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ABSTRACT: We report a method to fabricate silicon micro−
nanostructures of different shapes by tuning the number of layers
and the sizes of self-assembled polystyrene beads, which serve as
the mask, and by tuning the reactive ion etching (RIE) time. This
process is simple, scalable, and inexpensive without using any
sophisticated nanomanufacturing equipment. Specifically, in this
work, we demonstrate the proposed process by fabricating silicon
micro- or nanoflowers, micro- or nanobells, nanopyramids, and
nanotriangles using a self-assembled monolayer or bilayer of
polystyrene beads as the mask. We also fabricate flexible micro−
nanostructures by using silicon molds with micro−nanostructures.
Finally, we demonstrate the fabrication of bandage-type electro-
chemical sensors with micro−nanostructured working electrodes for detecting dopamine, a neurotransmitter related to stress and
neurodegenerative diseases in artificial sweat. All these demonstrations indicate that the proposed process provides a low-cost, easy-
to-use approach for fabricating silicon micro−nanostructures and flexible micro−nanostructures, thus paving a way for developing
wearable micro−nanostructures enabled sensors for a variety of applications in an efficient manner.
KEYWORDS: self-assembled beads, silicon micro−nanostructures, flexible micro−nanostructures, wearable sensors, bandage sensors,
neurotransmitter detection

1. INTRODUCTION
A variety of nanostructures have been fabricated using a top-
down approach or synthesized using a bottom-up approach
during the past decades.1−8 These nanoscale structures and
devices not only have enabled advanced microelectronic
devices in the semiconductor industry but also have formed
the foundation for developing plasmonics,9 nanophotonics,10

and metamaterials,11 just to name a few, for various
applications. These applications span from bioscience,
biomedical engineering, chemistry, medicine, and cancer
therapy to energy harvesting and storage.12−17 For instance,
nanotubes can provide a unique platform for drug delivery, cell
transfection,18,19 and advanced patch-clamp recording techni-
ques,20 just to name a few. Specifically, by using the nanotubes
as drug depots, more accurate and smaller amounts of drugs
can be delivered and administered to the target locally. This
could be very critical to control the drug dose and its release,
thereby achieving optimal therapeutic effect while mitigating
toxicity. Moreover, by taking advantage of the nanoscale size of
the nanotubes to load biological cargos, negligible damage to
the cell would be introduced when the nanotubes penetrate the
cell membrane during a transfection procedure, and thus, the
viability of cells would not be compromised. Using a nanotube

as a pipette in a patch-clamp technique, high-resolution
monitoring of ion channels in cell membranes can be achieved,
benefiting studies related to drug discovery targeted toward ion
channelopathies and related diseases.20,21

As aforementioned, different bottom-up approaches have
been developed to synthesize different nanostructures from
different materials,1−3 resulting in numerous exciting applica-
tions. Due to the high-temperature process and hence the
incompatibility with integrated circuit microfabrication pro-
cesses, often times it is very difficult to integrate the
nanostructures such as carbon nanotubes synthesized in this
way as functional components into a microdevice or
microsystem in a controlled and simple manner. Hence,
ideally the nanostructures can also be fabricated using a top-
down approach. For the top-down approach, some mainly used
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techniques for fabricating nanostructures require sophisticated
equipment and expensive nanolithography technologies,8

including electron beam lithography, extreme UV lithography,
ion beam lithography, or scanning probe lithography. Mean-
while, in the past decades, other alternative approaches have
been developed for fabricating nanodevices and nanostruc-
tures, such as nanoimprint lithography,22 low-cost self-
assembly nanopatterning methods,23 and nanosphere lithog-
raphy (NSL).24 NSL is enabled by colloidal solutions such as
polystyrene or silica micro-/nanospheres, which can be self-
assembled over large areas on a substrate in the form of a
close-packed arrangement. The self-assembled spheres can be
used as a shadow mask for deposition or as an etching mask.
Using NSL, some nanostructures such as silicon pyramids were
fabricated.25,26 We have fabricated silicon nanotubes by using
the self-assembled nanosphere beads as the mask, followed by
a deep reactive ion etching (RIE) process.7

Herein, we report self-assembled polystyrene (PS) bead-
guided fabrication of silicon micro−nanostructures of different
shapes by simply tuning the parameters of a RIE process and
the number of layers of the self-assembled PS beads. We also
report the fabrication of flexible polymer micro−nanostruc-
tures using micro−nanostructured silicon molds. In addition,
development of a bandage-type electrochemical sensor enabled
by the flexible micro−nanostructure for detecting a neuro-
transmitter dopamine has been demonstrated.

2. MATERIALS AND METHODS
2.1. Chemicals and Materials. The polystyrene nanosphere

beads with different sizes (1000 and 3000 nm) were purchased from
Fisher Scientific Inc. Triton X-100 and methanol were both purchased
from Sigma-Aldrich Inc. Deionized (DI) water was obtained from a
DI water purification system (Millipore, FRANCE). Silicon wafers
were obtained from Ultrasil Corp. Chemicals for surface cleaning and
treatment including acetone, IPA, 98% sulfuric acid, and 30%
hydrogen peroxide were all obtained from Sigma-Aldrich Inc.
Polydimethylsiloxane (PDMS) and its cure agents were purchased
from Dow Corning (Midland, WI, USA). Dopamine hydrochloride

was purchased from Sigma-Aldrich, St. Louis, MO, USA. Artificial
sweat was purchased from Reagents, Inc. Belmont, NC, USA.

2.2. Fabrication and Characterization of Silicon and
Flexible Micro- or Nanostructures. First of all, one-side polished
p-type 4 in. silicon wafers (Ultrasil Corp) are cut into 2 cm × 2 cm
pieces. Then, each piece is cleaned by acetone, IPA, and DI water
with the help of ultrasonication for 20 min in each solution in
sequence. Then, the silicon pieces are immersed into a fresh piranha
solution [a mixture of sulfuric acid and hydrogen peroxide (3:1)] in a
beaker, which is kept on a hot plate at 60 °C for half an hour.
Thereafter, the silicon pieces are taken out from the beaker and rinsed
thoroughly by DI water. After the surface treatment, the silicon pieces
can be used immediately or need to be stored in DI water to avoid
formation of native oxide for future use. PS nanosphere beads are
dispersed uniformly in a solution containing Triton X-100 and
methanol (4% w/v PS beads in DI water/Triton X-100/methanol =
1000/1/10000, volume ratio). Then, a certain amount of PS bead
solution is directly applied to each silicon piece by a micropipette.
The solution is left to dry without any disturbance at room
temperature for several hours. PS nanosphere beads are self-
assembled into a close-packed monolayer. The beads are then
tailored by oxygen plasma to shrink their size, and the gap among the
PS nanospheres increases. Using the PS beads as the mask, O2 plasma
etching is used to shrink the size of the PS beads, and RIE using a gas
mixture of O2 and SF6 is used to etch silicon. After the RIE process,
the silicon micro- or nanostructures are obtained by removing the
residual PS beads from the surface of the silicon wafer using O2
plasma. Scanning electron microscopy (SEM) is used to image and
evaluate the silicon micro- or nanostructures.

The flexible micro- or nanostructures are fabricated using soft
lithograph process.27 In the fabrication process, the silicon micro- or
nanostructures are used as the mold. Briefly, liquid PDMS is first
poured on the silicon mold, which is then followed by 1 h degassing
and 2 h curing at 75 °C. Afterward, the cured PDMS layer is peeled
off from the mold, resulting in a layer of flexible micro−
nanostructures. Again, SEM is used to image and evaluate the
micro- or nanostructures transferred to the PDMS layer.

2.3. Fabrication of the Bandage-Type Sensors and
Detection of Dopamine. Fabrication of bandage-type sensors
involves two steps. First, the flexible micro- or nanostructures are
fabricated on the PDMS layer using soft lithography, followed by
fabricating a flexible three-electrode electrochemical sensor layer by

Figure 1. Effect of the densely and sparsely packed PS on the formation of silicon nanostructures. (a−c) SEM images of the densely assembled 3
μm PS beads on the silicon surface and the fabricated silicon nanopyramids; (d−f) SEM images of sparsely assembled PS beads on the silicon
surface and the fabricated silicon microcylinders.
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evaporating a layer of Au through a shadow mask. Then, the
electrochemical sensor layer is bonded to a bandage (ScarAway, Inc.),
forming a bandage-type electrochemical sensor. The detection of
dopamine in the buffer and artificial sweat using the bandage sensor is
performed by an Autolab PGSTAT204 potentiostat/galvanostat
(Metrohm AG). Cyclic voltammetry (CV) and square wave
voltammetry (SWV) analyses are performed through an Autolab
PGSTAT204 potentiostat/galvanostat (Metrohm AG). The following
parameters are used for CV: range, −0.4−+0.6 V; scan rate, 100 mV/
s; incremental potential, 0.002 V. The following parameters are used
for SWV: range, −0.5−+0.6 V; step, 0.005 V; modulation amplitude,
0.005 V; frequency, 8 Hz; duration, 27.25 s.

3. RESULTS AND DISCUSSION
3.1. Effects of PS Compactness and Size on

Fabricating Silicon Nanostructures. First, the PS compact-
ness, namely, the arrangement of the PS after being self-
assembled on the silicon surface, on the silicon nanostructures
as the mask has been evaluated. If the PS beads are densely
assembled (i.e., closely packed) on the silicon surface as shown
in Figure 1a as the mask, the silicon nanopyramids (Figure
1b,c) can be fabricated by oxygen plasma etching for 10 min to
tailor the size of the PS beads, followed by RIE using a mixture
of O2 and SF6 gas species for 20 min. In contrast, if the PS
bead suspension has a lower concentration or a smaller
amount, the PS beads are sparsely assembled (i.e., sparsely
packed) on the silicon surface, as shown in Figure 1d, as the
mask, and the silicon nanopyramids cannot be fabricated using
the same processes. Instead, randomly distributed or disorderly
distributed silicon micro- or nanocylinders (Figure 1e,f) have
been fabricated. Hence, in the experiments, to fabricate
uniformly arranged silicon micro−nanostructures, the densely
assembled PS beads on the silicon wafers will be used as the
mask.
Second, two different manufacturing process flows for

fabricating silicon nanopyramids have been evaluated: (i)
PROCESS-I: The sizes of PS beads are tailored by oxygen
plasma etching, followed by RIE of a gas mixture of O2 and SF6
to fabricate the silicon nanopyramids. (ii) PROCESS-II: RIE
of a gas mixture of O2 and SF6 to fabricate the silicon
nanopyramids. As shown in Figure 2a, the sizes of PS beads are
reduced after 15 min O2 plasma etching, resulting in gaps
among the PS beads. The silicon nanopyramids are fabricated
by 30 min RIE by a gas mixture of O2 and SF6, which is shown
in Figure 2b after the PS beads are removed. The silicon
nanopyramids can also be fabricated without tailoring the sizes
of the PS beads. As shown in Figure 2c,d, RIE of a gas mixture
of O2 and SF6 is directly carried out on a PS beads-masked
silicon wafer, and the silicon nanopyramids can also be
fabricated. This process (PROCESS-II) flow can simplify the
fabrication procedure. Even though without the step to shrink
the sizes of the PS beads, the silicon underneath the PS beads
can be effectively removed by RIE enabled by a mixture of O2
and SF6 gas species.
3.2. Fabricated Silicon Micro−Nanostructures of

Different Shapes. 3.2.1. Silicon Micro−anostructures
Fabricated by Different RIE Times Using a Single Monolayer
of PS Beads as the Mask. Using the PROCESS-II, by tuning
the RIE etching time (Figure 3a), micro−nanostructures of
different shapes can be fabricated consistently. Increased RIE
time results in increased removal of the silicon underneath the
PS beads. Given the isotropic nature of the RIE, namely, the
lateral etching of the silicon besides the vertical etching of the
silicon relative to the surface of a silicon wafer by RIE, silicon

micro−nanoflowers, silicon micro−nanobells, and silicon
nanopyramids will be formed with increased etching time in
sequence. Some representative SEM images of the fabricated
micro−nanostructures are shown in Figure 3b. In this case, the
sizes of the PS beads are 3 μm. The silicon microflowers are
formed after 5 min RIE, microbells are formed after 10 min
RIE, and nanopyramids are formed after 20 min RIE.
PROCESS-I has also been used to evaluate the fabrication of

microbells using 3 μm PS beads as the mask. As shown in
Figure 3c, after 5, 10, and 15 min O2 plasma etching to shrink
the sizes of the PS beads, the microbells can be fabricated by
10 min RIE of a gas mixture (O2 and SF6), again indicating
that both PROCESS-I and PROCESS-II can fabricate the
targeted silicon microstructures. To further scale down the
sizes of these silicon structures, 1 μm PS beads are used as the
mask, as shown in Figure 3d, and the nanoflowers, nanobells,
and nanopyramids can be successfully fabricated. Note that the
RIE time has been reduced to 1, 2, and 4 min to fabricate
nanoflowers, nanobells, and nanopyramids, respectively,
compared to those with 3 μm PS beads as the mask.

3.2.2. Nanostructures Fabricated by Two Layers of PS
Beads as the Mask. Two layers of 1 μm PS beads are self-
assembled on the silicon surface by applying PS beads twice on
the silicon wafer as shown in Figure 4a−c. To verify there are
two layers of PS beads, oxygen plasma etching is performed to
shrink the size of the beads so that the layer of beads
underneath can be observed. As shown in Figure 4c, with the
removal of the beads from the top layer, the PS beads
underneath can be clearly observed. PROCESS-I and
PROCESS-II are used to fabricate the nanostructures with
two layers of 1 μm PS beads as the mask, respectively. A
representative SEM image of PS beads after PROCESS-I is

Figure 2. Effect of shrinking size of PS on the formation of silicon
nanostructures. SEM images of (a) 3 μm PS beads assembled on the
silicon surface after 15 min O2 plasma etching and (b) fabricated
silicon nanopyramids. SEM images of (c) 3 μm PS beads assembled
on the silicon surface and (d) fabricated silicon nanopyramids.
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shown in Figure 4d. The silicon nanotriangles are fabricated
underneath the PS beads. After the PS beads are removed,
silicon nanotriangles have been fabricated as shown in Figure
4g,h. Some representative SEM images of silicon nanotriangles
fabricated using PROCESS-II are shown in Figure 4e,f. As can
be seen clearly, there are silicon nanoislands among three
nanotriangles in Figure 4e,f. In contrast, no nanoislands exist in
Figure 4g,h. The formation of the silicon nanotriangles and
nanoislands can be explained using the schematic illustration in
Figure 4i−k. As shown in Figure 4i, arrayed triangle openings
are formed among the highly packed PS beads, and the size of
triangle openings reduced with the second layer of the highly
packed PS beads as shown in Figure 4j. With these PS beads as
the mask, using PROCESS-II, the nanotriangles can be
fabricated through the triangle-shape openings through the
PS beads. Meanwhile, the size of each PS bead is still big
enough to mask the underneath silicon to avoid the silicon to
be totally etched away, resulting in the nanoisland (Figure
4e,f). In contrast, using PROCESS-I, the size of the top-layer
PS beads has been shrunk (Figure 4k), while the nanotriangles
can be fabricated, and the size of the top-layer PS beads is not
big enough to mask the underneath silicon. As a result, the
underneath silicon will be etched away, and no nanoislands
exist (Figure 4g,h).
3.3. Fabricated Flexible Micro- and Nanostructures.

The fabricated silicon micro- or nanostructures can be used as
a mold to fabricate the flexible and inversed micro- or
nanostructures. The process flow is illustrated in Figure 5a−c.

A liquid polydimethylsiloxane mixture (Sylgard 184) was
prepared by mixing the base and cure agent with a ratio of
10:1. Then, the liquid mixture was poured onto a silicon mold,
followed by baking at 75 °C for 2 h. The cured PDMS layer
was peeled off the master mold, and the micro- or
nanostructures were transferred to the PDMS layer. A photo
of a PDMS layer with transferred micro- or nanostructures is
shown in Figure 5d. Three types of silicon molds have been
used to fabricate flexible micro- and nanostructures. As shown
in Figure 5e, using the silicon molds with microflowers,
microbells, and nanopyramids, the inversed microstructures
can be transferred to the PDMS layer with high fidelity. For the
silicon molds with nanoflowers, nanobells, and nanopyramids
in Figure 5f, the fidelity of the transferred inversed
nanostructures degraded somewhat, but the main features
remain reasonably good. The nanotriangles from the silicon
mold have been also successfully transferred to the PDMS
layer with nanotriangle islands as shown in Figure 5g.

3.4. Detection of Dopamine Using Bandage-Type
Sensors. It has been found that the dopamine levels and
dopaminergic neuronal activity in the mesolimbic dopamine
system are affected by stress,28 in addition to other diseases
such as Parkinson’s disease.29 These changes in mesolimbic
dopaminergic neurotransmission, allowing adaption to behav-
ioral responses to environmental stimuli, are important for
coping with stress. Monitoring dopamine levels in sweat is
attractive since the measurement can be taken noninvasively
and in real time.30 As a technical demonstration, herein, the

Figure 3. Fabricating micro- and nanostructures of different shapes by tuning the RIE time. (a) Schematic illustration of fabricating micro- or
nanoflowers, micro- or nanobells, and nanopyramids with different RIE (O2 + SF6) times; (b) top row (top view) and bottom row (angled view):
SEM images of PS beads, microflowers, microbells, and micropyramids fabricated using PROCESS-II with 3 μm PS beads as the mask; (c) top row
(top view) and middle row (angled view): SEM images of PS beads after O2 plasma etching with different times; bottom-row (angled view): the
corresponding SEM images of microbells fabricated using 10 min RIE (O2 + SF6); (d) top row (top view), middle row (top view, close up), and
bottom row (angled view): SEM images of nanoflowers, nanobells, and nanopyramids fabricated using PROCESS-II with 1 μm PS beads as the
mask.
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bandage sensors fabricated using the silicon mold to detect
dopamine are demonstrated.
The process flow chart for fabricating bandage sensors is

illustrated in Figure 6a−d. Briefly, the micro−nanostructures
are transferred to a PDMS layer. Then, a shadow mask is put

on top of the PDMS layer. Then, 100 nm thick Au is deposited
on the PDMS layer through the shadow mask. Afterward, the
shadow mask is removed, followed by bonding the Au-coated
three-electrode electrochemical sensor to the bandage (Scar-
Away, Inc.) as shown in Figure 6e. The measured currents of

Figure 4. Fabrication of silicon nanotriangles using two layers of 1 μm PS beads as the mask. SEM images of (a) two-layer 1 μm PS beads, (b) PS
beads after 1 min O2 plasma etching, and (c) PS beads after 4 min O2 plasma etching. The PS beads underneath are clearly observed; (d)
nanotriangles fabricated underneath PS beads; (e,f) nanotriangles fabricated using PROCESS II; (g,h) nanotriangles fabricated using PROCESS I.
(i,k) Schematic illustration of fabricating nanotriangles using two-layer 3 μm PS beads.

Figure 5. Flexible micro- or nanostructures fabricated by using the silicon mold. (a−c) Schematic illustration of fabricating flexible micro- or
nanostructures using the silicon mold; (d) photo of a flexible micro- or nanostructure fabricated on PDMS; (e) top row: SEM images of micro−
nanostructures on the silicon mold; bottom row: SEM images of inversed micro−nanostructures corresponding to those on the silicon mold; (f)
top row: SEM images of nanostructures on the silicon mold; bottom row: SEM images of inversed nanostructures corresponding to those on the
silicon mold; (g) top row: SEM images of nanostructures on the silicon mold; bottom row: SEM images of inversed nanostructures corresponding
to those on the silicon mold.
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dopamine in buffer (PBS) of different concentrations are
shown in Figure 6f. The sensors with a micro−nanostructured
working electrode (WE) offer enhanced signals (∼2 fold)
compared to the sensors with a planar WE. The measured
currents of dopamine in the artificial sweat of different
concentrations are shown in Figure 6g. The sensors with the
micro−nanostructured WE also offer enhanced signals
compared to the sensors with the planar WE. The enhanced
transducing signals (i.e., peak currents) are due to the
enhanced surface areas for the micro−nanostructured WE
compared to those of the planar WE, which is consistent to
those reported in previous work.31

4. CONCLUSIONS
In this paper, silicon micro- or nanostructures of different
shapes have been fabricated using self-assembled PS beads on
silicon wafer as the mask. Specifically, by tuning the silicon
etching time, microscale or nanoscale flowers, bells, and
nanopyramids can be fabricated with one layer of PS beads as
the mask. The silicon nanotriangles have been fabricated using
two-layer self-assembled PS beads on silicon wafer as the mask.
Using these silicon molds with micro- or nanostructures, the
flexible micro- or nanostructures have been fabricated.
Furthermore, bandage-type electrochemical sensors have
been fabricated using the silicon molds with micro- or
nanostructures for detecting dopamine in buffer and artificial
sweat, which show enhanced transducing signals of the
electrochemical sensors with micro- or nanostructure-based
WE. Given its simple-to-use and low-cost, this manufacturing
process provides a new method to fabricate silicon and flexible

micro- or nanostructures of different shapes in an efficient
manner, paving a way to develop wearable micro- or
nanosensors with enhanced performance for biomedical and
healthcare applications.
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Figure 6. Fabrication of the bandage sensor and detection of dopamine in artificial sweat. (a−d) Schematic illustration of fabricating bandage
sensors; (e) photo of a fabricated bandage electrochemical sensor; (f) transducing signals of different levels of dopamine in buffer for bandage
sensors using the micro−nanostructured WE in comparison to the planar WE; (g) transducing signals of different levels of dopamine in artificial
sweat for bandage sensors using the micro−nanostructured WE in comparison to the planar WE. Error bars were obtained by calculating standard
deviation values.
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