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Since silica nanotubes have been first reported

SYNTHESIS AND CHARACTERIZATION OF SIO; AND SiC MICRO/NANOSTRUCTURES

SYNTEZA I CHARAKTERYSTYKA MIKRO/NANOSTRUKTUR SiO, I SiC

Silica-based nanowires, straight nanorods, straight Y-shaped silica nanorods, fiower-like microstructures, and SiC/SiO,
core-shell coaxial nanocables have been generated through a simple thermal evaporation method. The synthesized samples
were characterized by means of scanning electron microscopy, transmission electron microscopy, high resolution transmission
electron microscopy, energy dispersive X-ray spectroscopy, and Raman spectrum. Generated silica nanowires with a diameter of
about 100nm and length of up to several tens of micrometers, straight silica nanorods and Y-shaped nanorods with a diameter
about 50-200nm, and novel flower-like silica microstructures all are amorphous and consist only of silicon oxide, and have a
neat smooth surface. Generated SiC/SiO, core-shell coaxial nanocables have a crystalline core and a surrounding amorphous
layer. The results show that the present method should be possible to synthesis various micro/nanostructures under appropriate
experimental conditions. These nanostructures may find applications as building blocks in nanomechanical or nanoelectronic
devices.
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Nanodruty na podiozu SiO,, proste (straight) nanoprety, krzemionkowe nanoprety w ksztafcie litery Y, mikrostruktu-
ry kwiatowe, SiC/SiO2 rdzeniowo-powlokowe kable koncentryczne zostaly wytworzone przy zastosowaniu prostej metody
odparowania cieplnego. Poddane syntezie pr6bki scharakteryzowano przy pomocy skaningowej mikroskopii elektronowej,
transmisyjnej mikroskopii elektonowej, wysoko rozdzielczej transmisyjnej mikroskopii elekironowej, rentgenospektroskopii z
dyspresja energii widma oraz widmaRaman’a. Wytworzone krzemionkowe mikrodruty o §rednicy okoto 100nm oraz diugosci
dochodzacej do kilkudziesigciu mikrometyr6w, proste (straight) krzeminokowe nanoprety oraz nanoprety w ksztalcie litery
Y o Srednicy okofo 50-200nm jak réwniez krzemionkowe mikrostruktury kwiatowe sa wszystkie amorficzne i skiadaja si¢
jedynie z tlenku krzemowego wykazujac uporzadkowans, gtadkg powierzchnig. Wytworzone SiC/SiO, rdzeniowo-powlokowe
kable koncentryczne posiadajg rdzer krystaliczny oraz otaczaja go warstwa amorficzng. Wyniki wykazuja, ze metoda o ktérej
mowa moze by¢ zastosowana do syntezy réznych mikro/nanostruktur przy zachowaniu odpowiednich reziméw eksperymental-
nych. Nanostruktury, o ktérych mowa, mogg znalez¢ zastosowanie jako bloki konstrukcyjne w urzadzeniach mechanicznych i
nanoelektrycznych.

1. Introduction the one-dimensional nanomaterials family, silica-based
nanomaterials have been actively studied for a long time.

Silica-based nanomaterials with various microstructures

by Nakamura in 1995 [1], there has been an in-
creasing interest to the synthesis of various quasi
one-dimensional nanosized materials such as nanotubes,
nanowires, nanorods etc.. These one-dimensional nano-
materials show some novel physical and chemical prop-
erties due to their peculiar structure and size effect, and
they are one of the most promising elements for the fabri-
cation of nanoelectronic devices [2, 3] and integrated op-
tical device [4]. Among them, as an important member in
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have been synthesized utilizing a variety of methods,
such as, laser ablation [5, 6], chemical vapor deposition
(CVD) [7], discharge [8], vapor-liquid-solid (VLS) [9],
vapor-solid (VS) [10], and sol-gel [11] methods. Most
previous methods required a vacuum environment and
metal catalysis to grow silica-based nanomaterials. We
have synthesized silica-based micro/nanostructures using
a simple direct thermal evaporation method in ambient
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atmosphere. The products were directly deposited on the
substrate.

In this paper, we report the direct synthesis of
large-scale various silica-based micro/nanostructures by
using a sample thermal evaporation method. Com-
pared with the reported synthetic methods for various
silica-based micro/nanostructures, the fabrication tech-
nique used in this work possesses the virtues including
simplicity, low cost, absence of catalyst and template.

2. Experimental procedures

Silica-based nanowires, straight nanorods, straight
Y-shaped silica nanorods, flower-like microstructures,
and SiC/SiO, core-shell coaxial nanocables were pre-
pared in a horizontal electronic resistance tube furnace
with a gas supply and a control system. Fig. 1 shows a
schematic diagram of the experimental setup employed
during the course of the present work. A p-type Si (111)
plate (9x2.5x0.05 cm?) or quartz (9x2.5x0.1 cm?®) plate
was used as substrate for the growth of the silica-based
nanostructures. The plate was ultrasonically washed in
acetone for several minutes to clean the surface of wafer,
and then rinsed with deionized water. Then appropriately
chosen mixtures at a proper weight ratio was placed in
a ceramic boat that covered with cleaned substrate, and
then the boat was transferred into the centre of a ce-
ramic tube mounted in the horizontal tube furnace with
diameter 4.5 cm.

Heater

Products

= | Ceramic Tube

Carried Gas| Vi
i epusic T

Substrate—/ Raw Mixture \— Ceramic Boat

Fig. 1. A schematic diagram of the experimental setup

To prepare the silica nanowires, straight sil-
ica nanorods, straight Y-shaped silica nanorods,
and flower-like silica microstructures, a SiO,/carbon
nanofibers (Here, silica powder and carbon nanofibers
are synthesized by combustion and CVD method in
our laboratory, respectively) or Si(99.00%, Shanghai
Chemical Co.)/Si0(99.00%, Beijing Chemical Reagents
Co.)/active cabon(Analytically pure, Beijing Chemical
Reagents Co.) mixture as starting materials is used at
typical central region operating temperatures. The coax-
ial SiC/SiO, core-shell coaxial nanocables are prepared
using SiOf/active carbon mixture as starting materials.
Fig.1

As the starting material mixture vaporizes, the tube
furnace was purged with N, gas for 30 min to eliminate
air in the furnace. Under the ambient pressure and a
constant flow of the mixture gas 3% H,/Ar and N, were
introduced into the tube, the furnace temperature was
heated to desired temperature and held for 2 h. Then
the furnace was cooled naturally to room temperature
with protection gas. The products were collected on the
surface of substrates, respectively.

The parameters controlled in these experiments, in
addition to starting material composition are:

1. The entrainment gas flow rate which can range from

100 to 200 sccm.

2. The tube furnace central region temperature.
3. The decline ratio of temperature during tube furnace
cooling.

The tube furnace system, including ceramic boat and
insulation, is carefully cleaned with deionized water be-
fore each set of experiments. With a careful balance of
the parameters we have outlined, it is possible to eval-
uate the “sweet zones” for a number of nanostructure
syntheses. As we consider their individual usage, we
will outline the specific experimental conditions for each
micro/nanostructure synthesis.

The morphology of silica-based micro/nanostructures
was examined by scanning electron microscopy (SEM,
JEOL 6500F). Further detailed structural information
of the products was obtained by transmission electron
microscope (TEM) (JEOL-2010), selected-area electron
diffraction (SAED). The chemical composition of the
materials under study was determined by energy disper-
sive X-ray spectroscopy (EDS).The specimens for TEM
analysis were prepared by dispersing the samples in
ethanol followed by sonication for 10 min. A few drops
of the suspension were dropped onto a copper microgrid
covered with a holey carbon thin film. The structure
of the resulting products was characterized by using
a M21XVHF2Z (Mac Science Co. Ltd) X-ray diffrac-
tometer with Cu Ka radiation at room temperature. The
Raman spectrum was measured with a Rainshaw optical
confocal Raman spectrometer at room temperature. The
514 nm line of an Ar* laser was used as the excitation
source.

3. Synthesis and characterization of SiO, and SiC
micro/nanostructures

3.1. Silica nanowires

Silica nanowires have been synthesized by ther-
mal evaporation of mixed powders of silica and car-
bon nanofibers and condensation on quartz substrate.
The raw material was a mixture of silica and carbon



nanofibers powders at a weight ratio of 2:1. The fur-
nace temperature was heated to 1200° and held for 2 h
under the ambient pressure and a constant flow of the
mixture gas 3% H,/Ar (50sccm) and N> (50sccm) were
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introduced into the tube. After furnace was cooled down
to about 700° at 10°/min, and then cooled naturally to
room temperature with carried gas.

Fig. 2. (a) Side view SEM image of silica nanowires; (b) Up-down SEM image of silica nanowires and the inset is corresponding EDS; (c)
TEM image of silica nanowires and the inset is corresponding SAED; (d) HRTEM image of (c)

Fig.2 is the SEM and TEM images of silica
nanowires obtained on quartz substrate. The side view
image of silica nanowires (Fig. 2a) shows that silica
nanowires are curved. The inset of Fig.2a is the close
view image of the black pane area marked in Fig.2a.
The Fig.2b is a up-down SEM image of silica nanowires,
which indicates that silica nanowires have lengths of
about 10um and diameters of about 100nm. The EDS
(attached to the SEM) spectrum in the inset of Fig.2b
displays that nanowires are composed of Si and O. Low
magnification transmission electron microscopy (Fig. 2c)
shows these the silica nanowires have a diameter of
about 100nm neat smooth surface. The corresponding
selected area diffraction pattern (inset in Fig.2c) with

only diffusive rings (without diffraction spots) reveals
the amorphous nature of the silica nanowires. Fig. 2d is
the HRTEM image of the white rectangular area marked
in Fig. 2c, revealing that no fringes exist in the silica
nanowires.

3.2. Straight silica nanorods and straight Y-shaped
silica nanorods

The straight silica nanorods and straight Y-shaped
silica nanorods have been synthesized by thermal evap-
oration method and condensation on Si substrate. We
used 1300° instead of 1200° as synthesis temperature
in the experimental process, with the other experimental
parameters being identical, respectively.
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Fig. 3. (a) Schematic diagram depicting different growth zones; (b) SEM image of silica nanorods grown on the zone I in (a); (c) SEM
image of silica nanorods grown on the zone II in (a); (d) SEM image of silica nanorods grown on the zone III in (a)

Fig.3 is the SEM images of silica nanorods grown
on Si substrate. However, it is amazed at the different
morphology of silica nanorods are found on the Si sub-
strate. Fig.3a shows schematically different growth zones
of the silica nanorods on the Si substrate. From Fig.3b, it
clearly shows some silica nanoparticles have deposited
on the zone I (Fig.3a light zone) and some nuclei of
silica nanorods have also formed. Fig.3c shows a few of
silica nanorodsare synthesized on the zone II (Fig. 3a
grey zones), and Fig.3d shows a large amount of silica
nanorods are synthesized on the zone III (Fig.3a black
zone). The EDS spectrums (insets of Fig.3b, ¢ and d) all
show the products grown on different zones consisting of
elements Si and O with an atomic ratio about 1:2. Well
then what leads to the formation of the phenomenon
here?

Although the detailed mechanism for the formation
of different morphologies of silica nanorods structures
is not well understood, we still believe that the different
local concentrations of the SiO, may be responsible for
the different morphologies of rods structures. A possi-
ble explanation is depicted as follows: when the furnace
is heated to high temperature, the growth temperature
is high enough to produce vapor SiO; in the ceramic
boat. As the process proceeds, a continuous accumula-
tion of the vapor SiO, in the ceramic boat leads to a
continuous increase of vapor pressure and vapor con-
centration of SiO,. However, their concentrations would
increase gradually with the increasing distance from the
centre position of growth substrate. These vapors SiO,
will diffuse along in all directions at the growth zone
III (black arrows in Fig. 3a), where is the joint between

substrate and boat. So the concentration gradient of SiO,
is formed and distributed along the radial in the ceramic
boat. At the deposition area near the Zone IIl, the con-
centration of the SiO, is relatively high, and the silica
nanorods would grow fast and long. The presence of a
large amount of straight nanorods should be attributed
to the strong limiting effect of the high SiO, concentra-
tion to the silica nanostructures surface (see Fig.3d). If
the SiO, concentration was reduced a little (zone II), a
small quantity of silica nanorods are synthesized on the
growth substrate. In the mean time, the second nucle-
ation perhaps could not achieve and finally only leaving
the straight silica nanorods (see Fig.3c). If the SiO; con-
centration reduced more (zone I), few silica nanorods are
achieved and only leaving the nuclei of silica nanorods
(see Fig.3b).

The straight Y-shaped silica nanorods have also been
found on the growth zone III of Si substrate (Fig.3a
black zone). It can be clearly seen that the as-synthesized
products consists of many Y-shaped silica nanorods
with straight branches (Fig. 4a). Some silicon oxide
nanorods branched several times to form multiple Y
junctions, which still keep their branches straight. Fig. 4b
is the close view image of the white pane area marked
in Fig.4a, which shows that a straight Y-shaped silica
nanorods with neat smooth surface and uniform branch-
es of about 180 nm in diameter. The angles between
the three branches in sample have been measured on 10
different Y-shaped silica nanorods from SEM images.
As a result, the angles are close to 120°. All the Y junc-
tions have very similar shape regardless of their different
diameters.
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Fig. 4. (a) SEM image of straight Y-shaped silica nanorods; (b) Closer view showing Y-shape nanostructures in (a); (c) TEM images of
straight Y-shaped silica nanorods, the top right inset is the corresponding EDS spectrum, and the bottom right inset is corresponding SAED

pattern; (d) A double Y-shape nanostructures

Fig.4c is typical TEM image of a straight Y-shaped
silica nanorod, which indicates that rod has neat smooth
surfaces with diameter of about 100nm. The top right in-
set of Fig.4c is the corresponding EDS spectrum displays
that Y-shaped silica nanorods consisting of elements Si
and O with an atomic ratio about 1:2. The Cu peaks
come from the TEM grid. The bottom right inset of
Fig.4c is selected-area electron diffraction (SAED) pat-
tern from white pane area marked in one branches with
only diffusive rings (without diffraction spots), revealing
the amorphous nature of the silicon oxide nanorods. Fig-
ure 4d shows a double straight Y junction with short and
long branches. All branches have the same diameters in
the double Y-shaped structures, in agreement with SEM
observations.

For the formation of straight Y-shaped silica
nanorods, the detailed description as follows: At the de-
position area near the Zone III, the concentration of the
SiO, is the highest above the Si substrate, which re-
sults in the formation of a large amount of straight silica
nanorods. At the same time, the high concentration sili-
con oxide would provide a second nucleation on the side
surface (indicated by arrow in Fig.4d) or top (indicated
by arrowhead in Fig.4d) of a developed rod. As a result,
the growth process of silicon oxide nanorods could be
altered, forming the split of the surface of rod. At last,
the straight Y-shaped silica nanorods would be formed
by depositing silicon oxide continuously.

3.3. Flower-like silica microstructures

Flower-like silica microstructures have been synthe-
sized by thermal evaporation at 1050° and condensation

on quartz substrate. The raw material was a mixture of
Si/SiO/active carbon powders at a weight ratio of 6:3:4,
with the other experimental parameters being identical,
respectively.

A low-magnification SEM image (Fig. 5a) shows
that the flower-like silica microstructures grown on the
quartz substrate, which shows that the flower-like mi-
crostructures are made up of many microwires. All the
microwires have cone-shaped tips at their ends. In ad-
dition, these wires are rooted in one center and have a
length of several micrometers, and the diameter of mi-
crowires decrease along with the growth of microwires
increase. Fig. 5b is the closer view image in Fig. 5a,
which shows that the surface of nanowires is neat and
smooth. The EDS (inset in Fig. 5B) indicates these wires
consist of elements Si and O with an atomic ratio about
1:2.

The morphology and structure of flower-like silica
microstructures have been characterized in further de-
tail using TEM and selected area electron diffraction
(SAED). Some short wires with length of about several
pum are shown in Fig. 5c. They may be broken from
a whole flower-like silica microstructure because of the
ultrasonic vibrations. The inset of Fig. 5c¢ is selected-area
electron diffraction (SAED) pattern from white rotundity
area marked in Fig. 5c with only diffusive rings (without
diffraction spots), revealing the amorphous nature of the
silica microwires. Fig. 5d is the HRTEM image of the
white pane area marked in Fig. Sc, revealing that no
fringes exist in the silica microwires.
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Fig. 5. (a) SEM image of flowerlike silica microstructures grown on the quartz substrate; (b) Closer view showing flower-like silica
microstructures in (a) and the inset is the corresponding EDS spectrum; (¢) TEM image of silica microstructures (broken from the flower-like
microstructures) and the inset is the corresponding SAED pattern; (d) HRTEM image of (c)

For the formation of flower-like silica microstruc-
tures, it could be considered that it via both of VS pro-
cess and the OAG [12] process. In the initial stage, a
large amount of silica particles have deposited on the
surface of the substrate and some nuclei of silica mi-
crowires have also formed, which is described as the VS
process. Then, the newly formed silica will stack on the
silicon oxide nuclei, forming silica microwires on the
substrate, which is described as the OAG process. In the
mean time, a lot of silica wires grow and aggregate in
one center. As a result, flower-like microstructures are
formed. At last, the novel flower-like silica microstruc-
tures would be formed by growing continuously silica
microwires in one centre.
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3.4. SiC/SiO, core-shell coaxial nanocables

SiC/SiO, core-shell coaxial nanocables have been
synthesized through thermal evaporation method and
condensation on Si substrate without assistance of any
catalyst. The raw material was a mixture of SiO and
active carbon at a weight ratio of 1:2. The furnace tem-
perature was heated to 1300°C and held for 2 h under
the ambient pressure and a constant flow of the mix-
ture gas 3% Hy/Ar (100 sccm) and N, (100 sccm) were
introduced into the tube, with the other experimental
parameters being identical, respectively.
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Fig. 6. (a) Side view SEM image of silica nanowires; (b) Up-down SEM image of silica nanowires and the inset is corresponding EDS; (c)
TEM image of silica nanowires and the inset is corresponding SAED; (d) HRTEM image of (c)

The products grown on the Si substrate were
checked using XRD and the result is shown in Fig. 6a.
The main strong diffraction peaks can be indexed to the
zinc-blende structure, which indicates the crystalline SiC
core have a B-SiC structure (JCPSD file: 29-1129). A

small peak marked SF, corresponding to stacking faults,
is also shown in the spectrum [13]. The stronger inten-
sities of B-SiC diffraction peaks (relative to the back-
ground amorphous) indicate that the resulting products
were well-crystallized 8-SiC. In addition, XRD pattern



of the synthesized SiC/SiO, nanocables also shows no
difference except broad diffraction peak compared to SiC
nanowires, which maybe the result of the effect of nano-
size and surface states. Si diffraction peaks in the pattern
come from the Si substrate.

Raman spectra of the SiC/SiO, core-shell coaxial
nanocables (Fig. 6b) were obtained at room tempera-
ture with an excitation wavelength of 514 nm (Ar* ion
laser). Two peaks (around 794 and 947 cm™') are ob-
served. These correspond to the transverse optical (TO)
mode and longitudinal optical (LO) mode phonons of
cubic SiC, and confirm the presence of crystalline 8-SiC
nanostructures [14]. Both peaks have redshifts with re-
spect to the TO and LO photomodes of bulk B-SiC,
respectively, which could either be ascribed to quantum
confinement effects or the stacking faults and inner stress
during the growth [15].

Low magnification TEM image (Fig.7a) shows that
there were straight wire-like structures, all with uniform
diameters. The EDS spectrum in the inset displays that
the nanowires are composed of Si, C and O. The Cu
peaks come from the TEM grid. With increasing mag-
nification (the black pane area marked in Fig. 7a), we
observe that the nanowires are in fact of a clear coaxi-
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al core-shell cable nanostructure (as shown in Fig. 7b).
These nanocables have a crystalline core and a surround-
ing amorphous layer. The outer amorphous SiO, sheath
usually has a uniform thickness, dependent of the core
diameter. And according the observation of TEM im-
ages, we speculate that the thickness of outer amorphous
SiO, sheath is in direct ration to the diameter of core.
It also indicates step-like streaked lines, which suggest
that the SiC core possess a high density of planar defects
and stacking faults. We believe that these planar defects
occur during the growth process due to thermal stress
[16]. The corresponding selected area diffraction pattern
(Fig. 7c) from black rotundity area marked in Fig. 7b in-
dicates that the crystalline core is S-phase SiC, with the
< 110 > axis parallel to the electron beam. Diffraction
spots from {111} planes were labeled, with T represent-
ing twinning planes. Form the HRTEM image (Fig. 7d)
from the black rectangular area marked in Fig. 7b, we
can see the typical < 110 > projection of a face-centered
cubic structure with (111) plane spacing of about 0.25
nm, suggesting that the axes of the SiC core lie along
the [111] direction. The structure shown here is similar
to that of a coaxial cable conventionally used in signal
transmission, so we call it a coaxial nanocable [17].

20nm
A

Fig. 7. (a) TEM image of SiC/SiO, core-shell coaxial nanocables and the inset is EDS spectrum of individual nanocable. (b} Magnified
image in (a) shows a crystalline core and an amorphous layer. (c) The corresponding SAED pattern taken from black rotundity area marked
in (b). (d) High-resolution image of the nanocable taken from the black rectangular area marked in (b)

The formation of SiC/SiO; core-shell coaxial
nanocables through a reaction [17]:

C (solid or vapor) + SiO (gas) — SiC (solid) + SiO,
(solid)
the whole growth process may be dominated by a double

vapor-solid process. The first VS step is the growth of
crystalline SiC core, this procedure occurs during the
calefactive and holding stage. The second VS step is
the deposition of SiC and SiO, on the surface of the
as-grown SiC core; this procedure takes place in the
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cooling stage at temperatures below 900°. SiO, and SiC
deposit onto the surface of the grown-up SiC core, by
reason of the difference of density and the good fluidity
of SiO, at this temperature, these two materials can be
separated easily during growth and thus form SiC/SiO-
core-shell coaxial nanocables in the end.

4. Conclusion

Silica-based nanowires, straight nanorods, straight
Y-shaped silica nanorods, flower-like microstructures,
and SiC/SiO; core-shell coaxial nanocables have been
synthesized through using simple thermal evaporation
method. Investigation results that the formation of silica
nanowires, straight nanorods, and straight Y-shaped sili-
ca nanorods all are via a simple VS process, flower-like
silica microstructures is via both of VS process and
the OAG process, and SiC/SiO; core-shell coaxial
nanocables is via a double vapor-solid process. Such
silica-based micro/nanostructures may have wide ranges
of applications in nanoelectronics, nanomechanics, rein-
forced composite materials, or nanosensors.
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