates in the aforementioned pro-
cesses and SiC nanoclusters are formed at high temperature. Silicon carbide can also be
formed by Si ion implantation into diamond [99,100]. In this process, natural IIa diamond
is implanted with 1 · 1015 cm�2 nitrogen at 90 keV and then with 3 · 1017 cm�2 silicon at
150 keV at a temperature of 900 �C. A buried epitaxial layer with crystalline 3C-SiC sub-
sequently forms, and by elevating the temperature during implantation, amorphization
and graphitization can be prevented. The implanted region has a lower electrical resistivity
[99]. The cross-sectional XTEM image of the sample implanted at 1200 �C is displayed in



Fig. 24. (a) Bright field XTEM image and (b) selected area electron-diffraction (SAED) pattern obtained from
natural diamond implanted with 1 · 1018 cm�2 Si at 1200 �C. The diamond is turned to graphite in the 220 nm
thick top layer and the surface is marked by an arrow. SiC is formed in the region with the polycrystalline grains
[100].
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Fig. 24(a) [100]. A �220-nm thick implanted zone together with an amorphous matrix
comprising crystalline grains of SiC up to 50 nm in diameter can be observed. The selected
area electron diffraction (SAED) pattern shows the formation of 3C-SiC within a stripe of
textured graphite as shown in Fig. 24(b). The ring with many small diffraction dots indi-
cates that the 3C-SiC domains are more or less randomly oriented. No luminescence has,
however, been reported from these silicon implanted diamond samples.

4. Chemical vapor synthesis of SiC nanocrystals

Chemical vapor deposition (CVD) is another common method to prepare SiC nano-
crystals. By thermal decomposition of the (CH3)4Si precursor in a hot wall tube reactor
at reduced pressure, SiC nanoparticles with sizes between 3 and 10 nm have been produced
[101]. The materials synthesized at 1000 �C are completely amorphous, although individ-
ual nanometer-sized clusters can be distinguished. However, as illustrated in Fig. 25, the
Fig. 25. Low magnification image of CVD SiC showing individual clusters with sizes ranging from 3 to 10 nm
[101].



Fig. 26. SiC nanoparticle exhibiting very few stacking faults. The reaction pressure is 8 mbar. The site with the
typical HREM contrast due to the presence of a defect is indicated by an arrow [101].
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materials appear as crystalline at 1100 �C. The clusters are embedded in an amorphous
matrix which consists mainly of carbon. The number of crystalline particles increases with
temperature. High resolution electron microscopy investigation of individual nanoparti-
cles confirms the crystalline characteristics (Fig. 26). Stacking faults can also be identified
but they gradually disappear at lower reaction pressures. It should be noted that the reac-
tion temperature and pressure only influence the crystalline quality but not their sizes.

The Raman spectra of quasi-stoichiometric SiC nanoparticles have been studied [102].
SiC nanoparticles are synthesized by CO2 laser pyrolysis of a gaseous reactant mixture of
silane (SiH4) and acetylene (C2H2) [103]. TEM confirms the homogeneous composition of
the SiC nanopowders with a narrow particle size distribution with an average size of about
10 nm (Fig. 27(a)). The high-resolution TEM images reveal that each particle consists of
several crystallites with sizes of about 2.5 nm embedded in an amorphous SiC matrix
(Fig. 27(b)). Si magic angle spinning (MAS)-NMR (nuclear magnetic resonance) measure-
ments show the coexistence of amorphous, hexagonal, and cubic SiC structures. To mod-
ify the particle surface states via the elimination of excessive residual carbon and surface
dangling bonds, the samples are annealed for 1 h under a continuous flow of oxygen at
440, 550, and 970 �C. The IR spectra show the appearance of Si–Si and Si–O bonds but
the Si–C bonds can still be observed up to a temperature of 970 �C. The Raman spectrum
consists of a broad peak from 514 nm to 800 nm with the peak at about 560 nm and this
arises from PL (Fig. 28). The highest PL intensity is obtained on the sample oxidized at the
highest temperature. The results show that the higher the fraction of the amorphous struc-
ture in the SiC nanoparticles, the higher is the PL signal. Hence, it is believed that the
visible PL originates from the amorphous portion of the SiC nanoparticles as well as
the heterogeneous oxygen-rich surface. Using the SiC powders, SiC/PMMA (poly-
methyl-methacrylate) composite films have been produced and the materials show the elec-
tro-optic phenomena of electrically poled films (0.5 lm) [104].

In 1975, Yajima reported a preceramic polymer route to prepare b-SiC fibers industri-
ally [105,106]. Recently, silicon carbide nanostructures have been synthesized utilizing a



Fig. 28. Broad PL bands in the Raman spectra acquired from the SiC samples: (a) as-formed sample, (b) sample
heated to 440 �C under oxygen, and (c) sample heated to 970 �C under oxygen. The intensities are normalized by
weight factors of 1/3 (a), 1 (b), and 1/10 (c). The inset shows the Raman spectrum of the as-formed sample with
vibrational bands from carbon and SiC [102].

Fig. 27. TEM images of the SiC powder sample: (a) low-resolution image indicating the homogeneous particle
with diameters of about 10 nm and (b) high-resolution image of a nanoparticle composition showing an
amorphous background and nanocrystal diameter of about 2–3 nm [102].
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simplified Yajima process [107]. NaH powders are decomposed to form small droplets of
liquid Na at 623 K and under 1 atm of Ar. Afterwards, the reaction between liquid Na and
SiMe2Cl2 or SiMeCl3 vapors generates particle precursors Pre-I and Pre-II, respectively.
The precursors are then decomposed at 1273 K under vacuum to produce fine powders
as the final products. Black powder I and yellow powder II are produced from Pre-I
and Pre-II, respectively. Two types of particles are identified in powder I and their
SEM and TEM micrographs are depicted in Fig. 29. The dominant particles, Ia, manifest
as hollow cubic cages with edge lengths of 60–400 nm (Fig. 29(A) and (C)). The minor par-
ticles, Ib, are cubes with a length of 1–2 lm (Fig. 29(B) and (D)). The electron diffraction
(ED) patterns indicate that Ia and Ib are polycrystalline b-SiC. Electron microscopy



Fig. 29. Images of I, prepared from SiMe2Cl2 and Na. SEM images and energy dispersive spectroscopy (EDS)
spectrum (insets) of (A) Ia; (B) Ib. Transmission electron microscopy (TEM) images and electron diffraction (ED)
patterns (insets) of (C) Ia; (D) Ib [107].
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images show that powder II consists of spherical nanoparticles with an average diameter
of about 10 nm and electron diffraction also reveals the polycrystalline nature of powder
II. Both the precursors in Pre-I and Pre-II are composed of mixtures of polycarbosilane
and NaCl, and it is believed that the distinct shape variations in the final products of
b-SiC arise from the differences in the precursors.

5. Colloidal 3C-SiC nanocrystals and evidence of quantum confinement

The composite structures containing SiC crystallites described so far have a solid struc-
ture, for example, interconnected SiC nanowires, nanocrystals in porous SiC, or SiC par-
ticles embedded in a solid matrix. Unfortunately, owing to the complicated surface states,
quantum confinement effects have not been clearly demonstrated from these nanostruc-
tures. Therefore, a different preparation method is needed to fabricate SiC nanostructures
in order to realize wavelength-tunable and controllable luminescence with the quantum
confinement effect. Recently, intense luminescence showing unequivocal quantum confine-
ment has been observed from 3C-SiC suspensions [33].

5.1. Fabrication

A procedure for generating colloidal suspensions of Si exhibiting luminescence attribut-
able to quantum confinement has been reported [25]. N- or p-type Si wafers are electrochem-
ically etched to form porous Si and then ultrasonically dispersed in methylene chloride,
acetonitrile, methanol, toluene, or water to form a suspension consisting of luminescent
Si particles. The TEM micrographs show that the Si particles have regular shapes and diam-
eters ranging from several nanometers to micrometers. Although quantum-sized Si particles
can also be synthesized from silane by means of slow combustion [108], microwave plasma
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[109], or chemical vapor deposition [110], these methods tend to produce impure Si crystal-
lites containing a large amount of SiO2, whereas porous Si prepared in an HF electrolysis
bath has a clean, H-terminated surface that contains no SiO2 [111,112]. Hence, in compar-
ison with gas-phase preparation of colloidal Si, this technique produces Si crystallites from
high-purity substrates and avoids contamination by SiO2 and other impurities. Upon exci-
tation by the 442 nm line of a 10 mW He/Cd laser, the suspension exhibits emission with the
maximum wavelength varying between 650 and 750 nm [25] depending on the different sol-
vents and preparation procedures. The full width at half maximum (FWHM) is typically
200 nm. These emission spectra qualitatively match those of the solid samples before disso-
lution as well as those obtained from plasma-deposited Si nanoparticles [109].

A similar strategy has recently been adopted to synthesize colloidal 3C-SiC nanocrys-
tals [33]. The 3C-SiC polycrystalline samples are electrochemically etched in HF–ethanol
(HF:C2H5OH = 2:1) under illumination by a 150 W halogen lamp from above. The
obtained porous 3C-SiC is then treated in an ultrasonic bath. During the process, the por-
ous layers on the surface crumble into small crystallites which disperse in the solution.
Fig. 30(a) shows a TEM image of the nanocrystallites from one such sample produced
at an etching current density of 60 mA/cm2. It can be seen that the crystallites are almost
spherical with diameters ranging from 1 to 6 nm. The high resolution TEM image clearly
shows the lattice fringes which can be assigned to the {111} plane of 3C-SiC [Fig. 30(b)].
Fig. 30. (a) TEM image of the sample fabricated using an etching current density of 60 mA/cm2. The
nanocrystallites are nearly spherical. (b) HRTEM image of one particle. The lattice fringes corresponding to the
{111} plane of 3C-SiC can clearly be identified. (c) The particle number histogram showing with an average size
of 3.9 nm based on Gaussian fitting [33].
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Fig. 30(c) displays the size distribution of the particles. A Gaussian fit puts the median
diameter at about 3.9 nm. The samples fabricated using different etching current densities
between 70 and 20 mA/cm2 have similar size distributions. One sample that is prepared
specially by multiple etching using different current densities (see Ref. [33] for details) con-
tains particles having a narrower distribution with larger average size. It should be noted
that the colloidal 3C-SiC particles fabricated have a more regular shape compared to Si
crystallites produced by similar means [25]. This may be because polycrystalline rather
than single-crystal 3C-SiC is used.

5.2. Photoluminescence and evidence for quantum confinement effect

The aqueous suspension of the 3C-SiC crystallites exhibits intense emissions as shown
in Fig. 31(a). The spectral lines are smooth and have no substructures, with a typical wave-
length width at half maximum of about 120 nm. As the excitation wavelength increases
from 250 to �500 nm, the emission wavelength is continuously shifted to red from
�450 to �540 nm [Fig. 31(b)]. However, no emission can be observed if the excitation
wavelength is longer than �500 nm. This can be explained by the quantum confinement
effect. The suspension contains 3C-SiC particles of different sizes with an approximate
Gaussian distribution [Fig. 30(c)]. Smaller particles have larger band gaps as expected
from the quantum confinement effect [8,9]. As the excitation wavelength increases, carriers
in many small particles cannot be excited leading to the observed continuous redshift.
When the excitation wavelength reaches �500 nm, only the largest particles which have
the smallest band gap can be excited. In fact, the emission wavelength, �540 nm, is close
to the band gap of bulk 3C-SiC which is 556 nm (2.23 eV) [12]. If the excitation wavelength
increases further (>�500 nm), no particles can be excited, and naturally, no luminescence
emerges. The upper flat line in Fig. 31(b) shows the PL peak wavelength of the specially
fabricated sample which contains much larger 3C-SiC particles. They are too large to exhi-
bit quantum confinement, and so the emission wavelength remains almost constant at
�550 nm under different excitations.

The emission intensities of the above samples fabricated using different current densities
increase initially and then decrease with increasing excitation wavelengths. The maximum
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Fig. 31. (a) PL spectra taken under different excitation wavelengths from the sample fabricated using a current
density of 40 mA/cm2. (b) PL peak position versus the excitation wavelength for samples produced using different
etching current densities [33].



Fig. 32. Emission photos from the sample fabricated with a current density of 40 mA/cm2 (left and center) and
from the specially fabricated sample (right) under excitation wavelengths of 320, 400, and 450 nm [33].
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value occurs at an excitation wavelength of around 370 nm. The results further demon-
strate the size distribution of the crystallites shown in Fig. 30(c) and corroborate quantum
confinement. The emission intensity from the specially fabricated sample is much lower
compared with that from the above-mentioned samples and increases slowly due to the
low emission efficiency of the bulk materials. In fact, emission from the 3C-SiC suspen-
sions that is visible to the naked eyes is much stronger than that from the Si suspensions
fabricated under similar conditions. Fig. 32 shows the emission photo taken under differ-
ent excitations using a halogen lamp.

Although luminescent 3C-SiC suspensions have been prepared utilizing methods similar
to that for the fabrication of colloidal Si [25], there are some differences. For instance,
although the as-etched porous Si exhibits luminescence with the quantum confinement
effect and the PL from colloidal Si is similar to that of the as-etched sample, the as-etched
porous 3C-SiC shows no detectable luminescence but the colloidal 3C-SiC crystallites
show luminescence with quantum confinement. There are two possible reasons. Firstly,
the as-etched porous SiC contains interconnected particles which cannot exhibit quantum
confinement effects. After the ultrasonic treatment, the networks are destroyed forming
individual crystallites with sizes of several nanometers that are small enough to exhibit
quantum confinement. Secondly, water provides good surface passivation for the particles.
Both factors are believed to play important roles in the observed luminescence.

5.3. 3C-SiC/polystyrene composite films

Solid luminescent films may be more useful in practical applications, and 3C-SiC/poly-
styrene composite films have been successfully produced using colloidal 3C-SiC particles
[36]. A 3C-SiC suspension in toluene exhibits wavelength-tunable emission similar to the
aqueous suspension. Polystyrene is added to the suspension and the solution is put on a
Si wafer to produce a transparent 3C-SiC/polystyrene film. Fig. 33 shows the emission spec-
trum acquired from the composite film at an excitation wavelength of 325 nm. Since pure
toluene and polystyrene show no luminescence, the observed emission from the 3C-SiC/
polystyrene film should originate from the 3C-SiC particles surrounded by polystyrene.
The luminescence is visible to the naked eyes, although it is noticeably less intense than that
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Fig. 33. Emission spectrum acquired from 3C-SiC nanocrystallites in a polystyrene film excited by the 325 nm
line of a He–Cd laser [36].
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from the original SiC suspension in toluene that does not contain polystyrene. It is possibly
because the SiC nanocrystallites are only partially enclosed by polystyrene in the composite
film. The emission shows a blueshift of about 15 nm compared to the original 3C-SiC sus-
pension of toluene. A larger blueshift has been observed from the Si/polymer films and it
can be attributed to oxidation of the particle surfaces during the casting process [25]. How-
ever, SiC cannot be easily oxidized at room temperature, implying that smaller particles
that are more easily enclosed by polystyrene may account for the blueshift.

6. Theoretical investigation of the electronic structures of SiC quantum dots

As described in the previous section, much experimental research has taken place to
investigate the luminescence and optical properties of SiC nanocrystallites, but on the
other hand, relatively few theoretical studies have been carried out. In this section, we suc-
cinctly review the theoretical investigations conducted on SiC nanocrystals.

The dependence of the band gap of 6H-SiC on size has been derived [16] using a model
for porous Si [61]. The model assumes that the porous materials are composed of quantum
dots, wires, or wells, and that the carriers are confined by an infinite square-well potential.
The eigenenergies of the electrons and holes obtained by solving Schrödinger’s equation
for one, two, and three dimensions are added to the band gap to obtain the transition
energy, which is the effective band gap of the nanocrystallites. The transition energy of
the 6H-SiC crystallites as a function of the particle sizes can then be derived (Fig. 8).
The results show that particles smaller than 3 nm exhibit significant band-gap widening,
and this effect is minimal in particles between 4 and 7 nm. However, due to gross simpli-
fication, the model should only be considered qualitative.

The exciton ground states in 3C-SiC quantum dots have been investigated using the
effective mass theory [34] by taking into account the conduction- and valence-band mass
anisotropy as well as the small spin–orbit splitting energy. The degenerate hole and exciton
states are partly split by the mass anisotropy. Due to quantum confinement, the anisot-
ropy splitting energies in the quantum dots are quite different from their bulk values.
The anisotropy and exchange splitting lead to the splitting of the 48-fold exciton ground
state into two 18-fold triplets and two 6-fold singlets. Fig. 34 shows the exciton band gap
versus dot radius for 3C-SiC quantum dots. The band gap increases with decreasing



Fig. 34. Exciton band gap versus dot radius for 3C-SiC quantum dots [34].
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particle size, and it is especially obvious below 4 nm. It is because of the quantum confine-
ment effect and a smaller dielectric constant of the quantum dots. Stable exciton states exist
even at room temperature in a 3C-SiC quantum dot because of the strongly bound elec-
tron–hole pair. In comparison, this only occurs at low temperature in the bulk materials.

An ab initio study of the stability and optical gaps of 3C-SiC quantum dots has recently
been conducted [37] using the density functional theory in conjunction with gradient cor-
rected approximation [113]. A cubic 3C-SiC core structure is assumed for each dot and six
different surface geometries including three different terminations (C, Si, or Si-rich) as well
as two different surface structures of ideally terminated or reconstructed (100) facets (with
dimer formation) are considered. For each cluster, after the initial core cubic geometry is
set, all the atomic coordinates are optimized using damped molecular dynamics or conju-
gate gradient algorithms. Fig. 35 shows the electronic gaps obtained from several SiC
Fig. 35. Single-particle electronic gap of SiC quantum dots as a function of size for different surface structures.
The gap is computed employing generalized gradient corrected approximation (GGA-PBE) [37].
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clusters with different terminations as a function of the difference between the lowest unoc-
cupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO)
eigenvalues. Other works on Si and C indicate [114,115] that the HOMO–LUMO energy
difference underestimates the optical gap of the quantum dots when compared to more
accurate methods such as quantum Monte Carlo (QMC). However, the HOMO–LUMO
and QMC gaps show the same qualitative trend as a function of particle size and surface
structure. Fig. 35 discloses that the band gap increases generally with reduced quantum
dot size, but it also depends strongly on the surface structure. Generally, the C-terminated
and H-rich quantum dots have the largest gap. Calculations indicate that the optical gap
depends on the structural properties of the dots at the surface and within the bond lengths
of the nanoparticle core. Analysis of the free energy of the SiC dots shows that synthesis of
thermodynamically stable, hydrogenerated SiC dots will lead to only two specific types of
particles: dots with (1 · 1) C-terminated surfaces or dots with (2 · 1)-reconstructured Si-
terminated surfaces.

7. Luminescence from SiC thin films

SiC films such as 3C-SiC produced by chemical vapor deposition (CVD) are potential
materials in optoelectronic applications such as flat panel displays, and their PL properties
have recently been evaluated. A detailed PL study has been conducted at 2 K on a series of
CVD 3C-SiC thin films fabricated on (100) Si substrates with thickness between 60 nm
and 25 lm [42]. The ‘‘defect-related’’ W band near 2.15 eV appears from the very thin
films. The G band at 1.90–1.92 eV and its phonon side bands G1 and G2 are believed to
originate from dislocations and extended defects. The ratio of the intensities of the G band
to the strongest nitrogen-bound exciton line may be used as a figure of merit for crystalline
perfection in CVD 3C-SiC films. It has been found that the biaxial stress in the SiC/Si sys-
tem depresses the intensity of the non-phonon line as well as the TA, LA, and LO phonon
transitions in the nitrogen-bound exciton spectrum.

Single crystal 3C-SiC epitaxial films have been synthesized on Si(1 11) using tetra-
methylsilane by rapid thermal CVD [116]. To prepare free standing films of SiC, the Si
substrates are etched using a HF:HNO3 (1:1) solution. The PL spectra of the front surfaces
of the SiC/Si samples as well as the back surfaces of the free standing SiC films after
removal of the Si substrate have been obtained. The SiC/Si film does not display any lumi-
nescence at room temperature [Fig. 36(a)]. In contrast, strong PL centered at about 2.4 eV
appears from the free standing SiC films [Fig. 36(b)]. The full widths at half maximum are
between 450 and 500 meV, depending on the growth conditions, excitation wavelength,
and excitation light intensity. There is an additional weak peak at 3.0 eV. The low temper-
ature (5 K) PL spectrum obtained from the free standing SiC film shows a strong but
broad peak similar to that at room temperature. The intensity and peak energy increase
with temperature until they reach the maximum values at around 70 K and then decrease
at higher temperature. The SEM micrographs show a number of prominent triangular fea-
tures with dimensions of about 1 lm on the SiC side of the interface. The IR spectra of the
free standing SiC films reveal vibration peaks pertaining to the CH and OH groups. There-
fore, the origin of the PL appears to be associated with an OH group adsorbed on defects
or some localized states similar to that in an amorphous SixC1�x alloy.

Intense room temperature PL has been observed from both SiC thin films produced on
Si substrates by hot-filament CVD and porous SiC thin films formed by electrochemical



Fig. 36. Room-temperature PL spectra of: (a) SiC/Si, and (b) free standing SiC films excited by the 325 nm line of
a He–Cd laser [116].
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anodization of SiC thin films in HF–ethanol [117]. SiH4 and CH4 diluted with H2 are used
as the precursors in the CVD process. Fig. 37 shows a series of room temperature PL spec-
tra acquired from the anodized SiC sample during continuous irradiation by a He–Cd
laser for a duration time of up to 190 min. The initial spectrum shows a strong peak at
1.9 eV, which gradually weakens with increasing irradiation time. In contrast, a new PL
peak appears after UV irradiation. Its intensity is greatly enhanced, and the peak shifts
from 2.5 to 2.1 eV with longer irradiation time. It should be noted that the peak energy
of the new UV irradiation-induced luminescent band from the anodized SiC samples lies
in the same energy range as that of the as-grown SiC thin films. Moreover, both spectra
are enhanced by continuous UV irradiation. Therefore, they perhaps have the same ori-
gins, possibly induced by defect states in SiC which can be activated by UV irradiation.

Films containing nanocrystalline 3C-SiC embedded in an amorphous SiC matrix have
been fabricated by hot-filament CVD employing methane and silane as the precursors
Fig. 37. A series of PL spectra acquired at room temperature under continuous UV irradiation for different
periods of time from an anodized SiC thin film prepared by using a current density of 10 mA/cm2 for 5 min [117].



Fig. 38. High resolution TEM image of nanocrystalline 3C-SiC embedded in an amorphous SiC matrix showing
the presence of nanocrystallites in the sample [118].
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[118]. The HRTEM images show that these films contain embedded nanocrystallites with
an average dimension of about 7 nm (Fig. 38). X-ray photoelectron spectroscopy, X-ray
diffraction, infrared absorption, and Raman scattering studies reveal that these are 3C-
SiC particles. The films display strong visible emission at 2.2 eV that appears to stem from
the nanocrystalline 3C-SiC. Hydrogenated nanocrystalline silicon carbide films have also
been produced using a similar method [119]. The films which contain SiC nanocrystals
embedded in a-SiC:H matrix produce a strong emission peak at 2.64 eV.

Time-resolved PL spectra have been acquired from SiC nanocrystalline films deposited
on Si using electron cyclotron resonance (ECR) CVD [120]. Root-temperature optical
absorption measurements show a clear blueshift of the band gap with decreasing nanoclus-
ter size, as expected from the quantum confinement effect. However, the emission spectra
with peak at about 2.4 eV are basically independent of the size. The temporal evolution of
the dominant emission suggests double-exponential decay processes (Fig. 39). Two distinct
decay times determined to be �200 ps and �1 ns are at least two orders of magnitude
shorter than that of the bound-exciton transitions in bulk 3C-SiC at low temperature.
Based on the intense emission and short decay times, it is speculated that the radiative
recombination may arise from some direct transitions such as self-trapped excitons on
the surface of the SiC nanocrystals.

Nanocrystalline SiC thin films have been deposited by plasma enhanced CVD at tem-
peratures ranging from 80 to 575 �C using different gas flow ratios [121]. Diethylsilane is
used as the source of hydrogen, and argon and helium are used as the dilution gases. The
FTIR spectra indicate the formation of SiC nanocrystals embedded in the amorphous
matrix at 300 �C. HRTEM confirms the existence of nanocrystallites with sizes ranging
from 2 to 10 nm and TEM shows that the film consists of predominantly 3C-SiC with
traces of the 4H and 6H polytypes.

Nanocrystalline 4H-SiC films have also been fabricated by plasma enhanced CVD
using a mixture of SiH4, CH4, and H2 precursors [122]. The Raman spectra and electron
diffraction (ED) patterns indicate that the as-grown films consist of an amorphous



Fig. 39. Room-temperature PL decay curves of the dominant emission peaks of two samples, D and E, fabricated
using flow ratios of H2:SiH4:CH4 of 100:10:3 and 100:5:1, respectively. The solid circles represent the
experimental data while the solid lines show the biexponential fitted results [120].
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network and single-phase crystalline 4H-SiC. The microcolumnar 4H-SiC nanocrystallites
with a diameter of about 16 nm are encapsulated in the amorphous SiC network. The films
display emission with a peak wavelength of 810 nm when excited by the 514.5 nm line of
the Ar+ laser, and it is conjectured to be related to surface states or defects in the 4H-SiC
nanocrystallites.

Blue–green and UV PL have been acquired from 3C-SiC layers synthesized on porous
silicon by high temperature pyrolysis of polyimide Langmuir–Blodgett films in vacuum.
The PL still exists after thermal treatment at 900 �C [97]. The 4H-SiC nanocrystalline films
prepared by a similar method have also been reported [123]. The materials show emission
bands centered at �3.75 eV. Hydrogenated amorphous SiC thin films deposited at a low
substrate temperature (100 �C) are found to exhibit red and blue–green PL [124]. Nonsto-
ichiometric and highly disordered SiC films prepared by CVD exhibit PL composed of a
series of overlapping bands from 1.8 to 3.3 eV [125].

8. SiC nanowires and nanotubes

8.1. Synthesis using carbon nanotubes

It has been demonstrated that SiO vapor can be used to convert carbon fibers [126] and
nanotubes [127] to SiC rods. The size of these SiC products is typically much larger than
the carbon precursor. Silicon carbide nanorods with diameters (2–20 nm) similar to that of
the starting nanotube reactants and significantly smaller than those previously reported,
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however, have been synthesized by reacting carbon nanotubes with SiO or Si–I2 at about
1200 �C [39]. The lengths of the nanorods are 620 lm. A mechanism encompassing tem-
plate-mediated growth may explain the formation of the SiC nanorods. The carbon nano-
tubes define the diameter of the SiC nanorods, but contributions from catalytic growth
and/or sintering of the small tubes cannot be ruled out.

Heterostructures of single-walled SiC nanotubes and nanorods have been reported
[128]. The method is based on a direct solid–solid reaction: C (nanotubes) + Si (solid)!
SiC (solid). The reaction is spatially restricted by partial contact between the surface of the
solid Si and carbon nanotubes. The reaction occurs in ultra-high vacuum or in inert gas
ambience to get rid of volatile reactants. The silicon carbide initially forms at the C/Si
interface at a sufficiently high temperature (generally T > 800 �C). Most SWCNT bundles
are joined to the crystalline SiC nanorods. The SWCNT/SiC interfaces appear well
ordered and do not show an amorphous phase. These nearly ideal heterostructures repre-
sent a new kind of nanometer-sized molecular/crystal interface.

A two-step reaction has been developed to synthesize SiC nanorods at 1400 �C [129].
SiO vapor is first generated via reduction of silica, and then the SiO vapor reacts with
the carbon nanotubes to form SiC nanorods. The reactions are as follows:

SiO2ðsÞ þ SiðsÞ ! 2SiOðvÞ ð8Þ
SiOðvÞ þ 2CðsÞ ! SiCðsÞ þ COðvÞ ð9Þ

The XRD and Raman spectra show that the SiC has predominantly the b-phase. The
TEM images reveal that the diameters of the SiC nanorods range from 3 to 40 nm. The
thinner SiC nanorods with diameters of 3 nm show a high density of defect planes.
The room temperature PL spectrum of the SiC nanoroads shows a peak at 430 nm
(Fig. 40).

The synthesis method described above is very promising since the stable carbon nano-
tubes serve as the templates that can limit the reaction spatially to the nanotubes, resulting
in the formation of nanorods with diameters and lengths similar to those of the carbon
nanotubes. Based on a similar method, oriented SiC nanowires have been synthesized
by reacting aligned carbon nanotubes with SiO [130]. The high-resolution TEM micro-
graph in Fig. 41 indicates that the products consist of highly oriented nanowires that
resemble the original aligned carbon nanotubes. The SiC nanowires in the arrays have
Fig. 40. PL spectrum of SiC nanorods excited by 260 nm fluorescent light [129].



Fig. 41. High-magnification SEM image of a SiC nanowire array showing that the wires are highly aligned and
have uniform diameters and spacings among wires. The particles present on the array surface are silicon-
containing particles formed during the reaction [130].

Fig. 42. TEM image of b-SiC nanowires. The SiC nanowires have a high density of stacking faults perpendicular
to the wire axes. The inset shows a selected area electron diffraction pattern of the b-SiC nanowires [130].
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similar diameters (10–40 nm), spacings (�100 nm), and lengths (up to 2 mm). Fig. 42
shows that instead of the tubular structures that comprise the multilayer carbon nano-
tubes, the SiC nanowire does not have a hollow core and is a solid rod. The outside of
the SiC nanowire is also free of any coated amorphous materials. The SiC nanowire pos-
sesses a high density of planar defects and stacking faults which are perpendicular to the
wire axes. The selected area electron diffraction (SAED) pattern (inset in Fig. 42) demon-
strates that the SiC nanowire has a highly crystalline phase. Field emission examinations
show that these oriented SiC nanowires are excellent field emitters possessing large field
emission current densities at very low electric fields (2.5–3.5 V/lm).

Silicon carbide nanotubes can also be formed by decomposing SiO on multiwalled car-
bon nanotubes (MWCNTs) which have been grown on a silicon chip with an aligned ori-
entation at 1250 �C [40]. A typical image of the produced SiC nanotube is shown in
Fig. 43. The interlayer spacing of the multiwalled silicon carbide nanotubes is between
3.5 and 4.5 Å.

SiC nanofibers have been synthesized by depositing silicon on the surface of carbon
nanotubes followed by annealing at 1200 �C for 15 min using a DC self-heating method
[131]. The SiC phase (SiC nanofibers) and graphite phase (carbon nanotubes) coexist in



Fig. 43. HRTEM image of an SiC nanotube structure with a spacing of 3.8 Å [40].
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the products. Single-phase silicon carbide nanotubes have been successfully synthesized by
the reaction between carbon nanotubes and silicon powders at 1200 �C for 100 h [132].
TEM indicates the existence of both the single-phase SiC nanotubes and C-SiC coaxial
nanotubes, i.e., carbon nanotubes covered by a SiC layer. The synthesis of carbon-filled
silicon carbide nanotubes with a narrow diameter distribution (45–70 nm) has been carried
out by reacting multiwalled carbon nanotubes with silicon powders [133].

8.2. Chemical vapor deposition method

b-SiC nanorods can be synthesized on silicon using a solid carbon and silicon source in
hot filament CVD [134]. Equal molar amounts of Si and graphite powders are pressed at
150 �C at a pressure of 3.2 · 108 Pa for 24 h to produce a solid plate. It is placed 3 mm
above the filament and the silicon (100) wafer is placed 2 mm below the filament. The fil-
ament temperature is 2200 �C. Hydrogen introduced into the reaction chamber etches the
solid source and brings reactive Si/C species to the surface of the substrate heated to
1000 �C. After 2 h, a grayish film is obtained and TEM reveals that the film consists of
b-SiC nanorods (Fig. 44). Each individual nanorod has a core–shell structure 10–30 nm
in diameter. High-resolution TEM demonstrates that the thinner inside core has a crystal-
line plane, whereas the outer shell has an amorphous phase. Metallic particles of Fe, Ni,
and Cr are found on the tips of most of the nanorods, and they are believed to be impu-
rities from the Si powders. The SiC nanorods are produced probably by the vapor–liquid–
solid (VLS) growth mechanism [135]. The field emission properties have been studied [136]
and Fig. 45 shows the current–voltage (I–V) characteristics of the SiC nanowire film at
anode-sample distances from 20 to 120 lm. The I–V curves are relatively smooth and con-
sistent. The turn-on field at which the current density is 0.01 mA/cm2 is estimated to be
�20 V/lm from the exponentially fitted curves. This turn-on field value is comparable
to those of other field emitters such as diamond films and carbon nanotubes.



Fig. 44. TEM micrograph of b-SiC nanorods showing the general structure and the corresponding SAD pattern
(inset) [134].

Fig. 45. I–V characteristics of a SiC nanowire film at different anode–sample distances [136].

1020 J.Y. Fan et al. / Progress in Materials Science 51 (2006) 983–1031
b-SiC nanorods with diameters of 5–20 nm and lengths of about 1 lm have been grown
on porous silicon substrates by CVD using iron as the catalyst [137]. A tablet composed of
pressed Si and SiO2 powders is placed in the chamber in which the reaction takes place in
the presence of CH4 and H2. b-SiC nanorods can also be synthesized by using a solid mix-
ture of graphite, silicon, and silicon dioxide [138]. Silicon carbide nanowires with diame-
ters of 20–50 nm and lengths of several micrometers have been fabricated on Ni (with a
thickness of 2 nm) deposited silicon substrates by CVD [139]. Methyltrichlorosilane
(CH3SiCl3) is the precursor because it has an equal ratio of Si to C and can decompose
at a low temperature. X-ray diffraction, HRTEM, and SAED analyses indicate that the
nanowires have a single crystalline cubic zinc blend structure with the h111i orientation.
Fig. 46 depicts the nanowires synthesized at a reactor pressure of about 5 Torr for 2 h. Ni



Fig. 46. SEM images of vertically aligned SiC nanowires grown on a Si substrate at 1100 �C for 2 h at a pressure
of 5 Torr. The total hydrogen flow rate including carrier and dilute gases is maintained at 775 cm3 min�1. The
lower left inset is a TEM image of a SiC nanowire [139].
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alloy is found at the end of the nanowires, suggesting that the VLS mechanism is predom-
inant in the growth of these nanowires.

b-SiC/SiO2 core/shell nanorods can be synthesized by conducting low temperature
(1650 �C) carbothermal reduction and high temperature (1800 �C) heating of sol–gel
derived silica xerogels containing carbon nanoparticles [140]. In addition, aligned crystal-
line silicon carbide nanowires with diameters of about 40 nm can be synthesized directly
on silicon via a catalytic reaction at 1100 �C using a methane–hydrogen mixture [141].
SiC nanorods with a typical diameter of about 20 nm have been fabricated on silicon
by rapid thermal processing of thin films containing a mixture of carbon and iron at
1000–1200 �C [142]. Single-crystal 3C-SiC nanowhiskers have also been synthesized using
microwave plasma CVD [143]. The nanowhiskers exhibit PL in the range of 500–600 nm
depending on the synthesis temperature.

Amorphous silicon carbide nanosprings (Fig. 47) as well as biphase (crystalline core/
amorphous sheath) helical nanowires have recently been synthesized by plasma enhanced
Fig. 47. Bright-field TEM image of an amorphous silicon carbide nanospring [144].



Fig. 48. Plan view SEM image of nanowire flowers grown on silicon [146].
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CVD [144]. Here, the C2B10H12 precursor reacts with the Si substrate to form two kinds of
structures. The presence of the catalyst at the end of the nanostructures indicates that they
are formed by the VLS growth mechanism. The formation of the amorphous silicon car-
bide nanosprings can be explained by the contact angle anisotropy model [145] previously
proposed to explain the formation of amorphous boron carbide nanosprings. A modified
contact angle anisotropy model which imposes the presence of temperature gradients
within the catalyst has been proposed to explain the formation of the biphase helical
nanowires.

Some uncommon SiC nanostructures including three-dimensional crystalline nanowire-
based, flower-like structures have been produced by CVD [146]. The silicon substrate and
gallium nitride powder are placed in an alumina boat in a tube furnace, and growth of the
nanostructures is initiated by the introduction of methane gas at 1100 �C. Fig. 48 depicts
the SEM image of the flower-like structures. A typical flower is composed of an inter-
twined/weaved stem, a bulbous head consisting of a tight bundle of nanowires with diam-
eters of �100–200 nm, and a single catalyst particle on top of the nanowire flower. The
cross-section of the base reveals a hollow stem with a diameter of �400–800 nm. The flow-
ers are composed of b-SiC and the growth is again governed by the VLS process.

8.3. Direct chemical reaction and other methods

Although reactions based on carbon nanotubes and CVD are the two major methods to
synthesize SiC nanowires and nanotubes, some other methods such as direct chemical
reactions have been developed. b-SiC nanorods are synthesized by a single-step reaction
at 400 �C in a pressurized autoclave with SiCl4 and CCl4 as the reactants and metallic
Na as coreductant [147]. The reaction proceeds as follows:

SiCl4 + CCl4 +8Na !SiC + 8NaCl ð10Þ

The X-ray diffraction pattern indicates the formation of b-SiC. TEM reveals that the prod-
uct consists of b-SiC nanorods with diameters ranging from 10 to 40 nm and lengths up to
several micrometers.

b-phase silicon carbide hollow nanospheres, nanowires, and coaxial nanowires have
been reported [148]. Appropriate amounts of SiCl4, C6Cl6, and Na are reacted in a stain-
less steel autoclave at 600 �C for 5–12 h. The SiC hollow nanospheres are generally



Fig. 49. TEM image of SiC hollow nanospheres [148].
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50–100 nm in diameter and 10 nm in thickness (Fig. 49). The SiC nanowires typically have
diameters of 20 nm and lengths up to 10 lm. Liquid globules are found on the tip of the
nanowires as shown in the TEM micrograph, again suggesting that the VLS mechanism is
dominant.

3C-SiC nanowires with diameters of 15–20 nm and lengths of 5–10 lm can be synthe-
sized at 700 �C by a reduction–carburization method [149]. Silicon powders and tetrachlo-
ride (CCl4) are used as the reactants and metallic Na is the reductant. The nanowires
exhibit a PL peak at 448 nm. The liquid globules appear on the tip of the nanowires sug-
gest the VLS mechanism.

b-SiC nanowires can be synthesized from a mixture of activated carbon and sol-gel
derived silica embedded with Fe nanoparticles [150]. Fig. 50(a) shows that the product
is composed of wire-like structures 20–50 nm in diameter and several tens of micrometers
in length. X-ray diffraction and TEM show that the nanowires consist of a single crystal-
line core of b-SiC enclosed by an amorphous layer of silicon oxide [Fig. 50(b)]. The
formation process involves carbothermal reduction and proceeds with a VLS growth
mechanism. Two PL peaks at about 340 and 440 nm have been observed from the
nanowires.
Fig. 50. (a) Low-magnification TEM image showing large quantities of nanowires. (b) A high-magnification
TEM image of an individual nanowire [150].
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Nanometer-sized SiC whiskers have been synthesized by the arc discharge process [151].
The samples are prepared by triggering an arc discharge between the two graphite elec-
trodes. The anode is composed of a mixture of silicon and graphite powders. The process
produces two types of nanostructures: nanosized equiaxed particles with diameters of 10–
20 nm, and rod-like structures with diameters of about 10 nm and lengths of more than
100 nm. The rod-like structures are found only when iron is used as a catalyst in the
arc discharge process. Fig. 51 shows the HRTEM micrographs of two rod-like nanostruc-
tures with lattice fringes parallel and perpendicular to the rod axis. The nanorods are
enclosed by an amorphous graphite layer. Only nanorods with a fringe orientation perpen-
dicular or parallel to the rod axis can be found and no measurable amounts of iron are
found on the SiC whiskers. Therefore, a two stage VLS growth mechanism in which the
Fe catalyst is evaporated in the second step has been proposed.

Cone-shaped hexagonal 6H-SiC nanorods with diameters of 10–30 nm have been pro-
duced using the arc discharge process [152]. Formation of the gradually enlarged Fe–Al–
Si–C droplets and their high enthalpy lead to the growth of the nanostructures via a VLS
mechanism. Silicon carbide nanowires with diameters of 59–110 nm have also been synthe-
sized by laser ablation of a SiC target [153]. The growth of the nanowires can again be
explained based on the VLS mechanism. The red shift, broadened peak, and asymmetry
Fig. 51. HRTEM micrographs of two nanowhiskers with the lattice fringes of the whisker are oriented being (a)
parallel or (b) perpendicular to its axis. The fringe spacing is 0.243 ± 0.010 nm. The whisker is surrounded by
disordered graphite [151].



Fig. 52. (a) SEM micrograph of the SiC nanorods synthesized at 1700 �C for 2 h. (b) High magnification SEM
micrograph showing that the nanorods are the only pyrolysis products [154].
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observed in the Raman spectra can be accounted for by the size confinement effect in the
radial and growth directions.

The synthesis of b-SiC nanorods by pyrolysis of a polysilazane polymeric precursor in
the presence of 3 wt% FeCl2 as a catalyst has been reported [154]. Fig. 52(a) shows a SEM
picture of the SiC nanorods. High magnification SEM indicates that the pyrolysis prod-
ucts contain only nanorods [Fig. 52(b)] which are 80–200 nm in diameter and 4 lm in
length. The SAED pattern reveals that the nanorods are oriented along the [111] direc-
tion. A solid–liquid–solid (SLS) growth mechanism is proposed.

Three other methods have been employed to synthesize b-SiC nanowires [155]. In this
first procedure, silica gel mixed with activated carbon is dried and heated to 1360 �C for 4–
7 h in a NH3 or H2 atmosphere. The second one is a solid state synthesis method in which
silica is mixed with activated carbon. The mixture is subsequently reduced under condi-
tions similar to those in the first process. In the third method, the gel formed by ethylene
glycol, citric acid, and tetraethylorthosilicate (TEOS) is heated in a reducing atmosphere at
1360 �C. All three processes yield wool-like products with b-SiC nanowires as the major
component. They are generally several hundreds of nanometers in diameter and have
lengths of several tens of micrometers. Fig. 53 shows a PL spectrum acquired from the
b-SiC nanowires synthesized by the first procedure showing a peak at about 400 nm.

Cubic silicon carbide nanowires with a needle shape can be grown in bunches by ther-
mal evaporation of SiC powders with iron as the catalyst [156,157]. Fig. 54 shows the SEM
micrograph of the SiC nanowires. Individual nanowires evolve from the particles and as a
result, each individual particle ‘‘holds’’ a bunch of nanowires. The nanowires have diam-
eters between 20 and 50 nm and lengths from 1 to 2 lm. HRTEM images show that the
nanowires are crystalline with an atomic spacing of about 4.54 Å which is close to the
value of bulk 3C-SiC [158]. The growth direction is [100]. Fig. 55 discloses the relationship
between the emission current and electric field for the typical SiC nanowires. The electron
emission turn-on field and threshold field, defined as the macroscopic fields required to
produce a current density of 10 lA/cm2 and 10 mA/cm2, respectively, are about 5 and
8.5 V/lm. These values are similar to those of carbon nanotubes [159,160]. The emission
behavior can be attributed to the needle-shaped emitting surfaces. The linearity in the
Fowler–Nordheim curve indicates that the conventional field emission mechanism is dom-
inant. The growth of the nanowires is surmised to follow the VSL mechanism. A broad PL
peak at 450 nm is observed from the nanowires at room temperature [157].



Fig. 53. PL spectrum of SiC nanowires synthesized by procedure (i) (heating the gel containing activated carbon
and silica for 7 h at 1360 �C in NH3) [155].

Fig. 54. SEM micrograph of SiC nanowire bunches [157].

Fig. 55. Field electron emission direct current–voltage characteristics of SiC nanowires [156].
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8.4. Miscellaneous notes

Generally, the SiC nanowires produced by the aforementioned methods have diameters
of several tens of nanometers and lengths varying from several to tens of micrometers.
However, SiC nanowires as small as several nanometers [39,137,143] or as large as several
hundreds of nanometers [154,155] in diameter have been synthesized. In most cases, the
produced nanostructures are in the forms of nanowires or nanorods. Nanotubes
[40,128,132,133] have been prepared in some experiments. Some less common structures
such as nanospheres [148], nanosprings [144], and nanowire flowers [146] have also been
observed. Almost all the synthesized one-dimensional silicon carbide nanostructures have
the cubic zinc blende structure (b-SiC), although a few hexagonal structures have also been
discovered [142].

There have been several reports on the PL of SiC nanowires. The PL spectra are gen-
erally smooth showing a single emission peak between 400 and 450 nm [129] that is above
the bulk band gap of 3C-SiC. Some nanowires have been found to exhibit PL with a peak
between 500 and 600 nm [143]. The luminescence mechanism is not well known.

Compared to the photoluminescence of one-dimensional SiC nanocrystals, even less is
known about their electronic structures. One recent investigation [38] makes use of preli-
minary density-functional calculation of the geometrical and electronic structures of sili-
con carbide nanowires. The supercells of 57 and 114 atoms of the surface reconstructed
SiC nanowires and 93 atoms of the hydrogen passivated SiC nanowires are studied. It
is found that the SiC nanowires have a wider band gap compared to bulk crystalline
SiC due to quantum confinement. With regard to the pure nanowires, the facets’ dangling
bonds reconstruct substantially and the surface turns into a metallic state.

9. Summary

As silicon-based microelectronic devices are approaching the physical limits, the con-
stant push to develop better and faster devices and higher computing power has spurred
the development of substituting materials. In this regard, silicon carbide is a good candi-
date in high-power, high-temperature, and high-frequency applications. The optical and
electrical properties of nanometer-sized silicon carbide structures are particularly crucial
to efficient and stable SiC nanodevices. SiC nanowires have been shown to have stable field
electron emission properties [130,156], suggesting that the materials have potential as field
electron emitters. The heterostructures of single-walled carbon nanotubes and silicon car-
bide nanorods [128] may play an important role in future hybrid nanodevices. The intense,
robust and wavelength-tunable visible emission from 3C-SiC nanocrystals shows that they
are good light sources [33] applicable to nano-optoelectronic integration. Nanocrystalline
SiC films which emit visible light [119] are also promising in large area displays. Further-
more, silicon carbide is a biocompatible material [161] and biosensors made of these mate-
rials may be realized in the future. Considering the chemical stability and water-solubility,
luminescent silicon carbide nanocrystals may find applications in biotechnology/medicine
[35].

Extensive studies of silicon carbide nanostructures such as nanocrystals, nanowires and
nanotubes, and nanosized films began in the mid-1990s and we aim at reviewing the
important results published in the past 10 years in this paper. However, it should be noted
that researches on silicon carbide nanostructures are still in the beginning stage. Although
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clear quantum confinement of 3C-SiC has been observed [33], the specific defect or surface
states responsible for the observed luminescence have not been unequivocally identified.
Much more experimental and theoretical work is needed. In addition, although large
quantities of SiC nanowires, including oriented SiC nanowires [130], can now be produced,
reports on their physical properties and related device designs are relatively few, and little
is known about the properties of nanocrystalline SiC films. Finally, there have only been a
few theoretical studies on SiC nanostructures. A better understanding of the various prop-
erties of these nanostructures is needed in order to realize their full potentials.
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