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SiC-Shell Nanostructures Fabricated by
Replicating ZnO Nano-objects: A Technique
for Producing Hollow Nanostructures of
Desired Shape**
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Zhong Lin Wang*

Hollow nanostructures have important applications due to
their large outer and inner surfaces, as well as cavity-con-
fined nanoscale reactions and transport processes. The sim-
plest hollow structures are nanoparticle and nanotubes
shells. Compared to solid nanoparticles or nanorods and
nanowires, tubular nanostructures of inorganic materials
have potential applications in biotechnology, such as drug
delivery,"! gene delivery,” gene therapy,®! biosensors,*?
and bioanalysis and catalysis.[(’] In addition, when the tubu-
lar structures are filled with special biomolecules, the struc-
tures may act as delivery channels for such molecules. The
tubular structures are made either by direct growth!”! or by
nanowire-templated epitaxial growth using metal-organic
chemical vapour deposition (MOCVD).®l Here, we extend
the template-assisted method for fabricating shelled struc-
tures of nano-objects of desired shapes and configurations.
Our technique is based on replicating ZnO-based nanostruc-
tures by SiC at low temperatures. Subsequent dissolution of
ZnO leaves a SiC shell that preserves the same shape as the
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original ZnO nanostructure. The SiC hollow nanostructures
could be used as nanoreactors, molecular transporters, and
more. The methodology demonstrated here can be extended
to other types of shelled structures of different chemical
compositions.

Silicon carbide is an important semiconductor in the fab-
rication of electronic devices operated at high temperature,
power, and frequency and in harsh environments.”) Several
groups have reported the fabrication of one-dimensional
(1D) SiC nanotubes using template-assisted growth methods
at high temperatures. 1°1? Borowiak-Palen et al. produced
SiC nanotubes based on high-temperature (1350°C) reac-
tions between silicon powders and multi-walled carbon
nanotubes.'® Hu et al. formed SiC nanotubes by reacting
CH, with SiO at ~800°C.""! Sun et al. prepared SiC nano-
tubes by reacting SiO with carbon nanotubes at 1250°C."
However, the high growth temperature limits the integra-
tion of the current growth method with semiconductor fabri-
cation technology, which usually requires growth tempera-
tures below 500 °C.

In recent years, our group has done much research on
the growth of various ZnO nanostructures using a vapor—
solid growth process.’>?"! Figure 1 shows the morphologies
of selected ZnO nanostructures that were used as templates
in the following experiments for fabricating SiC hollow
structures. The nanobelts shown in Figure 1a have a uni-
form shape along their growth axis. Figure 1b shows the
morphology of tin-catalyzed ZnO nanowires. The ZnO
nanowires typically have a large tin catalyst at their tips (as
shown in the left-hand inset of Figure 1b). The tin catalyst
is much larger than the nanowire. In some cases, two ZnO
nanowires share a single catalyst particle (right-hand inset
of Figure 1b). Figure 1c—e shows the scanning electron mi-
croscopy (SEM) images of various ZnO nanostructures
(combs, junctions, and helices, respectively).

The synthesis strategy of the SiC hollow nanostructures
involved two steps, as shown in Figure 2. Firstly a SiC layer
was deposited on the surface of the ZnO nanostructure tem-
plates to form ZnO-SiC core-shell nanostructures via
plasma-enhanced chemical vapor deposition (PECVD). The
source materials for SiC were CH, and SH, gases, and the
deposition temperature was ~250-300°C. Secondly, the
ZnO-SiC core-shell nanostructures were added to a dilute
HCI solution (~0.2 molL™") to remove the ZnO cores. Fi-
nally, only SiC tubelike nanostructures were left, retaining
the corresponding shapes of the ZnO nanostructure tem-
plates.

Transmission electron microscopy (TEM) was used to
reveal the shell structure of the replicated nanostructures.
Figure 3a shows a typical TEM image of the ZnO-SiC
core-shell nanobelt synthesized in this work. The ZnO
nanobelt coated with a uniform SiC shell is clearly indicated
based on the contrast of the TEM image. The shell along
the ZnO nanobelt is uniform and smooth. In our experi-
ments, the thickness of the layer can be tuned by adjusting
the parameters in the PECVD process. Energy dispersive
X-ray (EDX) analysis (inset of Figure 3a) revealed that the
core-shell nanobelt is composed of Zn, O, Si, and C. No
other elements were found, indicating that the shell on the
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Figure 1. Scanning electron microscopy (SEM) images of various nanostructures used as templates in this
work: a) ZnO nanobelts; b) tin-catalyzed ZnO nanowires; c) ZnO nanocombs; d) ZnO nanojunctions; e) ZnO
nanohelices. Left-hand inset in (b) is a typical SEM image of tin-catalyzed ZnO nanowires with a large tin
catalyst at the tip. Right-hand inset in (b) is an SEM image showing two ZnO nanowires sharing the same

tin catalyst particle.
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Figure 2. Schematic diagram showing the fabrication process of SiC-
shell nanostructures using ZnO nano-objects as templates.

outer surface of the ZnO nanobelt is SiC. Figure 3b and ¢
shows two high-quality SiC nanotubes made by the tech-
nique. The inner dimension of the SiC nanotube is deter-
mined entirely by the size of the ZnO nanobelt. Figure 3d
shows a TEM image of many SiC nanotubes, indicating that
SiC nanotubes can be fabricated simultaneously for a large
group of nanobelts. The selective area electron diffraction
(SAED) pattern (inset of Figure 3d) taken from the as-
made SiC nanotubes shows that the as-synthesized SiC
nanotubes are amorphous due to the low growth tempera-
ture. Moreover, the absence of diffraction spots due to the
crystalline ZnO nanobelt templates proves that the ZnO
cores were completely removed, and that the remainder
were entirely SiC nanotubes.
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Figure 4a shows a typi-
cal TEM image of a tin-
catalyzed ZnO-SiC core-
shell nanowire. When the
ZnO cores and the tin cat-
alysts were removed by
HCI solution, high-quality
SiC nanotubes were pro-
duced (Figure 4b). Nota-
p bly, the SiC nanotube has a
'.' large, hollow ball at the
s tip, which is due to the Sn
ball at the tip of the ZnO

. . .
y : nanowire. This type of
. structure may be useful as
a ‘nanothermometer’,
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which was first demon-
strated by filling carbon
nanotubes with Ga.”!! Fig-
ure 4c¢ and d shows bright-
field and dark-field TEM
images, respectively, of an-

Figure 3. a) Transmission electron microscopy (TEM) image of the
Zn0-SiC core—shell nanobelt. The lower image shows an energy dis-
persive X-ray spectrum (EDX) from the ZnO-SiC core—shell nanobelt,
indicating the presence of Zn, 0, Si, and C in the structure. b, c) TEM
images of two high-quality SiC nanotubes; d) TEM image of many
SiC nanotubes after removal of the ZnO core. The inset is a selective
area electron diffraction (SAED) pattern of the ZnO nanotubes.

other SiC nanotube. The image contrast indicates that the
SiC nanotube is hollow. In addition, V-shaped SiC nano-
tubes were also formed in this work, as shown in Figure 4d
and e. Comparing their shape to the morphology of the
structure of two nanowires sharing a single catalyst particle,
as shown in the top-right corner of Figure 1b, it is apparent
that the original shape is fully replicated by SiC.

Our technique can also produce shell structures of com-
plex nano-objects. Figure 5 shows TEM images of SiC-shell
nanocombs formed using ZnO nanocombs as templates. The
inset in Figure 5d is a dark-field TEM image of a SiC nano-
comb shell, the contrast of the image indicating the hollow

www.small-journal.com

1345



www.small-journal.com

1346

communications

(a)

Figure 4. a) TEM image of a tin-catalyzed Zn0O-SiC core—shell nano-
wire; b) TEM image of a high-quality SiC nanotube with an enclosed
large hollow ball at the tip; c,d) bright-field and dark-field TEM
images of a SiC nanotube, respectively; e,f) TEM images of two V-
shaped SiC nanotubes.

Figure 5. TEM images of SiC-shell nanocombs. Inset in (d) is a dark-
field TEM image of a SiC hollow nanocomb.

structure of the nanocomb. Furthermore, based on the TEM
observations, we find that both the teeth and body of the
SiC-shell nanocomb appear to be closed. Figure 6a and b
shows two L-shaped SiC junctions. Figure 6¢ and d shows
two shell-structured multijunctions fabricated using ZnO
nanojunctions as templates. The arrowheads in Figure 6d in-

Figure 6. TEM images of SiC-shell nanojunctions: a,b) SiC hollow
nanojunctions with a single junction; c,d) SiC-shell three-dimension-
al nanojunctions with multijunctions.
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dicate the three-dimensional character of the SiC-shell
nanojunctions.

We have also produced some novel SiC-shell nanostruc-
tures, such as hollow nanohelices. We have previously re-
ported nanohelices consisting of 10-nm ZnO nanowires."*!
Figure 7a shows typical TEM images of the as-synthesized

Figure 7. a) TEM image of a single ZnO nanohelix; b, c) TEM images of
Zn0-SiC core-shell nanohelices; d—f) TEM images of SiC hollow
nanohelices.

ZnO nanohelices with average diameters of ~10 nm. Fig-
ure 7b and c shows two ZnO-SiC core-shell nanohelices
after coating with SiC. After etching away the ZnO cores
using HCI solution, SiC tubular nanohelices were produced
(Figure 7 d—f).

In summary, we have demonstrated a general technique
for fabricating hollow nanostructures of desired shapes.
One, two, and three-dimensional complex-shaped ZnO
nanostructures have been replicated by SiC shells via
PECVD at rather low temperatures. After dissolving the
templates, shape-defined, rigid, robust, and high-quality
SiC-shelled nanostructures were fabricated. This is one of
the most effective techniques for producing hollow nano-
structures. The SiC-shell nanostructures could have poten-
tial applications as space-confined nanoreactors, catalysts,
nanofluidic channels, and in drug delivery.

Experimental Section

Synthesis of ZnO nanobelts: Commercial ZnO (2.0 g) was
loaded as the source material into an alumina boat positioned
at the center of the alumina tube furnace, where the tempera-
ture, pressure, and evaporation time were controlled. The tube
furnace was heated to 1375°C at a rate of 50°Cmin~" and held
at the peak temperature for 2 h under a constant pressure of
75 Torr and an Ar flow rate of 50 sccm (standard cubic centime-
ters per minute). Finally, ZnO nanobelts were grown on the alu-
mina substrates placed at the downstream end of the alumina
tube, where the deposition temperature was around 600 °C.

Synthesis of tin-catalyzed ZnO nanowires:"**" A mixture of
commercial ZnO, Sn0O,, and graphite powders in a ratio of Zn/
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Sn/C 2:1:1 was placed as the source material in an alumina
boat positioned at the center of the alumina tube furnace. The
furnace was then heated to ~1150°C for 60 min under a con-
stant pressure of 200 mbar (1 mbar = 0.75 Torr) and an Ar flow
rate of 20 sccm. The tin-catalyzed ZnO nanowires were deposited
onto alumina substrates located in a temperature range of 550—
600 °C.

Synthesis of ZnO nanocombs:1"% Commercial ZnO powder
was loaded as the source material into an alumina boat and
placed at the center of the tube furnace. The furnace was then
heated to 1400-1450°C with an Ar carrier gas flow rate of
50 sccm and a pressure of 200-250 mbar. With constant pres-
sure and gas flow rate, the evaporation process was maintained
for 100-150 min. The ZnO nanocombs were then collected
within a temperature range of 600-800 °C.

Synthesis of ZnO nanojunctions:**? Commercial ZnO and
Sn0, powders with a 1:1 weight ratio (5 g in total) were carefully
mixed by grinding the powders for 15 min; the mixture was then
loaded as the source material into an alumina boat and placed
at the center of the tube. After evacuating the tube to 2x
1072 Torr, thermal evaporation was conducted at 1300°C for
60 min under a pressure of 300-400 Torr and an Ar carrier gas
flow rate of 50 sccm. The ZnO nanojunctions were grown within
a temperature range of 700-800°C.

Synthesis of ZnO nanohelices:*® A mixture of source materi-
als consisting of powdered ZnO (0.6 g), Li,CO5 (0.3 g), and Ga,0,
(0.1 g) was placed at the center of an alumina tube inserted into
a horizontal tube furnace. The tube furnace was then heated to
1000°C at a rate of 30°Cmin~" and held at the peak tempera-
ture for 2 h with the chamber pressure kept at 200 Torr and with
an Ar flux of approximately 25 sccm. Finally, the ZnO nanoheli-
ces were grown on the silicon substrates placed at the down-
stream end of the alumina tube where the deposition tempera-
ture was 250-350°C.

Synthesis of ZnO-SiC core—shell nanostructures and SiC
tubelike nanostructures: The ZnO-SiC core-shell nanostructures
were prepared via PECVD. The alumina substrates containing the
Zn0O nanostructures were placed in the PECVD chamber, pre-
pumped to 10 mTorr. SiH, (5% in He) and CH, gases were then
introduced as precursors into the chamber with flow rates of
300 and 100 sccm, respectively. The PECVD was then run at a
power of 50 W for 10 min during which the precursors were con-
verted into a plasma state under the radio frequency (RF) operat-
ing voltage. Silicon ions reacted with those of carbon to form
SiC, which was deposited on the surface of the ZnO nanostruc-
tures at a temperature of 250-300°C. Finally, ZnO-SiC core—
shell nanostructures were formed and the color of the nanostruc-
tures on the alumina substrates turned from white to pale
yellow.

Synthesis of SiC tubelike nanostructures: SiC nanotubes
were obtained by removal of the ZnO core in a dilute HCl solu-
tion. In this process, the core—shell nanostructures were firstly
dispersed in ethanol, and then diluted HCl solution (0.2 molL™)
was added to the ethanol solution. The reaction was allowed to
proceed at room temperature. After ~2 min, the solution turned
transparent.

Structure characterization: The morphologies of the ZnO
nanostructures were characterized by SEM (Leo 1530). The ZnO-
SiC core-shell nanostructures and SiC-shell nanostructures were

small 2006, 2, No. 11, 1344 — 1347

small

characterized by TEM (Hitachi 2000 and JEOL 100C). The chemi-
cal composition of the ZnO-SiC core-shell nanostructure was
analyzed by the EDX equipment on the Hitachi TEM.

Keywords:
core—shell materials - nanostructures - silicon carbide -
templates - zinc oxide
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