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This article describes for the first time the direct observation of the nucleation and growth process of closely
packed silica nanowires via a vapdiquid—solid (VLS) mechanism by using tin (Sn) as a catalyst. Initially,

Sn particles formed alloy liquids, followed by the nucleation of short silica nanowires, and closely packed
silica nanowires finally formed. Interestingly, our results indicated that Sn has different catalytic behavior for
nanowire growth than commonly used metal catalysts such as Au and Fe. The structural features associated
with different growth stages were monitored by SEM, TEM, EDX, and XPS analysis. A possible mechanism
for the formation of closely packed silica nanowires is proposed.

1. Introduction that nanowires have alloy droplets on their tips. Hence, more

In recent years, 1D nanomaterials have attracted muchdetailed and systematic experimental investigations are required.
attention because of their fundamental importance to the study Herein, we have systematically investigated the growth
of size- and dimensionality-dependent chemical and physical process of closely packed silica nanowires catalyzed by Sn. On
properties and their great potential for nanoscale electronics andthe basis of our results, three well-defined stages have been
opotoelectronicd2? Silicon oxide (SiQ), as an important clearly identified during the process: the growth of Sn particles
candidate for photoluminescence (PL) materials, has beenand metal alloying, the nucleation of short silica nanowires, and

actively studied for a long time. The PL band of bulk Si@ the growth of closely packed silica nanowires.
Si0; films has a peak around £9.3 eV34 SiO, nanowires
have been prepared by several methodsYu et al® have 2. Experimental Section

synthesized Si@nanowires using an excimer laser ablation
method and have investigated their intense blue-light emission.
Other methods such as sajel® carbothermal reductiohand
chemical vapor deposition (CVBhave also been applied to
the synthesis of SiPnanowires.

It is of interest that silicon oxide may form some novel
morphologies such as silica “nanoflowefs! radial patterns
of carbonated silica fibers;'? silica nanowire “bundles” and
“nanobrush” arrays and silica nanotuBésand treelike and
tadpolelike SiQnanostructure¥! Very recently, Liu et al> have
synthesized ultralong and highly oriented silicon oxide nanow-
ires via Ga as a catalyst; Pan and co-workers push the
conventional VLS mechanism to a new range by using molten
gallium as a catalyst to grow highly aligned silica nanowifes.
Recently, we generated large quantities of closely packed silica
nanowire bunches by using tin (Sn) powder as a catalyst and
silicon wafers as a source material via the extended VLS
mechanism proposed by Pan ef@llhe growth mechanism
could also give an important clue to the improvement in the
quality of the grown nanowires. Direct evidence for the extended
VLS mechanism, however, is still lacking except for the fact

The synthesis of silica nanostructures was carried out in a
high-temperature tube furnace. Briefly, an alumina tube was
placed horizontally inside the tube furnace. An alumina boat
loaded with pure Sn powder (99.9 wt %, 0.1 g) was placed in
the center of the alumina tube, and several pretreated Si wafers
were placed one by one on a long alumina plate, which was
placed next to the alumina boat at the downstream end of the
tube. Before heating, the tube was evacuated by a mechanical
rotary pump to a base pressure 0k51072 Torr. High-purity
argon (99.99%, bD < 20 ppm, Q < 20 ppm) was then used
to clean away the impurity gas absorbed in the Si wafers,
alumina boat and plate, and tube wall. High-purity argon was
kept flowing through the tube during the experiment at a rate
of 100 sccm (standard cubic centimeters per minute), and the
flow pressure in the alumina tube was kept at about 1 atm. Then,
the furnace was heated to 98 quickly. A series of
experiments were performed with different heating-time dura-
tions of 5, 15, 30, 45, 60, and 120 min, and other parameters
were kept the same.

After the experiments, the as-synthesized products were
characterized by scanning electron microscopy (SEM, JEOL
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Figure 2. (a) SEM image after 30 min of heating; nanowires nucleate
and start to grow out from the balls. (b) SEM image after 45 min of
heating; nanowires continue to grow, and the balls grow larger.

Figure 1. SEM images of a Si wafer. (a) After 5 min of heating. (b)
After 15 min of heating, the Si wafer is covered with nanosized uniform
particles.

analyzer energy (CAE) mode at 20 eV. MgtKhy = 1253.6

eV) radiation was employed as the excitation source with an
anode voltage of 12 kV and an emission current of 20 mA. For
SEM observations, the product was presputtered with a conduct-
ing layer of noble Pt metal and then together with the Si wafer
was directly transferred into the SEM chamber. Specimens for
TEM investigations were briefly ultrasonicated in ethanol, and
then a drop of suspension was placed on a holey carbon copper
grid.

3. Results and Discussion

Figures -4 show a sequence of SEM images during the
growth process of closely packed silica nanowires. These
observations of the nanowires’ growth directly mirror the
proposed VLS mechanism in Figure 6. In general, three stages
could be clearly identified.

3.1. Initial Stage (=15 min): Growth of Sn Nanoparticles
and Alloying Process (Figure 1a and b)Figure 1a shows that
after heating at 980C for 5 min, there has been no significant
change in the Si wafer; however, Sn nanoclusters, generated
from the thermal evaporation of Sn powder, have started to _ ) ) )
deposit onto the surface of silicon wafers to grow into small F9ure 3. SEM images taken after 60 min of heating. (a) Low-
liquid Sn droplets. With increasing amounts of Si vapor magqlflcatlon image revgals the cherrylike structure of.the products.

qu P g, . p (b) High-magnification view shows that several nanowires grow out
generated from the thermal evaporation of Si wafers followed from the lower surface of the spheroid and that several nanoparticles
by condensation and dissolution, Si and Sn then form alloy appear on the surface of the spheroid, indicating the initiating nucleation.
droplets!” which can be adjudged from EDS analysis. The

diameters of alloy droplets increase with the reaction time from the vapor. After 15 min, the diameters of the alloy droplets
through continuously accepting the incoming Sn and Si speciesare in the range of 75 to 150 nm (as shown in Figure 1b).
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Figure 4. SEMimages after 120 min of heating. (a) Low-magnificatiqn Binding energy(ev)
image shows a large quantity of the closely packed oriented nanowires.
(b) High-magnification of the novel structures of oriented silica 00 S 1026
nanowires. 4500
3.2. Second Stage (545 min): Nucleation (Figure 2a 40001
and b). As the heating process continues, shortSi@nowires . 3500t
will form. As shown in Figure 2a (after 30 min of heating), the g
nucleation seems to initiate from the lower surface of the alloy = 3000
particles (i.e., at the tip of most of the short nanowires;-50 § 2500]
100 nm in diameter); round balls with diameters that are 1.5t0 =
2 times that of the connected nanowire are observed. This 2000
corresponds to the morphology of VLS-grown nanowires, 1500F
suggesting that the growth of the nanowires is likely governed 1000—s ) ) ) ) ) )
by the VLS mechanisri Also, a few of the nanowires are 96 98 100 102 104 106 108 110
capped with balls with a diameter that is 10 times larger than Binding energy(ev)

the diameter of the nanowires. Figure 2b is a top SEM image Figure 5. (a) TEM image of the as-synthesized nanowires, and the
after 45 min of heating; it can be seen that the balls grow larger, highly dispersed SAED ring pattern (inset) showing that the nanowires
with diameters in the range of 1 toz6n. are amorphous. XPS spectra of the silica nanowires. (b) O 1s binding-
3.3. Final Stage (45120 min): Growth of Nanowires energy spectrum. (¢) Si 2p binding-energy spectrum.
(Figure 3a and b, Figure 4a and b).Extending the heating a1
L . Sn oy
time elongated the nanowires and enlarged the balls connectec . liquid
. . . . T particles q
with the nanowires. Figure 3 shows the SEM images at a heating
time of 60 min. A typical low SEM image (Figure 3a) shows
an intermediate stage in the nanowires’ growth. In fact, each
ball attaches to many nanowires that grow out perpendicularly
from the surface of the ball’s lower hemisphere. That means

vapor vapor
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that each ball can simultaneously catalyze the growth of many Figure 6. Proposed model for the growth of oriented silica nanowires

including three stages of (l) the growth of Sn nanoparticles and the

nanowires; this phenomenon is similar to that observed by I:)analloying process, (I) nucleation, and (lll) the growth of nanowires.

et all8in their Ga-catalyzed Sighanofibers. A closer inspection
(Figure 3b) reveals that some nanowires grow out from the oriented nanowires with diameters of 26800 nm and lengths
surface of the ball, with many nanoparticles appearing on the of 50—100 um. EDS analysis taken from the ball reveals the
surface of the ball, and splitting growth can also be observed. presence of Sn, Si, and O. However, quantitative EDS analyses
Finally, well-developed oriented closely packed silica nanowires of the nanowires show that the nanowires have a composition
are produced after 120 min of heating (Figure 4a). A representa-close to SiQ. DES analysis further supports the VLS growth
tive high-magnification SEM image (Figure 4b) reveals the process of silica nanowires.

novel structures of the product. Each novel structure terminates The morphology and structure of the nanowires have been
at its top end in a large spherical ball with a diameter comparable characterized in further detail using TEM. The nanowires (Figure
to that of the connected tail (Figure 1b). The tail part of the 5a) have smooth surfaces with diameters of about-20D nm,
novel structure is composed of large quantities of closely packedand the split growth of Si©@nanowires occurs, in agreement
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with  SEM observations. A highly dispersed selected-area 5. Conclusions
electron diffraction pattern (inset in Figure 5a) taken from many
nanowires shows that the 52'9“"”0‘”'??5 are amorphous. by heating Si wafers via Sn powder as a catalyst. Direct SEM
Further evidence for the formation of silica nanowires can be observation of the arowth process of silica nanowires reveals
obtained through XPS. The two strong peaks at 531.6 and 102.6 9 P

P S that the growth involves three stages: the growth of Sn
eV as shown in Figure 5b and ¢ correspond to the binding energy . . . i
. o . nanoparticles and the alloying process, the nucleation of silica
of O (1s) and Si (2p) to silica, respectively.

nanowires, and the growth of silica nanowires. The process

appears to involve an extended VLS mechanism, which is

different from the conventional VLS mechanism. Many silicon
The experimental results described in section 3 show the oxide nanoparticles precipitate out of the same one-alloy liquid

different growth stages of oriented silica nanowires by heating simultaneously or subsequently, possibly leading to many

Si wafers to 98C°C for different times via Sn powder as a nanowires growing out of the same ball.

catalyst under flowing Ar gas (100 sccm). Our systematic
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