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Growth of silica nanowires in vacuum

V. Gurylev,* C. C. Wang,” Y. C. Chieh® and T. P. Perng**

Silica nanowires were grown on Pt-coated Si substrate in flowing Ar, dynamic vacuum, and
sealed vacuum tubes. The amount of oxygen in reaction chamber or tubes directly influenced
the composition and morphology of nanowires. The formation of nanowires assisted by Pt can
be explained by the VLS mechanism and active oxidation of silicon. In flowing Ar and
dynamic vacuum, the dimensions of nanowires increased with the partial pressure of oxygen.
For nanowires grown in sealed tubes, the nanowires became much shorter which can be
ascribed to limited amount of residual oxygen in the tube. Therefore, the growth of silica
nanowires is determined by a critical concentration of oxygen below which the growth of

nanowires is suspended.

Introduction

In the past several years, silica (SiO,) nanowires have attracted
immense interest due to their excellent electronic and optical
properties.' The ability to produce silica nanowires in a controlled
manner is crucial for the device application. Various approaches,
such as laser ablation,* oxide-assisted growth,’ sol-gel template
method,® carbothermal reduction,” and gas-phase and surface
diffusion growth (including vapor-liquid-solid (VLS), vapor-solid
(VS), and solid-liquid-solid (SLS) processes)® have been explored
to synthesize silica nanowires.

Among these methods, the VLS process has been proved to be
more reliable for localized nucleation of silica nanowires. This
process was first suggested by Wagner and Ellis in 1964, who
observed that micrometer-scale silicon whiskers (wires) could be
grown with decomposition of gaseous precursors (SiH, or SiH,Cl,)
by means of nanosized liquid alloy droplet catalyst which was
initially introduced in the form of metallic thin film or
nanoparticles.” However, the presence of toxic silicon gas source
makes this process unsafe and rather complicated. Instead, it was
recently discovered that amorphous silica nanowires could be
grown by a relatively simple technique based on annealing of
silicon substrate covered with a metal catalyst in inert ambient (e.g.,
N, or Ar) at temperatures close to 1100 °C.'*!> The presence of a
particle on the tip of nanowire was attributed to the VLS
mechanism. It was noticed that the silicon source was supplied by
decomposition/diffusion or evaporation of
the silicon substrate,lz’16 and the presence of SiO, species, as the
dominant vapor phase component, was responsible for the concrete
growth of nanowires.'”® The source of oxygen usually came from
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the decomposition of native oxide, impurities in the gas ambient, or
leakage.?'*

The experimental procedures reported in the literature usually
include the necessary purge of inert gas through the reaction
chamber. It has been reported, except few studies,n24 that the
growth of silica nanowires could not be proceeded by any means in
vacuum, whether dynamic (i.e., with residual gas flow) or sealed
(i.e., without gas flow). Moreover, it has been proclaimed that there
is a critical value of inert gas flow rate below which the growth of
nanowires could not be advanced.'®

The present study will discuss the influence of gas ambient on
the growth of silica nanowires and demonstrate that the nanowires,
despite generally accepted conclusion, can be successfully
produced in vacuum with and without air flow. Furthermore, it will
be evidenced that the growth, composition, and the final
morphology of silica nanowires are dependent on the concentration
of oxygen in the reaction chamber, which can be controlled by the
degree of vacuum. The general theory of growth of silica
nanowires, based on the present experimental results, will also be
discussed in detail.

Experimental

N-type silicon wafer (100) was used as a substrate material for
deposition of Pt nanoparticles (NPs). The substrate was immersed
in a solution of H,SO, and H,0, (ratio 3:1) for 3 min to remove
contaminants. Platinum nanoparticles were deposited on the surface
of silicon substrate by plasma-enhanced atomic layer deposition
(PEALD). The substrate temperature was set at 300 °C, and the
power of plasma source was 100 W. (MeCpPtMe;) was used as a
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precursor for Pt. The lengths of pulse time were 0.1 s for Pt
precursor, 5 s for Oy/Ar plasma, and 5 s for nitrogen flow. The
pressure of Oy/Ar plasma source was held at 1.5/0.5 torr. The
vacuum of chamber was controlled at 10 torr. The total number of
cycle for the PEALD process was 100.

After the deposition of Pt NPs was finished, the silicon substrate
was immediately transferred to a furnace for thermal treatment or
directly sealed in a quartz tube (diameter 2.4 cm, length 6.0 cm)
under vacuum. The thermal treatment in a furnace was carried out
for synthesis of silica nanowires at 1000 °C for 1 h in an argon flow
or in a dynamic vacuum at 10 torr. Additionally, three levels of
vacuum (10'3 torr, 102 torr, and 107! torr) were maintained inside
the sealed quartz tube, and the samples were also subjected to
thermal treatment at 1000 °C for 1h.

Results and discussion

3.1 Thermal treatment in argon

Fig. 1(a) shows the SEM image of silica nanowires grown in
argon atmosphere at 1000 °C for lh. It is clear that the as-
grown nanowires are twisted and interwoven together. The
average diameter of the nanowires is 60-70 nm and the length
is over 100 um. The TEM micrograph in Fig. 2(a) shows the
higher magnification image of the nanowires. There is a
particle on the tip of each nanowire, as also shown in the inset
of Fig. 1(a), which can be attributed to the VLS growth. X-ray
diffraction (XRD) analysis (Fig. 3(a)) reveals amorphous
nature of the nanowires, except the peaks ascribed to PtSi on
the tip of nanowires.

Elemental mapping by energy-dispersive X-ray (EDX)
spectrometry of the silica nanowires grown in Ar was obtained
by scanning transmission electron microscopy (STEM), as
shown in Fig. 4. Different colours indicate the presence of
different elements. It is seen that the nanoparticle on the tip
consists of Pt and Si, and the nanowire is composed of Si and
O. Notice that the oxygen does not spread uniformly, which
indicates that oxidation of silica nanowires in Ar is rather
chaotic and is an uncontrolled process. The presence of mixed
platinum and silicon signals on the tip of the nanowire can be
explained as follows. As the silicon wafer was covered with Pt
nanoparticles, the interdiffusion of Pt and Si during thermal
annealing resulted in formation of PtSi through the
intermediate phase Pt;Si. When the reaction continued to
proceed, it would completely transform to PtSi.>>2

The compositional analysis by EDX (Table 1) confirms
that the nanowires contain oxygen and silicon with a trace
amount of platinum. The growth of nanowires in argon is
determined by the well-defined VLS model, i.e., the formation
of Si vapour is activated through disproportionation and phase
separation of volatile SiO vapour.'”"” The nature of volatile
SiO vapour is still under discussion and mostly speculative.?”
2 However, it is believed that active oxidation, controlled by
the small partial pressure of oxygen in Ar, is responsible for
the growth of silicon/silicon oxide nanowires.'” The active
oxidation process is explained by two sequential reactions: (1)
Si(s)+0,(g) — SiOy(s) and (2) Si(s) + SiOy(s) — 2 SiO(g). At
high temperature

Table 1 Chemical compositions (at %) of silica nanowires synthesized
under different conditions by EDX analysis

Growth condition Si o Pt
Argon ambient 63.36 36.36 balance
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Vacuum, 102 torr 90.94 8.53 -
Sealed tube, 107! torr 89.25 10.55 -
Sealed tube, 107 torr 96.53 3.05 -
Sealed tube, 107 torr 97.55 1.57 -

and low oxygen pressure, the active oxidation of silicon is the
dominant reaction.?” If the partial pressure of oxygen involved
in the reaction is too high, the active oxidation process is
terminated in reaction (1) and simply leads to the growth of a
passivated SiO, layer.*°

Most of the studies for active oxidation were conducted in
UHV conditions.*'*?> However, similar phenomenon was also
observed for annealing in commercial gases where Si surface
underwent etching and weight loss while producing volatile
Si0.* Therefore, it is believed that commercially available
“high purity” processing gases such as Ar may contain residual
oxygen estimated to be 3-10 parts per million (ppm),
comparable to that of the UHV condition.'”?® There was a
claim that it satisfied the “critical condition required for active
oxidation”® and could promote the growth of silica
nanostructures. However, this statement is not acceptable due
to two reasons:

1. A simple calculation shows that the concentration of
residual oxygen in argon at 1 atm, for example, estimated to be
3-10 ppm, is equal to a partial pressure of around 2 x 107 to 8
x 107 torr.**** This is easily achievable by utilizing a basic
rotary pump even in absence of flowing argon.

2. Thermodynamic model of active oxidation based on
steady state thermochemical calculation is only applicable to a
fixed volume of gaseous constituents and can hardly be
adopted by the system with flowing atmosphere.'® Therefore,
this model cannot be used as a reference for the growth of
silica nanowires.

Thus, although UHV condition is of importance for
initiation of active oxidation, we also arrive at a conclusion
that the presence of Ar gas ambient as a source of oxygen with
the concentration approaching to UHV conditions has been
underestimated. Therefore, at elevated temperatures the
growth of silica nanowires can be readily induced even in a
medium vacuum.

Although it has been proposed that the carrier gas can
transport the SiO vapour to the reaction spots,22%7 this
hypothesis cannot be considered seriously. The gaseous SiO is
generated from the silicon substrate where the catalytic
nanoparticles, so called “reaction sites”, are located. Therefore,
there is no need to transport SiO vapour to anywhere.
Moreover, during the synthesis of silica nanowires the gas
ambient usually flows in one direction. The SiO vapour would
be partially removed once it is generated from the silicon
substrate. If the flow rate of Ar is too high, SiO would be
blown away completely, and the growth of nanowires can be
suppressed.®® It is important to note that the vapour transport
mechanism is usually adopted only to the systems with
additional source of SiO vapour, placed behind or in front of
the silicon substrate covered by catalyst. Once it evaporates,
the gaseous species is directly transported by ambient flow to
the reaction sites on the silicon substrate.*>*° Furthermore, it is
noticed that the growth of nanowires by other mechanisms
(SLS or SSL) is also performed mostly in gas ambient.*"** As
a result, the role of carrier gas as the main factor to determine
the growth of nanowires by VLS mechanism is very
speculative and needs more study. Continual effort is needed
to clarify this.

3.2. Thermal treatment in dynamic vacuum

This journal is © The Royal Society of Chemistry 2012
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The SiO, nanowires grown in a dynamic vacuum of 107 torr
(i.e., in air flow with reduced pressure) possess a very compact
morphology much different from that grown in Ar gas
ambient, as seen in an another SEM image (Fig. 1(b)). There
are densely twisted nanowires, and it is hard to distinguish
individual nanowires. The diameter of the nanowires is 20-30
nm and the length is 2-3 um. The tip of the nanowires is also
covered with a nanoparticle, which can again be attributed to
the VLS growth (Fig. 2(b)). The XRD analysis (Fig. 3(b))
shows that the nanowires exhibit amorphous structure again,
but three main peaks ascribed to PtSi particles are observed.
This implies that the formation mechanism of silica nanowires
is the same as that grown in argon.

Elemental mapping (Fig. 5) demonstrates the distributions
of Pt, O, and Si in the nanowires. Again, the nanoparticle on
the tip of nanowire is composed of Pt and Si, and the nanowire
contains only Si and O. The intensity of O signal in the
nanowire is almost balanced with that of Si, and silicon signals
spread much more uniformly and consistently than those in
Fig. 4. It implies that the oxidation in dynamic vacuum is a
more controllable process.

From the EDX compositional analysis (Table 1), the
nanowires contain less oxygen than those grown in argon. It is
speculated that the nanowires comprise a silicon core that is
grown in the beginning and later is partially oxidized to form
SiO, due to continuous exposure to the residual oxygen at
higher temperatures by disproportionation of SiO vapour. This
architecture and the synthesis pathway are common for the
disproportionation reaction of volatile SiO when growth of
nanowires is promoted by the VLS mechanism,*®***° and
might also be explained by the active oxidation model.'*?° The
depth of oxidation in the silicon nanowires and therefore the
amount and thickness of silicon oxide are dependent on the
degree of vacuum.

The growth condition and result follow the active-passive
oxidation diagram (Fig. 6). A solid line represents the
transition from stable passive oxidation to active oxidation.
This line is derived from equation (1) which expresses the
critical condition for the SiO, growth (passive oxidation) in
terms of critical oxygen pressure’*’:

P,(T)=P, exp (-AE/kyT)
1)

where P, is 2x10'? torr, AE is 3.83 eV, T is temperature in
Kelvin, and kg is Boltzmann’s constant. As can be seen from
Fig. 6, the partial pressure of oxygen in a dynamic vacuum of
107 torr is approximately 2 x 10 torr (20% of 107 torr). This
value is well below the transition line between the passive and
active oxidation. Thus, it is assumed that the annealing in
dynamic vacuum can easily initiate the formation of volatile
SiO by active oxidation process.

The range of partial pressure of oxygen in flowing argon is
shown as a vertical line in Fig. 6 for comparison. The
difference of partial pressures of residual oxygen in dynamic
vacuum and in commercially available high purity Ar gas
explains the dissimilarity of the results. It is obvious that
annealing in argon receives more oxygen than in dynamic
vacuum at 107 torr, which almost immediately reacts with the
newly grown silicon nanostructure to form oxide. The
oxidation usually starts from the external layer and gradually
penetrates into inside, altering the original silicon structure
into silicon oxide. In the case of dynamic vacuum, partial

This journal is © The Royal Society of Chemistry 2012
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oxidation takes place due to insufficient amount of oxygen,
resulting in lower oxygen content in the nanowires, as shown
in Table 1. It is noted that the oxygen pressure in argon
ambient is located in the passive oxidation region. The
transition line in Fig. 6, however, is obtained based on a closed
system,’*® which is different from the case of flowing
atmosphere. Furthermore, recent studies have demonstrated
that the commonly accepted pressure of oxygen for active
oxidation may be several orders of magnitude above the
transition line for passive oxidation [43]. This would support
our observation that the growth of nanowires in flowing argon
is, in effect, by means of active oxidation.

3.3. Thermal treatment in sealed vacuum

In addition to the residual oxygen in Ar or dynamic vacuum, it
is intriguing to find what would happen if oxygen is only
present with a limited amount in a close system. The following
series of results are a first attempt to reveal it. Figs 1(c)-(e)
show the

SEM images of the samples heated in a sealed vacuum tube.
At 10" and 1072 torr, the nanowires are both 20-30 nm in
diameter and approximately 100 nm in length, but the number
of nanowires at 107 torr is slightly smaller. With increased
degree of vacuum to 107 torr, the length of nanowires reduces
dramatically. Moreover, the density of nanowires also
substantially decreases. This phenomenon seems to contradict
with the active oxidation mechanism, in which low pressure
and high temperature are more favourable for synthesis of
silica nanowires. However, this result confirms rather than
denies that active oxidation is a main mechanism for growth of
silica nanowires. This phenomenon will be explained
subsequently.

The nanoparticles on the tip of nanowires can also be seen
clearly from the SEM images, which again can be attributed to
the VLS mechanism. The structure and phase of nanowires
were determined by XRD analysis. From Fig. 3, the XRD
patterns for the samples have a clear peak at 33°, representing
the Si (200).** The peak is stronger for the vacuum at 10™" torr,
and much weaker for 10~ torr. They are different from those
prepared in flowing Ar and dynamic vacuum, implying that
the nanowires are not completely oxidized and possess some
amount of crystalline Si. The silica nanostructures can be
identified according to the theory mentioned above as a
core/shell structure where the shell is amorphous silicon oxide
and the core is silicon, or as partially oxidized crystalline Si
nanowires. The XRD pattern in Fig. 3 reveals that the
nanoparticles on the tip of nanowires are Pt;Si that is different
from the samples annealed in argon and dynamic vacuum
where PtSi was observed. It was proposed previously that the
reaction between Si and Pt depends on the oxide layer formed
on the surface of silicon substrate.*#¢ The thicker the oxide
layer, the less is the direct contact of Pt with silicon, and thus
the reaction between Pt nanoparticles and silicon substrate
becomes more limited. Given the fact that the thicknesses of
the oxide layer for samples annealed in sealed tubes are
smaller than those for samples annealed in argon and dynamic
vacuum,*’*® the reaction between Si and Pt should lead to
complete formation of PtSi through the intermediate phase
Pt;Si. Yet, the obtained result challenges this argument. This
phenomenon might be explained as follows.

By raising the temperature of annealing in sealed tubes, the
oxide layer on the surface of silicon begins to grow. Since the
sealed tubes cannot provide additional supply of oxygen, the
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increase of oxide layer thickness results in gradual decrease of
the concentration of oxygen. Meanwhile, the reaction between
silicon substrate and Pt nanoparticles also begins to proceed.
At a certain temperature the reduced partial pressure of oxygen
meets the condition for desorption of oxide layer by reaction
(2) according to the active-passive oxidation diagram (Fig. 6).
The temperature of transition between active and passive
oxidation depends on the amount of available oxygen in the
sealed tubes: the higher degree of vacuum, the lower the
temperature of transition. As a result, the sealed tubes become
filled with gaseous SiO which almost immediately
disproportionates into Si and SiO,. Further reaction of Si with
catalyst nanoparticles leads to the growth of silicon nanowires
whose surface is instantly oxidized to SiO,. Bearing in mind
that the starting temperature of growth of silicon nanowires for
samples annealed in sealed tubes is lower than that for the
samples annealed in argon or dynamic vacuum, it can be
assumed that Pt nanoparticles could only transform into the
intermediate phase Pt;Si before they are physically separated
from the silicon substrate and situated on the tips of nanowires.
The further reaction between Pt and Si might be terminated
due to the absence of contact surface. Moreover, since the
thickness of oxide layer grown on Si substrate is dependent on
the amount of available oxygen in sealed tubes, it is evident
that at lower level of vacuum the reaction between Si and Pt
becomes more limited. It would result in appearance of less
completely reacted phase Pt;Si.

The Pt-Si binary phase diagram*® confirms the existence of
an intermediate compound that “consists of Pt;Si and (Pt)”, so
called Pt,5sSi;*>!. The formation of Pt-rich Pt;Si as a first step
of Pt/SiO, interaction was also verified for the annealing in
hydrogen and ascribed to “reduction of SiO, accompanied by
the migration of Si atoms into the Pt particles”.”> With higher
vacuum in sealed tube, the amount of Pt-rich phase in the
nanoparticles begins to decrease with increased ratio of Si
which would lead to a shift to a lower angles of the (222) plane
of Pt3Si,51‘53 as can be seen from the inset in Fig. 3.

The EDX compositional analysis in Table 1 shows that the
nanowires are composed of mostly silicon with a small amount
of oxygen. The amount of oxygen depends on the level of
vacuum. The better the vacuum inside the sealed tube, the
smaller amount of oxygen is in the nanowires. This trend is
common for silica nanostructures grown by the VLS
mechanism,”® and can be correlated to the growth of oxide
shell around the Si core, or limited oxidation of the Si
nanowires.

In fact, the reduction of partial pressure of oxygen, which is
initially at 2 x 10 torr in a sealed vacuum of 107 torr, leads to
gradual termination of nanowire synthesis routine. It is noted
that the nanowires grown in the sealed tube at 10 torr could
hardly be called “nanowires” because the aspect ratio is too
small. This also predicts that nanowires cannot be grown
successfully in UHV conditions because of no sufficient
supply of oxygen, and it contradicts with the theory of active
oxidation for silicon substrate where a low oxygen pressure
inevitably causes the formation of volatile SiO and consequent
growth of silica nanowires. It is therefore necessary to develop
a new formation mechanism of silica nanowires to explain this
result.

It is proposed that the growth of nanowires in sealed
vacuum occurs by a modified active oxidation model, which
allows growth of nanowires even in a medium or low vacuum.
In a sealed tube the role of reaction (1) is more predominant
initially, and it influences much of the whole growth process.

4| J. Name., 2012, 00, 1-3

During the evolution of a passive layer, the amount of oxygen
in the sealed tube gradually decreases to a value suitable for
promoting the active oxidation reaction. The volatile SiO, is
generated by reaction (2) through the desorption of oxide
layer.54 It is obvious that the amount of SiO, which later
disproportionates to produce Si, is directly dependent on the
amount of silicon dioxide grown on the surface of silicon. For
the case of 10 torr, the thickness of silicon dioxide is much
less than those for 10™' torr and 107 torr, and the oxide grows
at a much slower rate. The nanowires grown at 10 torr would
finally consume all available SiO vapour. As a result, the
growth of nanowires is terminated, resulting in a smaller
length. Due to the very low concentration of oxygen after the
active oxidation process is initiated, oxidation of Si nanowires
would be very limited. Even for the sealed tube at 107" torr
where the length of nanowires is the longest, the amount of
oxygen cannot oxidize all of them uniformly due to
insufficient quantity.

Conclusions

The growth of silicon/silicon oxide nanowires under different
conditions was studied. It was demonstrated that silica
nanowires could be grown in the environments with various
concentrations of oxygen in flowing gas or without continuous
supply of oxygen. The partial pressure and amount of oxygen
were crucial to influence the final morphology and
composition of the nanostructures. For nanowires grown
without continuous supply of oxygen, the lower the oxygen
partial pressure, the shorter and less dense they are. For
nanowires grown with continual supply of oxygen, the higher
the oxygen pressure, the longer and larger are the nanowires.
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Fig. 1 SEM micrographs of silica nanowires grown under different conditions.
(a) Ar ambient (the inset shows a PtSi nanoparticle on the tip of nanowire), (b)
dynamic vacuum at 107 torr, (c) sealed tube, 107 torr, (d) sealed tube, 107 torr,
and (e) sealed tube, 107 torr.

Fig. 2 TEM micrographs of silica nanowires grown under different conditions.
(a) Ar ambient and (b) dynamic vacuum at 107 torr.

Fig. 3 XRD patterns of silica nanowires grown under various conditions. (a)
argon, (b) dynamic vacuum, (c) sealed tube, 107 torr, (d) sealed tube, 107 torr,
(e) sealed tube, 107" torr; and (f) is for silicon substrate. The inset is an

enlargement of major peaks of Pt;Si for samples annealed in sealed vacuum.

Fig. 4 (a) STEM image of a silica nanowire grown in argon flow; and the
corresponding EDX elemental mappings for elements of (b) Pt, (c) O, and (d) Si.

Fig. 5 (a) STEM image of a silica nanowire grown in dynamic vacuum; and the

corresponding EDX elemental mappings for elements of (b) Pt, (c) O, and (d) Si.

Fig. 6 Active-passive oxidation transition regime of silicon as a function of
oxygen pressure and temperature taken from ref. 30. Vertical line: the oxygen
partial pressure in argon ambient; Solid dot: oxygen partial pressure in dynamic

vacuum 107 torr.
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