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a b s t r a c t

A simple method to fabricate silica micro/nano-needle arrays (SNAs) is presented based on tube-etching

mechanism. Using silica fibers as templates, highly aligned and free-standing needle arrays are created

over large area by simple processes of polymer infiltration, cutting, chemical etching and polymer

removal. Their sizes and orientations can be arbitrarily and precisely tuned by simply selecting fiber

sizes and the cutting directions, respectively. This technique enables the needle arrays with special

morphology to be fabricated in a greatly facile way, thereby offers them the potentials in various

applications, such as optic, energy harvesting, sensors, etc. As a demonstration, the super hydrophobic

property of PDMS treated SNAs is examined.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nano- and micro-needle arrays have received a lot of attention
in the recent years. Compared with the rod, wire or tube arrays,
the needle arrays have a lower symmetry and special configura-
tion with gradually decreased tips and V-shape interspaces. Such
a unique morphology, combined with its dimension and building
materials, enable them to have many unique and interesting
properties. For example, nano-needle arrays of ZnO, AlN, and
graphite show efficient field emission properties [1–4]; silicon
nano-needle arrays exhibit much better broad band antireflection
property than any other morphology [5–8], etc. Hence, they find
applications in areas of optic [5], data recording [9,10], or even
transdermal drug delivery [11].

Up to now, only a few materials and methods can be employed
to fabricate needle arrays. However, they almost suffer from high
cost processing. For example, submicron and micron needle
arrays of semiconductors, such as Si and Fe/GaAs, were created
by microfabrication techniques of focused ion beam (FIB) [9],
reactive ion etching (RIE) [7,12], laser irradiation [6], electron
cyclotron resonance (ECR) plasma process [5,13], chemical vapor
deposition (CVD) [14], or their combination. Recently, solution
reaction based methods attracted much attention. They are
simple, efficient and involve no complicated processes or
equipments. In these methods, needles are created in solution
by either growth or etching, two contrary processes of ‘‘adding’’
and ‘‘taking’’. ZnO nanoneedles were often grown in solution [15],
ll rights reserved.
but silica needle arrays (SNAs) were firstly etched in solution by
Brian D’Urso et al. using composition patterned glass rod [16].
More recently, this method was employed by Ming Su et al. to
fabricate cone arrays for solar energy conversion [17] or as
templates for fabricating other microstructures [18]. During the
fabrication of silica needles by chemical etching, the etch-rate
contrast played a key role in the formation of needle shape.
Instead of the etch-rate contrast realized by the complicated
covering another kind of glass on the original fiber [16], here we
developed a simple and effective method of tube arrays fabrica-
tion and etching (TAFE) for fabricating silica needle arrays (SNAs).
Our work was inspired by the tube etching phenomena widely
used for fabrication of a single SNOM tip [19,20], during which the
etching was confined in a tube formed by the outer organic
coating on the optical fiber. Here we created tube arrays and let
the silica fibers to be etched in designed confined spaces to realize
etch-rate contrast. We show that SNAs with sharp tips could be
easily created over large area with tunable geometry and size. We
also show that their orientations, which may endow them with
some anisotropic properties, could be definitely controlled by this
method. As a demonstration for potential application, their
hydrophobic property was investigated after being covered with
PDMS layers.
2. Experimental

2.1. Outline of the experiment

The SNAs were fabricated through a tube arrays fabrication
and etching (TAFE) method. As a preparatory work, the commer-
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cially available silica fibers were bound tightly using thread to
make them touched etch other and form fiber arrays. Fig. 1 shows
the experimental outlines. Firstly, the apertures of the fibers were
filled with polymer through a polymer infiltration process (step
1), and then the polymer filled fiber arrays were cut into slices
(step 2). In the next step, the slices were etched in an anisotropic
way to form the needle shapes (step 3). Finally, the needle arrays
were acquired by removal of the filled polymer (step 4). Here we
choose polymethyl methacrylate (PMMA) or hydrogenated rosin
(HR) as the infiltration polymer to demonstrate the detailed
fabrication processes.
2.2. Polymer filling and cutting

Polymers of PMMA or HR were selected to infiltrate fiber
arrays according to the fiber diameters. For fibers below tens of
micrometers, PMMA was selected for its extremely low viscosity
of monomer methl methacrylate (MMA) before polymerization,
which enabled it to enter nanosized apertures to realize full
filling. For fibers above tens of micrometers, HR was used for its
simplicity by just heating up to its melting point in vacuum to
facilitate the infiltration. Both PMMA and HR are rigid at
temperatures below their glass transition temperatures; also,
they are non-water soluble and HF acid resistant. These properties
make them form excellent frameworks without deformation
during the processes of cutting and etching.

Experimentally, for PMMA infiltration, a bulk polymerization
process was firstly carried out. Thirty milligram of benzoyl
peroxide (BPO) was dissolved in 30.0 ml of MMA that is purified
by rotation evaporator. When the BPO was fully dissolved, the
silica fiber arrays were immersed into the solution and followed
with ultrasonic wave treatment to make a full infiltration. Then
they were placed in a water bath operating at 85 1C until the
contents were as viscous as glycerol, which is called prepolymer-
ization. After that they were transferred to another water bath of
40 1C for full polymerization until the contents became a hard
solid. For HR infiltration, fiber arrays were placed in HR at room
temperature, and then they were vacuumized in vacuum drying
chamber and heated up to 150 1C for about 30 min. Finally, they
were taken out and cooled down to form a rigid solid composite.
Fig. 1. Schematic illustration of the modularized processes for fabrication of silica n
The polymer filled fiber arrays are then cut into slices by slicing
machine for etching.

2.3. Etching and polymer removal

Etching was carried out in a transparent polymer vessel with a
cover to stop the evaporation of HF vapor. The samples were
immersed in HF solution with various concentrations at tem-
perature of 30 1C. After etching, they were rinsed with distilled
water for five times to remove the remanent HF and then dried in
an oven at 50 1C for about 1 h. The infiltrated polymers were
removed by sintering at 400 1C for 30 min, or dissolved in
trichloromethane for 5 h.

2.4. Characterization

Morphology characterization was conducted using a scanning
electron microscope (XL30, Philips) with primary electron energy
of 20 kV; a layer of gold was sputtered (Model 682, Gatan) onto
samples to facilitate the imaging. Contact angles were measured
by a DropMeter A-200 contact angle system (MAIST Vision
Inspection & Measurement Ltd Co., China). A drop of distilled
water 5mL in volume was dispensed from a flat-tipped stainless
steel needle onto each surface.
3. Results and discussion

Typical SNAs fabricated by the tube-array-etching (TAFE)
method are shown in Fig. 2 of scanning electron microscopy
(SEM) images. It is seen that all of the needles are of highly uniform
tapered shape over large area, and each needle has a smooth
surface and sharp tip. These results indicate the effectiveness and
efficiency of the present method in mass fabrication of needle
arrays.

3.1. Mechanism of needles formation

The formation of needle-shape stems from the microfluidic
behavior of etchant solution confined in a small space [19,20]. As
shown in the schematic drawing of Fig. 1d and SEM image of
eedle arrays. The spacing of the needles and regions are exaggerated for clarity.
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Fig. 2. SEM images (collected with a 701 tilt angle) of SNAs fabricated through a

tube arrays fabrication and etching (TAFE) method: (a) needle array obtained from

fibers of about 8mm in diameter; (b) an enlarged observation on (a); (c) the details

of a nanosized tip and (d) needle array obtained from fibers of about 125mm in

diameter.

Fig. 3. Mechanism of tube-array-fabrication and etching (TAFE): (a) schematic

explanation of the formation of needles confined in tube arrays; (b) SEM image of

silica needles formed in the rosin tubes (ultrasonic treatment for about 1 min after

HF etching, collected with a 701 tilt angle); (c) and (d) SEM of PMMA microtube

arrays and their larger area view (collected with a 451 tilt angle).

Fig. 4. Experimental results of the relationship between the taper and the etchant

concentration for SNAs of about 8mm in diameter. The SEM images of (a) and (b)

show the typical results (collected with a 451 tilt angle).
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Fig. 3b, the polymers (rosin or PMMA) constructed a tube arrays
frame that works with silica fibers embedded in them. When they
were immersed into the HF solution for etching, the silica is
etched out but the rigid polymer frameworks retain their shape
because of both their water and HF acid resistance. As a result,
these nano/micro-tube arrays changed the fluid physics
dramatically, which was schematically shown in Fig. 3a. At the
initial stage, the etching rate of the outer regions was slightly
faster than the center due to its larger HF volume supply and
resulted in a conical shape [20]. As soon as the preliminary taper
was formed, convection starts to deliver HF to the upper region of
the cone and carry the dissolvent product out. The flow drives a
preferential etching of the fiber edges, providing positive feedback
that further reinforces the flow, which keep the cone shape during
further etching. Indeed, the flow of liquid in a tube is quite
complex during the etching. Understanding their detailed
mechanisms was out of our motivation for the present work. A
more professional explanation can be found in chemical fluid
dynamics [21].
3.2. Needle size and taper tuning

The present method can be applied to fabricate SNAs of different
diameters across ranges from tens of nanometers to hundreds of
micrometers. As shown in Fig. 2, uniform needle arrays were
acquired using silica fibers of various diameters as templates. The
order of the needles is determined by the order of the silica fiber
arrays. For example, ordered needle arrays were obtained by usage
of mono-dispersed fibers as stacking units (Fig. 2d). Note that the
bright parts in image of Fig. 2d were induced by a charging effect
during the SEM observation, because the sidewalls of the structures
cannot be covered with a connected conducting gold layer even after
five times of gold sputtering.

The taper of a needle, defined as the ratio of fiber diameter to the
needle height, is studied carefully. Generally, sharper tips were
observed for needles created from thinner fibers. A taper of about
0.064 was found for needles created from fibers of about 8mm in
diameter. In contrast, a value of about 0.22 was observed for fibers of
about 125mm in diameter. For fibers of the same diameter of about
8mm in diameter, we found that tapers of about 0.064, 0.047, 0.040,
0.035 and 0.030 corresponded to the HF solution of 40%, 20%, 10%,
5% and 2.5%, respectively, as shown in Fig. 4. But no apparent
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Fig. 6. Photographs of water on flat (left) and microstructured (right) surfaces

treated with PDMS. Their contract angles are 1031 and 1651, respectively.
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changes in taper were found when the etching times varied from
30 min to 2 h. These results demonstrate that the tapers can be fine
tuned by the concentrations of HF etchant. The character slightly
dependent on etching time favors the needle arrays to be easily
reproduced with high precision.

3.3. Orientation tuning

One of the unique advantages of the TAFE method is that it can
precisely and arbitrarily tunes the orientations of the resulted
needle arrays. As indicated in Fig. 5a, the needle arrays obliquity y
is adjusted by changing the cutting direction angle d during
the cutting process, where y is defined as the angle between the
needles and the cross of the needle arrays and d is defined as the
angle between the plane of the circular saw and the direction
perpendicular to the fiber axis. Fig. 5b showed the resulted SNAs
with obliquity y of 451 (cutting direction angle d=451), and the
needle arrays with obliquity y of 901 (cutting direction angle
d=01) were also given for comparison. The tilted needles were
well aligned with tips directing to the designed direction. The
taper of etch needle was almost the same for samples with
different obliquity y, which indicated the same etching process
and mechanism. The resulted needle arrays may show some
anisotropic properties for various applications, optics and
mechanics, for example.

3.4. Creating super-hydrophobic surface with SNAs

The resulted micro-needle arrays provide an excellent tem-
plate for generating microstructured surface with unique mor-
phology, which may acquire many applications combined with
various functional materials [22]. As an example for demonstra-
tion, we show that a super-hydrophobic surface can be created by
covering the SNAs with a layer of PDMS. The coating was applied
by dipping PDMS (Dow Corning Corporation, Sylgard 184)
prepolymer mixture on their surface and let it flow freely. Then
they were kept in oven at 120 1C for 30 min to make the PDMS
fully cured. Fig. 6 shows the photographs of water (5mL in
volume) on flat and SNAs surfaces treated with PDMS. Because the
drop was readily rolling down from the surface of PDMS treated
SNAs, the stainless steel tip had to be left in contact with the drop
during the measurement. The PDMS treated SNAs showed obvious
Fig. 5. (a) Schematic map of the cutting direction to tune the orientation of the

fibers array; (b) and (c) show the SEM images of the resulted needle arrays with

obliquity y of 451and 01, respectively.
super hydrophobic property with a contact angle of about 1651, in
sharp contrast with the value of 1031 for flat PDMS membrane.
Actually, such a dewetting behavior on a rough surface had
already been described by the well established models of Cassie
[23]. It is assumed that the liquid forms a line of contact on the
rough surface with air trapped below the line, and the effective
contact angle y* can be formulated as

cosy� ¼Fðcosyþ1Þ ð1Þ

where y is the intrinsic contact angle measured on the flat surface,
and F is the area fraction of the liquid–solid contact to the
projected surface area.

The calculated F is 0.044 according to the above formula for
contact angle of about 1651. Such a small F stems from the unique
morphology of needle arrays. The diameter of the tips is about
tens of nanometers with tip spacing of about 8mm, and the large
spacing/diameter ratio enables a tiny ratio of the liquid–solid
contact area. Therefore, a super-hydrophobic surface can be
generated as long as the ratio of the liquid–solid contact area to
the overall projected area remains small enough [24].
4. Summary

In summary, we have presented a rapid and inexpensive
strategy to fabricate sharp silica needle arrays with tunable tip
orientations based on processes of polymer infiltration, cutting,
chemical etching and polymer removal. Due to the massive and
simplicity in fabrication, we believe that this method might
promote various applications of such a unique morphology. For
example, they show super hydrophobic property after being
treated with PDMS. Furthermore, they can be used as templates to
prepare other functional structures, or be covered with other
functional materials and find applications in optic, energy
harvesting, sensors, etc.
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