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a b s t r a c t

Silicon carbide (SiC) nanorod arrays with closely-packed periodic architecture are successfully fabricated
by magnetron sputtering using SiO2 colloidal monolayer as template. The growth mechanism and photo-
luminescence (PL) characteristics of SiC nanorod arrays have been investigated. It is found that the arrays
periodicity can easily be controlled by the different sizes of SiO2 spheres. The arrays prepared from smal-
ler SiO2 spheres are prone to be densely integrated and top aggregation, while more defects and shorter
periodicity are found for arrays from bigger spheres. Improved PL performance of SiC nanorod arrays is
revealed with enhancement ratios proportion to the diameters of SiC nanorods, which is caused by their
special light manipulating properties and greater surface areas. The enhanced PL of SiC nanorod arrays is
highly promising for use in designing highly efficient optical devices.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nanostructured ordered arrays (e.g., nanorods and nanotubes)
have recently attracted more and more interest due to their appli-
cations in magnetics, optics, electrical and thermal transport [1–3].
Great concern has been taken to fabricate nanostructured ordered
arrays, and the main challenge is obtaining well controlled
morphologies and structures. The most popular methods are
conventional lithographies, including electron-beam lithography,
photolithography, X-ray lithography and scanning tunneling
microscopy. However their low productivity and high cost strongly
restrict their wide applications for nanostructured arrays [4–6].
Anodic aluminum oxide (AAO) templates method has the advanta-
ges of low cost and good repetition, but the nanostructured parti-
cles without the support of AAO templates are prone to aggregate
and even collapse which restrict their application in nanodevices
[7,8]. Compared with mentioned methods, the monolayer colloidal
crystal template method has been proved to be a promising tech-
nique due to its simplicity, high efficiency and low cost [9–11].
Therefore lots of attentions have been attracted to the monolayer
colloidal crystal template technique to fabricate new hierarchical
nanostructure.

SiC is a very important functional material for photocatalysis,
high-temperature and high-power devices, optical materials and
high-speed devices [12–14]. However, the low light emission
ll rights reserved.
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efficiency caused by indirect band gap structure has limited its
applications in optoelectronic devices. Recently, several hierarchi-
cal SiO2/SiC nanostructures, such as two-dimension SiO2/SiC films,
SiC/SiO2 nanocables and SiC/SiO2 core–shell structure have been
reported and show enhanced light emission intensity [15–17].
While most previous methods require high-cost precursors, com-
plex equipments and high synthesis temperature. Additionally,
these SiC nanostructures are discontinuous and intertwist, which
may restrict their optical properties. Therefore, there are numerous
challenges in using a feasible method to fabricate SiC nanostruc-
tures for practical optical devices.

In this paper, we report a novel and simple method for fabricat-
ing hierarchical SiC nanorod arrays by magnetron sputtering using
SiO2 colloidal monolayer spheres as template. The SiC nanorod
arrays have a special hierarchical structure with a hexagonal-
close-packed arrangement and their improved PL properties are
characterized. These results provide insight into the synthesis of
SiC nanostructures and may have potential for the design and fab-
rication of high power electronic devices, light emitting devices,
display and related optoelectronic devices.
2. Experimental

SiO2 colloidal monolayer was fabricated on cleaned Si substrates in a Langmuir–
Blodgett trough as described in previous report [18]. Briefly, a droplet of SiO2 micro-
sphere suspension was cautiously spread on the air–water interface of a Langmuir
trough. Then, the SiO2 film was transferred onto hydrophilic Si substrates. By this
way, a close-packed SiO2 monolayer with controlled sphere diameters (182, 515,
720 and 1500 nm) formed on the substrate.
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SiC films were deposited onto the colloidal monolayer substrates by radio-fre-
quency (RF) magnetron sputtering method from a SiC target (99.9% purity). The
sputtering was performed under the following conditions: an RF power of 140 W,
pure Ar atmosphere, and a working pressure of 5 Pa. SiC films were deposited at
250 �C for 3 h. The as-grown SiC films were annealed under N2 atmosphere for
1 h at 600 �C Other SiC films without SiO2 monolayer were also achieved for
comparison.

The surface morphologies of films were characterized with a Hitachi S-4800
scanning electron microscope (SEM) operating at 30 kV. X-ray diffraction (XRD)
pattern was collected using a Cu Ka radiation. The composition and chemical states
were examined by X-ray photoelectron spectroscopy (XPS) with a K-Alpha XPS Sys-
tem from Thermo Scientific. PL was measured under the excitation both of Ar+ laser
(488 nm) and Xe lamp (FluoroMax-4 spectrofluorometer) at room temperature.
3. Results and discussion

The morphologies of resulting samples in each step are ob-
served by SEM. Fig. 1a shows the image of SiO2 colloidal monolayer
with sphere size of 515 nm through direct measurement. The
monolayer reveals a well-periodic two-dimensional hexagonal
close packed (hcp) arrangement. Fig. 1b and Fig. 1c present the
top-viewed and cross sectional images of SiC films coated on Si
substrates without SiO2 colloid monolayer template. Dense,
smooth and uniform SiC film is prepared and the thickness is
around 800 nm. While SiC films on SiO2 colloid monolayer present
the structures of large quantity nanorods as shown in Fig. 1d. An
ordered and well-structured array with hcp arrangement SiC nano-
rods prepares from the pre-existing hcp SiO2 monolayer. It is dem-
onstrated that SiC nanorods grow vertically on the top of SiO2

spheres. The diameter of nanorods is almost the same as the
spheres. As shown in Fig. 1d, the nanorod arrays have highly rough
surfaces which seem to be composed of many nanoparticles. Fig. 1e
clearly proves the well-aligned growth of the SiC nanorods. It indi-
cates that each nanorod consists of two parts: one SiO2 sphere at
the bottom and one vertical nanocolumn on the top of the SiO2

sphere. SiC nanorods are ordered aligned on the spheres and verti-
cal to the spheres plane. The nanorod arrays have a rough arc
structure on the surface and the average height of obtained nano-
rods is about 800 nm. The schematic of formation mechanism of
SiC nanorod arrays is shown in Fig. 1f. A dense film will be formed
on a bare substrate. If the SiO2 colloidal monolayer is on the sub-
strate, nanorod arrays will appear due to preferential vertical
Fig. 1. SEM images of (a) is SiO2 colloidal monolayer, (b) and (c) are top-viewed and cross
of SiC nanorod arrays; (f) schematic of formation mechanism of SiC nanorod arrays.
growth on the direction of the supporting spheres surface. The sur-
face morphologies and the size of SiC nanorods can easily be con-
trolled by the different sizes of SiO2 spheres.

Fig. 2a shows XRD spectra from SiC nanorod arrays. The feature
at 2h = 70� is from the Si substrate. No intense diffraction peaks of
SiC can be observed, suggesting the formation of amorphous SiC.
The composition and chemical state of the SiC nanorod arrays are
analyzed by XPS. Fig. 2b and c shows the C 1s and Si 2p XPS spectra
of the SiC nanorod arrays. The C 1s level spectrum presents two
main chemical states: the peak located at 283.1 eV is related to car-
bon in SiC and the second located at 284.5 eV is attributed to the
residual carbon �284.3 eV for C 1s amorphous graphite [19,20].
The Si 2p peak in Fig. 2b could be decomposed into three peaks,
which locate at 99.7, 101.3 and 102.9 eV corresponding to the for-
mation of Si–O, Si–C, C–O–Si in the nanorods. These XPS results
indicate the successful formation of SiC.

Different SiC nanorod arrays on SiO2 monolayer with sphere
diameters of 182, 720 and 1500 nm are shown in Fig. 3, respec-
tively. The SEM images present that SiO2 spheres are densely
packed as a hexagonal structure. The defects mainly include single
spheres upon the surface of the colloidal crystal, vacancies in the
layer and lattice periodicity dislocation. As the diameter of SiO2

spheres is decreased, the SiC nanorod arrays are more densely inte-
grated and exhibit top aggregation for several neighboring nano-
rods due to their smaller surface area for SiC nanopartcles
agglomerating. It is noticeable that the SiC nanorod arrays pre-
pared from the largest SiO2 spheres aligned with a short range
periodicity because the corresponding SiO2 monolayer possesses
more defects and has only a shorter range ordering (Fig. 3c and e).

The PL intensities of SiO2 colloidal monolayer, SiC films and SiC
nanorod arrays under room temperature are shown in Fig. 4. It can
be seen that SiO2 colloidal monolayer and SiC films have a weak
emission band located mainly in the red region. Zhou and Xu have
reported a similar emission spectrum from SiC and the origin of the
PL is attributed to the vacancy and surface states [13,21]. From the
comparison, it is obvious that the PL intensities of SiC nanorod
arrays increase, accompanying with five characteristic emission
centers. The peak at 693.5 and 766.9 nm may be related to the
interface of SiC and SiO2. The stronger wave packs at about
609.5, 723.1 and 825.8 nm are attributed to the band-gap and
sectional images of SiC films; (d) and (e) are top-viewed and cross sectional images



Fig. 2. XRD pattern of (a), XPS spectra of (b) C 1s and (c) Si 2p of SiC nanorod arrays.

Fig. 3. SEM images of SiO2 colloidal monolayer and the corresponding SiC nanorod arrays with different diameters: 182 nm for (a) and (d); 720 nm for (b) and (e); 1500 nm
for (c) and (f).
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defect-related emissions of SiC. Fig. 4b shows the comparison of
normalized integrated intensity, which exhibits that SiC nanorod
arrays reveal enhanced emission up to 4.3 times. The improved
PL performance of SiC nanorod arrays may be provided by the spe-
cial light manipulating properties of nanorod structures [22]. The
group velocity of photons in the nanorod arrays may be slowed
down and increase the density of optical states. The interaction
of light with the periodic SiC nanorod arrays can be enhanced.
Accordingly, the two dimensional periodic nanorod arrays can
modify the light propagation and the emission properties. The



Fig. 4. (a) PL spectra of SiO2 colloidal monolayer, SiC films, nanorod arrays A, B, C, D, with sphere size of 182, 515, 720 and 1500 nm, respectively; (b) calculated PL
enhancement ratios with intensities normalized with the SiC films.
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optical gain of SiC nanorod arrays indicates an obvious PL enhance-
ment. Extra enhancement also can be probably due to the greater
surface area of the nanorod arrays structure.

As can be seen in Fig. 4, the diameter of SiC nanorods plays an
important rule in the PL peak intensity. With the increase of sphere
size from 182 to 1500 nm, the PL intensity is trebled. The results
suggest that diameters and morphologies of nanorods may affect
their luminescence characteristics. Kim has reported similar exper-
imental results of ZnO with the increase of nanorod’s diameters
[23]. Additionally, the sample D has a rough and large surface area
that can improve the efficiency of light emission. Wang et al. have
reported on an enhanced PL from different morphologies [24–27].
Therefore, it is reasonably believed that the dependence of PL per-
formance on the diameter of nanorods is attributed to the size ef-
fect and surface morphologies. Fig. 4 also show that the PL peak
shifts in different SiC nanorod arrays. The shift of the PL peak is
attributed to the light emission from the top and the side surfaces
of the nanorods with different diameters [28]. The shift can also be
caused by the light extraction efficiency that affected by the disor-
der and defect present in the nanorod arrays.

4. Conclusions

In summary, periodic SiC nanorod arrays are fabricated through
magnetron sputtering process by utilizing SiO2 colloidal monolayer
as template. Results show that SiC particles grow vertically on the
SiO2 spheres monolayer and the size of spheres can affect the mor-
phologies of nanorod arrays. The arrays prepared from smaller SiO2

spheres are prone to be densely integrated and top aggregation;
while from the bigger spheres have a shorter periodicity. As shown
by the SEM observation of morphological evolution and the corre-
sponding photoluminescence results, the nanorod arrays with a
two dimensional periodic arrangement exhibit enhanced photolu-
minescence properties due to the nanoscale spatial effect on
special light manipulating properties and greater surface areas.
The parameter- photoluminescence results demonstrate that the
photoluminescence enhancement ratios are affected by the size
of SiC nanorods. This facile fabrication of SiC nanorod arrays with
excellent photoluminescence property will greatly extend SiC’s
applications in display and higher-performance optical devices.
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