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ABSTRACT: A simple and facile strategy is presented to fabricate the
metal nanodisk and nanohole arrays based on a wet etching-assisted
polystyrene colloidal lithography. Gold is chosen to demonstrate the
validity of such a strategy. The hexagonally arranged Au nanodisk and
nanohole arrays are thus fabricated with large area and good uniformity.
The structural parameters of the arrays, such as thicknesses, diameters,
and spacings of the nanodisks or nanoholes, are facilely tunable and
controllable by predeposition conditions, etching conditions and
colloidal monolayer structure. More importantly, these arrays can be

Nanohole array

produced on any supporting substrates, such as conductive or

nonconductive and even flexible substrates with flat, rough, or even curved surfaces. In general, the presented strategy is low
in cost, simple in operation and arbitrary in substrate, and the as-prepared arrays could find potential devices’ applications with
nice compatibility in the fields of optics, surface-enhanced Raman spectroscopy, biosensing, and so forth.
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1. INTRODUCTION

Ordered nanostructured arrays, consisting of regularly arranged
nano-objects, have attracted much attention in the past decade
because of their potential devices’ applications in such as
surface-enhanced Raman scattering (SERS) substrates,' ™ data
storage media,* and biosensors.”™ The most widely used
manufacture techniques are photolithography, electron beam
lithography, and focused ion beam lithography, etc."® However,
these methods are limited by high cost, low throughput, and
difficulty in accessing the facilities.” In addition to these
conventional techniques, utilizing monolayer colloidal crystals
as templates or masks, or the colloidal lithography,'®*® various
patterned nanostructured arrays including nanoparticle arrays,
nanopore arrays, nanoring arrays, and nanorod/nanotube
arrays, were also fabricated by some assisted chemical and
physical processes, such as solution/sol dipping strategy,'*'¢
electrochemical deposition,'”” ' thermal evaporation deposi-
tion,”*>* e-beam evaporation deposition,”® pulsed laser
deposition,*™>* etc. It has been proven that the colloidal
lithography is a facile, flexible strategy to prepare ordered
nanostructured arrays and is advantageous in terms of cost,
reproducibility, size of the produced arrays and time required to
prepare. However, the performance of the colloidal lithography
is closely related to the assisted techniques. For example, the
solution dipping method based on the colloidal lithography was
commonly used to prepare metal oxide (e.g, ZnO) arrays, and
powerless for metal arrays.’

Recently, nanodisk and nanohole arrays have stimulated
much attention because of their unique optical properties and
promising applications in extraordinary optical transmission,
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SERS devices, nanoscale waveguides, biosensors, nanopattern-
ing, and molecular plasmonics, etc.3173 It is well-known that
controlled fabrication of such arrays with tunable structural
parameters (size and spacing of the nanodisk or nanohole) and
high structural uniformity, especially on any substrates (with
flat, rough, curved and even flexible surfaces), in a simple way is
very important for their device applications. Nowadays, it is
mainly on the basis of the nonclose-packed colloidal monolayer
array, which is obtained by reactive ion etching (RIE) on self-
assembled monolayer, and then deposition of metal to prepare
nanodisk arrays, or using nanoposts secondary template to
obtain nanohole arrays.”>’>* As is known, the RIE technique
need a special instrument to prepare ordered arrays on flat
substrate. Until now, attaining high-throughput and large-area
fabrication of nanodisk or nanohole arrays on any substrate
continues to be a major challenge in a simple and direct way in
any lab.

In this article, a simple and facile strategy is presented to
fabricate the metal nanodisk and nanohole arrays based on a
wet etching-assisted colloidal lithography. Gold is chosen as an
example to demonstrate the effectiveness of the strategy. The
hexagonally arranged nanodisk and nanohole arrays with
controlled thickness and structural parameters have been
fabricated. Importantly, these arrays can be produced on any
supporting substrates, such as conductive or nonconductive and
even flexible substrates with flat, rough, or curved surfaces. The

Received: March 5, 2014
Accepted: May 23, 2014
Published: May 23, 2014

dx.doi.org/10.1021/am501326w | ACS Appl. Mater. Interfaces 2014, 6, 9207—9213


www.acsami.org

ACS Applied Materials & Interfaces

Research Article

(@)

Transformation

Removal of PSsﬂ

(2

Selective etching

Figure 1. Schematic illustration of the fabrication of Au nanodisk array (a = b = ¢ = d — e) and nanohole array (a —» b— ¢ » f— g > h—i). (a)
Large-area PS colloidal monolayer on a glass slide by an interface self-assembly method. (b) PS colloidal monolayer on an Au-coated substrate (i.e.,
Au/Ti/supporting substrate) by transferring from the glass slide. (c) PS monolayer becomes firm (area) contact with the Au-coated substrate by
heating at 110 °C. (d, e) Au nanodisk array is formed and obtained after selective wet-etching and removal of PS spheres. (f) PPy thin layer is
electrodeposited on the heated PS/Au-substrate. (g) Ordered PPy pore array on the Au-substrate after removal of the PS monolayer. (h, i) Au
nanohole array is produced and obtained after selective wet-etching and removal of the PPy.

presented strategy is low in cost, simple in operation, and
arbitrary in substrate, providing an effective and simple way.
The obtained arrays can find potential devices’ applications in
the fields of optics, surface-enhanced Raman spectroscopy,
biosensing, and so forth.

2. EXPERIMENTAL SECTION

2.1. Materials. The PS (0.5, 1, and 2 ym in diameter) suspensions
(2.5 wt % in water) were purchased from Alfa Aesar Corporation.
Thiourea and iron nitrate nonahydrate (Sinopharm Chemical Reagent
Co., Ltd.), pyrrole (Shanghai Kefeng Industry Co. Ltd.), sodium
dodecyl benzenesulfonate (Aladdin Chemistry Co., Ltd.), and solvents
including acetone and ethanol were used without further purification.
Deionized water (18.2 MQ-cm) was obtained from an ultrafiltration
system (Milli-Q, Millipore, Marlborough, MA).

2.2. Preparation of PS/Au Substrate. Some substrates including
silicon wafers, ITO conductive glasses, and quartz plates were washed
sequentially by ultrasonic cleaning for 15 min each in acetone, ethanol,
and deionized water. Screen protectors (i.e., polyethylene tereph-
thalate (PET) flexible substrates) were washed sequentially by
ultrasonic cleaning for 15 min each in ethanol and deionized water.
Then, an Au-substrate (i.e., Au/Ti/supporting substrate) was prepared
by an ion-sputtering deposition method of ~60 nm of gold onto the
supporting substrate that had been primed with ~10 nm of titanium to
promote adhesion between the gold layer and the supporting
substrate. In all experiments, the thicknesses of the gold and titanium
film were fixed and estimated according to the sputtering deposition
rate curve provided by the instruction manual of the sputter coater
(Emitech K550X). The ~60 nm gold film was obtained at 25 mA for 8
min, and the ~10 nm titanium layer was obtained at 20 mA for 90 s.
Next, a large-area (centimeter square) uniform PS monolayer colloidal
crystal was prepared on the well-cleaned glass slide by a gas—liﬁuid
interface self-assembly method, as previously described in detail ***!
The as-prepared PS monolayer was integrally transferred onto the Au-
substrate by a floating method.** After drying at room temperature,
the Au-coated substrate covered with the PS monolayer (ie., PS/Au-
substrate) was heated in an oven at 110 °C for a certain time (about
5—10 min) so that the PS monolayer had a firm (or an area) contact
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with the Au substrate. For the formation of different periodic arrays,
three differently sized PS spheres including 0.5, 1, and 2 pm in
diameter were chosen.

2.3. Synthesis of Au Nanodisk Arrays. The fabrication
procedure is schematically illustrated in Figure la-e. First of all, the
PS/Au-substrate was prepared and heated, as described above. Then,
the heated PS/Au substrate was etched in an aqueous solution of
Fe(NO;); (20 mM) and thiourea (30 mM) at room temperature (~20
°C) with gentle stirring.*>** After that, the sample was taken out and
rinsed with deionized water and dried naturally, and then immersed
into methylene chloride (CH,Cl,) solution to dissolve the PS spheres
and rinsed with ethanol several times. The Au nanodisk arrays were
thus obtained. The etching solution was freshly prepared in each
experiment.

2.4. Synthesis of Au Nanohole Arrays. Figure la—c, f—i
schematically shows the fabrication of an Au nanohole array. The as-
heated PS/Au-substrate was first electrodeposited to form a layer of
polypyrrole (PPy) on it, in a solution composed of 0.1 M pyrrole and
0.1 M sodium dodecyl benzenesulfonate, at a deposition current
density of 0.5 mA/cm? for 15 5.** After subsequent removal of PS
spheres in the CH,Cl, solution and rinsing with deionized water
several times, the sample was etched in the aqueous solution the same
as that used in the fabrication of the Au nanodisk array. The nanoholes
were thus formed where the gold film was not covered by the PPy.
Finally, the Au nanohole array was obtained after removal of PPy by
heating at 250 °C for 24 h.*®

2.5. Characterization. The morphologies of the as-prepared
arrays were observed on a field-emission scanning electronic
microscope (FE-SEM, Sirion 200) operated at an acceleration voltage
of 10 kV.

3. RESULTS AND DISCUSSION

Figure 1 gives a schematic illustration of the wet etching-
assisted colloidal lithography strategy. The detailed description
is seen in the Experimental Section. On the basis of such a
strategy, the structural parameters of the arrays, such as the
sizes and spacings of the nanodisks or nanoholes, can be
tunable and controllable by the PS colloidal monolayer and
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etching conditions. The thicknesses can be adjusted by the
sputtering deposition current and deposition time. Also,
because of the transferability of the PS colloidal monolayer,*"*’
such arrays could be fabricated on any supporting substrates
with flat, rough, or curved and even flexible surfaces.

3.1. Au Nanodisk Arrays. For the fabrication of an Au
nanodisk array, according to the strategy in Figure 1, a large-
area polystyrene (PS) colloidal monolayer was prepared and
transferred onto the Au-coated Si substrate (i.e., Au-substrate).
Here, a silicon wafer was used as supporting substrate. The PS
monolayer covered Au substrate (i.e, PS/Au-substrate) was
then heated for 10 min to get a firm (or an area) contact
between the PS monolayer and the Au-substrate. After that, the
heated PS/Au-substrate is directly etched in the etching
solution composed of Fe(NO,); and thiourea with gentle
stirring for 6 min. After removal of PS spheres, a gold array on
the silicon substrate was thus obtained, as shown in Figure 2. It
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Figure 2. Typical FESEM images of an Au nanodisk array, with a
period 2 pm, on a silicon substrate by wet-etching for 6 min.

has been shown that the as-prepared array consists of the
hexagonally arranged and nearly circular nanodisks with ~740
nm in diameter, ~60 nm in thickness and uniformly distributed
on the silicon substrate. The circular disks are of nanoscaled-
rough profile due to the wet-etching, and the surface
morphology of the nanodisk reserves that of the Au film
precoated on the silicon substrate by an ion-sputtering method
before transferring PS monolayer and wet-etching, as clearly
seen in Figure 3b. Such well-ordered hexagonal array with a
proximate disks’ central distance of 2 pm, which depends on
the diameter of the as-chosen PS spheres.

Further, the structural parameters of the array could be tuned
and controlled only by changing the etching time but keeping
the other conditions unchanged. Figure 3a—c demonstrate the
arrays with different disks” diameters from ~280 to ~1030 nm
after etching for different times (4—12 min). The correspond-
ing disks’ diameter distributions are shown in the Supporting
Information (Figure Sla—c). Obviously, most of the Au
nanodisks formed by the wet etching-assisted colloidal
lithography strategy are uniform in size and approximately
circular in shape. Similarly, the Au arrays with the period of 1
um and the disks’ diameters ranging from ~110 to ~400 nm
were also produced by the 1 pum PS spheres and different
etching times (5—8 min), as shown in Figure 3d—f. The disks’
diameter distributions are relatively narrow, as illustrated in the
Supporting Information (Figure S1d—f). These results imply
that the structural parameters of the array could be tuned just
by the etching time and PS template. It should be mentioned it
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Figure 3. FESEM images of differently sized Au nanodisk arrays, with
periods of (a—c) 2 ym and (d—f) 1 ym on the silicon substrates, after
etching for different times (4—12 min).

is difficult to obtain small period arrays (such as less than 200
nm) because of weak controllability.

3.2. Au Nanohole Arrays. According to the strategy in
Figure 1, a PPy layer with orderly arranged pore array will be
formed after electrodeposition of PPy on the heated PS/Au
substrate and subsequent removal of the PS spheres by
dissolution (Figure 1f, g). Then, an Au nanohole array with the
hexagonal pattern should be obtained after wet-etching the PPy
pore array and subsequently removal of it (Figure 1h, i), which
is in good agreement with our experiments. Figure 4a illustrates

Figure 4. Typical FESEM images of an Au nanohole array, with a
period 2 pm, on a silicon substrate by wet-etching for 3 min: (a) front
view; (b) tilted view.

the typical results for the Au nanohole array prepared by static
etching for 3 min, with 2 ym in period and ~1.35 ym in hole
diameter, on a silicon substrate. The holes in the array are
approximately cylindrical, and hexagonally arranged because of
the template geometry, and the surface of the array is smooth.

Here, the thickness of the Au-coated layer was ~60 nm,
corresponding to the depth of the holes in the array. The
diameter of nanoholes in the array can be tuned by the etching
time. Figure Sa—d shows the nanohole arrays with different
hole’s diameters (from ~950 to ~1750 nm) after etching for
different times (2—6 min). The distributions of the holes’
diameters are uniform, as shown in the Supporting Information
(Figure S2a—d). Similarly, using other sized PS monolayer as
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Figure 5. FESEM images of differently sized Au nanohole arrays with a
period of 2 ym (a-d), 1 ym (e and f) and 500 nm (g and h) on the
silicon substrates after etching for different times (1—6 min).

the template, various periodic Au nanohole arrays were also
fabricated on the silicon substrates. Figure Se, f and g, h show
the Au nanohole arrays with 1 gm and 500 nm in periods,
respectively. The corresponding hole’s diameter distributions
are seen in the Supporting Information (Figure S2e—h),
showing nearly monodispersed diameter.

3.3. Arbitrary Substrates. In the previous experiments, the
as-used supporting substrate was silicon wafer. In fact, on the
basis of the strategy shown in Figure 1, the supporting substrate
is arbitrary. We can produce the arrays on any substrates, such
as conductive or nonconductive, rough or smooth, flat or
curved ones, because of the transferability of the PS
monolayers. Figure 6 demonstrates some typical arrays on
different substrates, including rough ITO conductive substrate,
smooth nonconductive substrate (quartz plate), after etching
for different times, exhibiting the patterns similar to those
shown in Figures 3 and S. In addition, more interestingly, the
array could also be formed on a flexible substrate using our
strategy, as typically illustrated in Figure 7, corresponding to a
nanohole array on the flexible PET supporting substrate. The
most nanodisks or nanoholes could be hexagonally arranged
uniformly if choosing the appropriate experimental parameters.
Furthermore, the as-prepared arrays did not influence the
substrate flexibility and can still be freely bent without damage
of the pattern structure. Such substrate arbitrariness of the Au
nanodisk and nanohole arrays is important to the device
fabrication and integration, and can promise applicability
ranging from biotechnology to optoelectronics.
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Figure 6. FESEM images of the Au nanodisk and nanohole arrays,
with the same period of 2 um, on different substrates: (a, b) ITO
conductive glass; (c) nonconductive quartz plate.

(b)

2 im

Figure 7. Au nanohole array on the flexible screen protector. (a)
Photo of the whole array. (b) FESEM image of the array.

As mentioned above, the structural parameter-controlled
hexagonally arranged Au nanodisk and nanohole arrays can be
readily fabricated on any supporting substrates. In the
fabrication process, the heat treatment for a certain time is
very necessary to attain an area contact between PS spheres and
Au-substrate, as shown in Figure S3 in the Supporting
Information. Because of such contact geometry between the
PS spheres and Au-substrate, the Au film that was not
contacted with PS spheres was first to be etched, that is the PS
sphere can be used as etching mask and not be etched in the
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etching process, an Au nanodisk array with hexagonal pattern
can thus be obtained. While in the fabrication process of Au
nanohole array, the PS monolayer was first used as electro-
deposition template, in order to obtain ordered PPy hole array
after removal of PS spheres. Such electro-polymerized PPy
layer can not be etched in the solution of Fe(NO,;); and
thiourea. Thus, the PPy hole array can be used as etching mask,
and the spaces where not protected by the PPy layer was first
etched, and with increasing the etching time, the hole size
increased gradually, so the Au nanohole array can be prepared
in this way. Whether for Au nanodisks or nanoholes array, the
pattern or symmetry of the ordered array is restricted by the
colloidal template.

Finally, it should be mentioned that the heating time at above
glass-transition temperature of PS, etchant and its concen-
tration, stirring rate in the etching solution during the etching
process are important to produce the nanodisk and nanohole
arrays with high quality (uniform structure). The heating time
for the PS-covered substrates should be proper so that an
appropriate contact area between PS spheres and substrate is
formed. Overheating may lead to that the channels between the
spheres almost disappear,*® which will prevent the etching
solution passing through the channels to etch the gold layer for
fabricating the nanodisk array. In addition, without these
channels, PPy ordered array cannot be electrodeposited and
obtained as the secondary template for next fabrication of
nanohole array. In a word, different heating time may have
important influence on the final diameters of nanodisks and
nanoholes, but they are also depended on the etching time. The
etchant and concentration should be selected so that only the
Au film could be etched at an appropriate rate. The other
etching solution, such as mixtures of nitric acid and
hydrochloric acid, potassium iodide solution, or cyanides,
because of too fast etching rate, can lead to a bad controllability,
and thus failure of the fabrication. Furthermore, fabrication of
Au nanodisk array, the stirring rate in the solution should be
fast enough to ensure good homogeneity of the whole etching
solution so that uniform etching takes place on the whole
substrate.

The strategies in our case are very important technical
progresses. General colloidal lithography methods are usually
based on colloidal monolayer template, combined with vacuum
evaporation deposition technique, and easy to obtain triangular
nanoparticles. The particles” sizes are mainly depended on the
size of colloidal sphere. Or using RIE technique to prepare non-
close-packed colloidal monolayer, then using such array as
deposition or etching mask. In this method, RIE technique
needs a special instrument that is not easy to realize in any lab.
In our case, the metal film was first deposited on the supporting
substrate, making the as-prepared surfaces of arrays flat. And
the size can be adjustable in a wide range, not only by the
sphere size but also the etching time. All of these can be easily
realized on any supporting substrates in any lab.

Through choosing appropriate periodicity (i.e., PS sphere’s
size) and etching time, disks’ sizes can be adjustable from 100—
1100 nm and holes’ sizes adjustable from 200—1800 nm. Such a
large adjustable range is very useful for possible applications.
Figure 8 is the optical transmission spectra of Au film and Au
nanohole array with ~750 nm diameter. Comparing these two
curves, we can find after etching, a new peak in infrared region
appeared, which shows the as-prepared arrays may be used in
enhanced infrared transmittance field. In addition, the peak at
~526 nm shifted to ~500 nm and the corresponding intensity
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Figure 8. Transmission spectra of Au film and Au nanohole array with
~750 nm diameter.

decreased significantly. The reduced visible transmittance
means enhanced absorbance and scattering. All the optical
properties may find potential applications in optical devices and
solar cells. Deeper research is in process.

4. CONCLUSION

In summary, a wet etching-assisted colloidal lithography
strategy has been presented and the hexagonally arranged Au
nanodisk and nanohole arrays are thus fabricated with large area
and good uniformity because of the geometry of the PS
colloidal template and selective etching. By etching conditions
and PS monolayer structure, we can easily achieve a good
tunability and controllability of the structural parameters of the
arrays in a quite large range. The obtained arrays could find
potential applications in the fields of optics, surface enhanced
Raman spectroscopy, biosensing, and so forth. More
importantly, owing to the easy transferability of the PS colloidal
monolayer, the arrays can be fabricated, with high quality, on
any supporting substrates, such as conductive or nonconductive
or even flexible ones with flat or rough, or even curved surfaces.
The strategy presented in this study is low in cost, simple in
operation, and arbitrary in substrate, and should be suitable for
the other metal arrays as long as an appropriate etchant and
etching conditions are chosen. This work provides a simple and
flexible route for fabrication of some nanodisk or nanohole
array-based devices on any substrates.
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Diameter distributions of the nanodisk and nanohole arrays
with different structural parameters. This material is available
free of charge via the Internet at http://pubs.acs.org/.
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