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Abstract
We report a self-modulated taper-drawing process for fabricating silica
nanowires with diameters down to 20 nm. Long amorphous silica nanowires
obtained with this top-down approach present extraordinary uniformities
that have not been achieved by any other means. The measured sidewall
roughness of the wires goes down to the intrinsic value of 0.2 nm, along
with a diameter uniformity better than 0.1%. The wires also show high
strength and pliability for patterning under optical microscopes. The ability
to prepare and manipulate highly uniform silica nanowires may open up new
opportunities for studying and using low-dimensional silica material on a
nanometre scale.

1. Introduction

2. Self-modulated taper drawing of silica nanowires

Owing to their excellent physical and chemical properties,
silica materials in the forms of fibres, tapers or wires with
nanometric diameters show great promise for optical, mechanical, chemical and biomedical applications [1–7]. Existing methods for synthesizing one-dimensional nanostructures
such as vapour–liquid–solid growth can yield silica nanowires
with small diameters [5–15], but usually present difficulties in
achieving high uniformities and pristine surfaces. For using
as building blocks for nanoscale photonic, mechanical and biological components and tools, unwanted light scattering and
stress concentration due to surface roughness, defects and diameter fluctuations may seriously degrade the nanowire’s optical and mechanical properties that are crucial to nanodevice
applications [16–18]. Also, physical and chemical research
on the morphology of silica nanostructures [19–21], surface
roughness of silica glass [22–24] and intrinsic strength of silica materials [25, 26] favours high uniformities and/or pristine
surfaces for both molecular dynamical simulations and experimental investigations.

Recent work has shown that highly uniform silica nanowires
can be fabricated with a two-step taper-drawing method [1].
Relying on a balance kept between the surface tension (the
force tending to break the wire) and molecular bonding
(the cohesive force that connects the wire) at the softening
temperature of silica (around 2000 K), nanowires with
diameters down to 50 nm have been fabricated by taper
drawing micrometre diameter wires with constant forces.
Wires obtained with this technique show excellent diameter
uniformity and surface smoothness, and the physical drawing
(rather than a chemical reaction) approach makes it possible
to obtain pristine surfaces. However, the effort required to
fabricate nanowires thinner than 50 nm, which are desired for
a variety of purposes such as structural, dynamical and catalytic
investigations of silica nanowires, has proven problematic due
to the increased susceptibility of the drawing process as a
result of the decreased wire diameter; the pulling force that
is suitable for drawing a thick wire during the initial stage is
excessively large for handling a thinner one afterward. When
there are slight fluctuations in drawing conditions (e.g. wobbles
in the drawing temperature), wire drawing with a constant
force or speed usually leads to an abrupt taper or a sudden
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break, especially for wires thinner than 100 nm. Here we
show that, by introducing self-modulations to the drawing
force and speed, silica nanowires with much smaller diameters
and intrinsic surface roughness can be obtained.
A schematic diagram of the self-modulated taper drawing
is shown in figure 1. Firstly, as was done in previous work [1],
we heat and draw a standard silica fibre (e.g. SMF-28 from
Corning Inc.) to a micrometre diameter wire, and wrap the wire
on the tip of a tapered sapphire fibre. Secondly, to introduce
the self-modulation, we hold the silica fibre (to which the
smaller-diameter wire is connected through a taper) parallel to
the sapphire taper (see figures 1(A) and (B)) without breaking
the connection between the silica wire and the sapphire taper.
We then tauten the wire to form a 90◦ elastic bend around the
taper of the silica fibre and thereby produce a tensile force
perpendicular to the sapphire and silica fibres, which can be
used for self-modulation. Since the sapphire taper is thicker
and much stiffer than the silica fibre taper, the elastic bend
always occurs around the taper area of the silica fibre. As
shown in figure 1(C), during the initial stage, when we draw
a thick wire that requires a relatively large force, the bending
centre (around which the sharpest bend is centred) occurs at
the thicker part of the taper; as the wire is elongated and the
wire diameter goes down, the bend loosens and the bending
centre moves towards the thin end of the taper, resulting in
smaller forces for drawing thinner wires, which we found to be
critical for drawing uniform wires with very small diameters.
Also, when there are unpredictable undulations in drawing
conditions, for example a slight temperature fluctuation that
may cause large variation in the viscosity of silica [27], the
elastic bend can instantly modulate the drawing speed by
shifting the bending centre to and fro to avoid sudden changes
in wire diameter, whereas a constant-force drawing may cause
an abrupt taper or even breakage of the wire. In addition, a
30 mW continuous-wave He–Ne laser (633 nm wavelength)
is launched into and guided along the silica fibre, fibre taper
and silica nanowire to illuminate the taper and nanowire,
which facilitates the real-time monitoring and controlling of
the drawing process.

3. Characterization of as-drawn silica nanowires
Silica nanowires with diameters down to 20 nm are obtained
with the self-modulated taper-drawing method. Generally,
the wire contains three parts: an obviously tapered start
(millimetres long), a uniform wire (up to centimetres) and an
abruptly tapered end (usually several to tens of micrometres in
length). Shown in figure 2(A) are the measured diameter D
and diameter uniformity U D of a typical nanowire with respect
to its length (starting from the thin end), where we define
U D = D/L, with L the length over which the wire gives a
maximum diameter deviation D from the central diameter D.
Although it exhibits an overall monotonic tapering tendency,
neglecting the obvious initial and end tapered regions, the wire
shows a very high uniformity. For example, at D = 30 nm,
U D = 1.2 × 10−5 , which means that if we cut a 80 µm
length wire with its diameter centred around 30 nm, the
maximum diameter difference between the two ends is less
than 1 nm; such a tiny tapering effect is acceptable in most
applications. The high uniformity of the wire can also be
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Figure 1. (A) Schematic diagram of the self-modulated
taper-drawing system. A three-dimension stage is used to mount
and adjust the silica fibre taper to form a 90◦ bend, and a He–Ne
laser is launched into the silica fibre for illuminating the nanowire
and monitoring the drawing process. (B) Close-up photograph of
the nanowire drawing assisted with a bent taper for self-modulation.
The red light shining around the nanowire and tapers is from the
He–Ne laser. (C) Schematic diagram of the self-modulation realized
by shifting the bending centre. The bending centre is marked around
the sharpest bend with a red circle.

seen in figures 2(B) and (C), in which 25 nm diameter (TEM
image in figure 2(B)) and 100 nm diameter (SEM image
in figure 2(C)) wire segments are cut from the same wire;
although they can be viewed as composite parts of a long taper
on the whole, the two pieces are very uniform by themselves. If
we set U D < 10−3 (that is 0.1%) as a criterion for uniformity,
the thinnest uniform nanowire we obtain is about 20 nm in
diameter.
The small diameter of the nanowire makes it possible
to investigate the surface roughness with a TEM. Shown in
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Figure 4. (A) SEM image of three silica nanowires placed in a
bundle. The diameters of the nanowires are 140, 510 and 30 nm
(from top left to bottom right respectively). (B) SEM image of a
150 nm diameter silica nanowire wrapped around a 4 µm diameter
fibre to form a spiral coil. (C) SEM image of an 18 µm diameter
loop assembled with a 65 nm diameter silica nanowire. (D) SEM
image of a rope-like twist formed with a 120 nm diameter silica
nanowire.
Figure 2. (A) Measured diameter D and diameter uniformity U D of
a self-modulated taper-drawn silica nanowire with respect to its
length. The length starts from the distal end. (B) TEM image of a
25 nm diameter silica nanowire. (C) SEM image of a 100 nm
diameter silica nanowire. Nanowires shown in (B) and (C) are
different parts of a same long wire.

10 nm

of these nanowires for practical applications. Also, because
of its excellent uniformity, these nanowires present high
mechanical strength and pliability for patterning without
breaking. Using probes from an STM to hold and manipulate
nanowires under an optical microscope, we have successfully
assembled silica nanowires into various patterns. As shown in
figures 4(A)–(C), we bundle three nanowires with diameters
of 30, 140 and 510 nm in parallel with the help of van der
Waals attraction (figure 4(A)), wrap a 150 nm diameter silica
nanowire around a 4 µm diameter fibre to form a spiral coil
(figure 4(B)), and assemble a 65 nm diameter silica nanowire
into an 18 µm diameter nanoring. Using tilted probes, we can
also rub and twist the nanowires on a finely polished substrate
without breaking them. Shown in figure 4(D) is a rope-like
twist formed with a 120 nm diameter silica nanowire on a
silicon substrate; the ‘nanorope’ keeps its shape when it is
lifted up from the substrate, indicating that the nanowire can
also withstand shear deformation to a certain degree.

4. Conclusions
Figure 3. High-magnification TEM investigation of the surface
roughness of a 35 nm diameter silica nanowire. The dark area is the
silica core and the bright area is vacuum. Inset: the electron
diffraction pattern shows that the nanowire is amorphous.

figure 3 is a typical image taken at the edge of a 35 nm diameter
nanowire. No obvious irregularity and defect can be seen
along the sidewall of the wire. For nanowires with diameters
smaller than 50 nm, measured root mean square (RMS) surface
roughness ranges from 0.15 to 0.20 nm, which is much
better than that of thicker wires (around 0.5 nm) reported
previously [1], and representing the intrinsic roughness of
melt-formed glass surfaces [22, 23].
Because of the large length, silica nanowires obtained
here can be clearly identified under an optical microscope.
The optical visibility of the nanowires makes it possible
to manipulate silica nanowires individually under optical
microscopes in air, which should greatly facilitate the handling

In conclusion, we have demonstrated a self-modulated taperdrawing method for fabricating amorphous silica nanowires
with diameters down to 20 nm. Nanowires obtained with this
top-down approach present excellent diameter uniformity and
intrinsic surface smoothness, and they are sturdy and flexible
enough to be manipulated and patterned under an optical
microscope. As silica is one of the fundamental materials
for building components and tools in optical, mechanical,
biological and many other applications, the ability to prepare
and manipulate highly uniform silica nanowires may attract
broad interest in studying and using low-dimensional silica
material on a nanometre scale.
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