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In the conventional vapor-liquid-solid (VLS) growth process, the wires or whiskers grown from the
liquid catalyst droplets are always in the solid state. Here, we report the synthesis of a silicon-based
periodic nanowire structure using a periodic volume-changing Sn particle as catalyst. Contrary to the
common VLS process, the nanostructure growth was instead governed by a catalyst head consisting of
a mixture of solid and liquid, and liquid Sn segments periodically appeared in Si nanowires during the
growth process. The liquid Sn segments catalyzed the growth of secondary or branching nanowires from
the primary nanowires. The result reveals clearly that the unusual growth is governed by the dual action
of VLS and oxide-assisted growth (OAG). It further suggests a new pathway to rational design and
synthesis of periodic composite nanostructures by taking advantage of both VLS and OAG processes.

The vapor-liquid-solid (VLS) growth is widely used to
prepare one-dimensional nanostructures.1-10 In this approach,
the material constituting the nanowire vaporizes at a high
temperature and then condenses at a low temperature to form
liquid alloy droplets with a nanoscale metal catalyst particle
(such as Au, Fe, etc.). The liquid droplets serve as the
preferred sites for condensation and dissolution of the
incoming vapor.11-12 Once the absorbed material becomes
supersaturated in the liquid alloy droplets at a given
temperature, it segregates from the droplet to form nuclei.
Further segregation and subsequent axial growth of the nuclei
would lead to the formation of 1-D nanostructures. According
to the typical VLS mechanism, only the solid phase can grow
up from the molten alloy droplet, and once 1-D structures
are formed, their general morphologies are mostly deter-

mined. Continual growth of the 1-D structures invariably
leads to an increase in length and sometimes slight changes
in diameter.13 Oxide-assisted growth (OAG) is another
popular growth process for the synthesis of semiconductor
nanostructures, which has been especially successful for Si
nanowires.14-18 In this process, no metal catalyst is needed
to form the low-temperature alloy droplet. In OAG, the
nanosized oxide tip at the end of the nanostructure plays the
role of metal catalyst because of its low melting point due
to the small size effect.15 Another notable characteristic of
OAG is the amorphous oxide shell, which sheaths the
crystalline core and limits the lateral dimension of the
nanostructure. In the present work, we synthesized a unique
Si-Sn regular 1-D nanostructure through periodically adjust-
ing the concentration of the incoming material in the leading
droplet by repeatedly changing its volume, and we also
explored its growth mechanism. We found that the presence
of a solid spherical ball and liquid segments in the final 1-D
nanostructure cannot be explained by either the VLS or the
OAG process alone. Instead, the growth can be considered
to be a VLS process driven by an oxidation-reduction
reaction, in which the oxide shell together with the surface
tension of the leading alloy droplet causes the liquid phase
to move downward. This finding extends the application of
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the VLS mechanism, provides a rational basis for the growth
of other periodic 1-D nanostructures, and offers a potential
pathway to design novel composite nanomaterials with
metal-semiconductor interfaces.

The morphology of the as-deposited nanostructure is
shown in Figure 1. The wire-like structures have an average
diameter of about 500 nm and a length of hundreds of
micrometers. Nanostructures with branches on the primary
trunks also can be found (inset in Figure 1). X-ray diffraction
(XRD) patterns of the as-synthesized composite nanowires
show that the sample is dominated by a cubic silicon and
body-centered Sn phase (Figure 2). The weak broad peak
centered at 21° in this pattern is attributed to amorphous SiOx.

The sample was further characterized with transmission
electron microscopy (TEM). TEM images in Figure 3A,B
show that each wire is periodically segmented with dark dots
separated roughly 2µm from each other. Branching of the
primary wires can be observed at some dark spots. Figure
3B reveals a wire with a polyhedron ball at its tip, while
one of the dark dots is magnified and is shown in Figure 3C
as site a. From the magnified image, it can be clearly seen
that the wire has a core-shell structure (the diameter of the
core is about 250 nm). The selected-area electron diffraction
(SAED) pattern (inset of Figure 3C) obtained from site b in
Figure 3C shows that the core is crystalline and that the shell
is amorphous. An energy dispersive X-ray (EDX) spectrom-
eter attached to the TEM instrument was used to analyze
the chemical compositions at sites b and a, and the results
are shown in Figure 3D,E, respectively. The EDX spectrum
in Figure 3E indicates that the dark dot a has a high content
of Sn and a little O and Si (atom ratio of Sn/O/Si is about
4:3:2), where the O and Si signals may have come from the
SiOx shell. The EDX spectrum of site b (Figure 3D) shows
only peaks from Si and O (atom ratio of Si/O is 1.5:∼1).
The oxygen signal may have come from the outer shell of
SiOx, while the core is crystalline Si. Thus, the periodic dark
dots in the nanowires are Sn segments, which are expected

to be in a liquid state during the growth process (at about
1000°C) because of the low melting point of Sn (231°C).

The polyhedron balls at the end of the nanowires were
studied with TEM and EDX since the metallic tip of the
wire is considered to be a signature of the VLS process. EDX
spectra obtained from the balls show different atomic
proportions of Si and Sn at different locations. The different
contrast inside the polyhedron ball (Figure 3B,F) suggests
inhomogeneous composition, which may be due to phase
separation of the metal alloy droplet at the end of the
experiment during the temperature ramp down. In addition,
analysis showed that almost all the polyhedrons at the tip
are actually silicon particles with some Sn-rich dots trapped
inside (Figure 3F). EDX results of the particles show that
the total content (by weight) of the high melting point Si is
at least 4 times larger than that of the low melting point Sn.
According to the phase diagram of Si and Sn,19 the saturation
concentration of liquid Si in Sn at the growth temperature
(1000-1100°C) is no more than 2% and even lower at lower
temperatures. Therefore, the high Si concentration content
in the polyhedron indicates that the tip could only be a solid
during the growth process. The question then arises as to
how such a solid particle can incorporate materials and make
the nanostructure grow. We note that growth is a dynamic
process, in which vapors of SiO and Sn continue to evaporate
from the source and condense onto the Sn-Si tips.23-25
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Figure 1. SEM image of as-deposited nanostructure. An enlarged section
of the picture is shown in the upper left corner.

Figure 2. XRD pattern of as-deposited nanostructure.

Figure 3. (A) TEM image of as-deposited nanostructure with a periodical
structure. (B) TEM image of a whisker with a spherical ball on the tip. (C)
Magnified TEM image of the section with a dark dot; the inset shows the
SAED pattern at site b. (D and E) EDX spectra recorded at sites a and b.
(F) TEM image of a typical polyhedron tip. (G) TEM image of the Si/Sn
periodical nanostructure showing nanowire branching from a dark spot.
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During growth, the liquid Sn and solid Si particles intermix
and coalesce into a larger volume. As solid Si is 3 times
lighter than liquid Sn (the densities of liquid Sn and solid Si
are 6.983 and 2.330 kg m-3, respectively), Si nuclei would
float at the upper core of the tip, where tiny nuclei would
disappear and form larger particles. One such Si particle
would break out from the droplet and start the nanowire
growth, while others would form a larger particle floating
on the tip (Figure 4a). The Si dissolved in Sn will continue
to form the Si nanowire following the VLS process. Figure
3F clearly shows the Sn segment that bridges the polyhedron
tip and the wire-like trunk, as well as small Sn dots close to
the SiOx shell. While it is unclear as to what determines the
particle or wire morphology, we suspect that the SiOx shell
would play an important role26 since the wire-like trunk is
almost completely coated by a thick SiOx shell and practically
no oxygen is found in the polyhedron tip.

Although the modified VLS mechanism could account for
the formation of the Si-rich head and the silicon-based
nanowires, it nevertheless cannot explain the formation of
the periodic Sn dots and nanowire branches stemming from
the Sn dots (Figure 3A,G), and further elucidation is needed.
We suggest that the periodic Sn dots are formed due to two
concerted driving forces: (1) surface tension of the liquid
catalyst droplet and (2) the siphoning or capillary effect
arising from the SiOx tube (details to be described later).27-28

Once formed, the Sn segment can act as the catalyst for the
growth of branches from nanowires. On the basis of the VLS
mechanism and TEM and EDX results, we propose a growth
model of the Si-Sn periodic hierarchical structure as follows,
with the main processes shown schematically in Figure 4.

(1) Disproportionation and alloying: the vapors of SiO
and Sn from the high-temperature region (1320°C) condense
at the low-temperature area (1000-1100 °C) and form a

liquid eutectic alloy droplet, and then SiO disproportionates
into Si and SiO2. Si and SiO2 subsequently phase separate,
and SiO2 floats on the surface of the liquid alloy droplet.29

In the beginning of the process, SiOx would form faster, while
Si would dissolve in the liquid Sn. Thus, the tail of the wire
is essentially SiOx as described in the similar system of Ge/
SiOx.32

(2) Anisotropic growth and Si phase migration: as the Si
concentration in the liquid alloy droplet increased, two or
more Si nuclei would separate out from the alloy ball. One
of them would grow into a 1-D nanostructure via the VLS
mechanism, while the others would float to the top of the
liquid alloy droplet and become a regular polyhedron particle
(Figure 4a).

(3) VLS growth: as Sn continually adsorbed into the tip
together with SiO, and nanowire formation continually
decreased the Si concentration, eventually the VLS growth
would stop.31 The surface tension between SiOx and liquid
Sn would continually stack SiOx at the original direction,
while the Si dissolved in the alloy droplet would deposit on
the suspended particles or form the Si nanowire at the same
time. As a result, the Si nanowire would grow slower than
the SiOx tube shell. Therefore, the liquid droplet would be
lifted up by the oxide tube and separated from the trunk,
leading to the formation of a cavity between them (Figure
4b).30

(4) Formation of heterojunction segment: the adsorption
of Sn and SiO would induce the continual growth of the
droplet, which would have the inclination to become smaller
to relax the increased surface energy due to the volume
increase. Thus, there is a driving force to squeeze the liquid
Sn downward (Figure 4c). Simultaneously, due to the lower
pressure in the cavity, the Sn droplet would also experience
a sucking force into the cavity. Similar capillarity-induced
filling of nanotubes by liquid Sn and other materials has been
reported,27,28 and 1-D nanowires growing from the single
catalyst droplet have been observed in both Si and Sn-ZnO
system.23-25 Such cavity formation would be favored by the
wetting of the Sn with SiOx. These effects would occur
periodically and lead to the formation of periodic Sn
segments in the nanostructure.

(5) Reactivation of VLS growth: after Sn flowed into the
nanowire body, the residual liquid in the tip became smaller
and easier to be supersaturated. With more SiO vapor
absorbed into it, another segment of the Si crystal whisker
would begin to grow at the interface of the oxide tube and
the droplet. Additional growth of the Si nucleus would seal
the liquid column that had been sucked into the cavity and
start another growing cycle (Figure 4d). Consequently, this
process would produce the periodic nanostructure, while the
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Figure 4. Proposed growth process of Sn/Si periodical hierarchical
structures.
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frequency of the period would be determined by the rate of
transport of vapors, rate of disproportionation of SiO, and
solubility of Si in liquid Sn.

(6) Formation of branches: if SiO could penetrate the
oxide shell and attach to the liquid Sn segments, the
branching growth of nanowires would be initiated. The
repeated action of such growth would produce a highly
branched composite hierarchical nanostructure of periodic
Sn/Si nanowires (Figure 3F).

Another possible mechanism for the formation of Sn
segments is to consider that Sn dissolved in the solid silicon
wires at the formation temperature (about 1000°C) would
precipitate out upon cooling. However, this mechanism fails
to account for the large weight fraction of Sn in the wire.
According to the phase diagram of Si and Sn, at the growth
temperature, less than 0.1% (by weight) of Sn can dissolve
in the silicon wire. But, the>30% weight fraction of Sn
(estimated from the volume fraction and density of Sn and
Si) in the wires is obviously beyond what the low Sn
solubility can rationalize. On the other hand, we speculate
that the tiny dark dots marked by arrows in Figure 3F may
be attributed to Sn precipitation.

We suggest that the present surface tension-mediated
volume-changing growth model of periodic nanostructures
can similarly explain the formation of other reported
structures, such as Ge-Si-SiOx, Ga-ZnS-SiOx, and In-
Si-SiOx.32-34 The common features among them are the
disproportionation reaction of SiO and the low melting point
component in the source. Actually, these reaction-driven VLS
growths are dictated by both chemical and physical processes.
The chemical process of disproportionation of SiO supplies
Si and SiOx for the growth, while the growth rate is controlled
by the rate of disproportionation of SiO and the solubility
of Si in the low melting metal. At the same time, the physical

process of wetting and volume contraction by surface tension
dictate the morphology of the nanomaterials. By judicial
choice of the chemical and physical processes, and control-
ling the chemical components and growth conditions, we can
expect to design new nanostructures with proper heterojunc-
tions that may lead to new devices and applications.

Experimental Procedures

The Sn/Si periodical hierarchical structures were synthesized
using a high-temperature tube furnace with a gas flow controlling
system. An alumina boat loaded with a mixture of 2.0 g of SiO
(Aldrich, 325 mesh, 99.9%) and 0.5 g of Sn was placed at the center
of an alumina tube (with an outside diameter of 42 mm and a length
of 800 mm). The tube was then mounted inside the furnace. The
temperature inside the alumina tube was measured by a movable
thermocouple. The tube was first pumped to 510-2 mbar and then
heated at a rate of 40°C/min to 1320°C and maintained at this
temperature for 7 h. A mixture of argon (95%) and hydrogen (5%)
continually flowed through the tube at 10 sccm and a pressure of
350 mbar. After 7 h of growth at 1320°C, the system was cooled
to room temperature naturally. A gray product was obtained on
the inner wall of the alumina tube as well as on a silicon wafer
placed 20 cm downstream from the source materials. The temper-
ature at the deposition zone was measured to be 1000-1100 °C
with a thermocouple. We point out that the growth temperature
can dramatically affect the morphology of the products, so that a
different nanostructure was obtained at 750-850 °C, as we
described elsewhere.24 The as-deposited product was studied with
scanning electron microscopy (SEM; Philips XL 30 FEG). The
deposition product was dispersed in ethanol, and a drop of the
dispersion was put on a carbon-coated copper TEM sample grid
for examination by TEM (Philips, CM20, operated at 200 kV).
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