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A B S T R A C T

This paper describes a facile strategy for fabricating arrays of two- and three-dimensional gold

nanostructures using PDMS-infiltrated polystyrene (PS) colloidal crystals. PDMS molding of colloidal

crystal, gold vapor deposition, and subsequent calcination of PS produced gold thin layers over

hexagonal PDMS microwell arrays with hemispherical air-voids of approximately 140 nm on glass

substrates. Vapor deposition of perfluoroalkylsilane thin layers improved the thermal stability of the

colloidal template over 100 8C, providing a route to preparation of hollow architectures with gold thin

layers supported by PDMS nanostructures. Surface modification of the PDMS using poly(allylamine

hydrochloride) induced two-dimensional colloidal crystals of PS and PMMA spheres through

electrostatic interactions. Particle aggregation of 13 nm gold nanoparticles in the PDMS microwells

demonstrated a surface plasmon resonance band red-shifted to 810 nm, in comparison with that on the

flat surface at 720 nm.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Two-dimensional patterned substrates with sub-micron fea-
tures have attracted much interest due to a necessity for high-
density and high-resolution devices in the areas of microelec-
tronics [1,2], micro-optical systems [3], and micropatterning of
biomolecules [4–6]. Even recent surface patterning techniques
have been extended to the areas of photovoltaics that utilize
several etching methods to produce a textured surface for anti-
reflection coatings [7,8]. Soft-lithographic techniques [9,10] using
poly(dimethylsiloxane) (PDMS) and ordered periodic colloidal
sphere arrays as molds are effective for fabricating two-dimen-
sional spatial patterns, given the use of a colloidal template with a
uniform size and shape, providing the advantages of cost-
effectiveness, large area capability, and control of pattern
dimension [11]. Thus, the shape and size of the template play
decisive roles in the molded PDMS surface patterns and structures.
The shape of colloidal particles in the template could be modified
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by thermal treatment or mechanical deformation, providing
various surface patterns as demonstrated in the previous reports
[12–14]. The properties of the template are also important factor in
determining the morphological shape of the nanostructures. In
addition, it is difficult to fabricate a nanostructured material that
maintains the patterned shape at high temperature. We employed
the coating of organosilanes that can improve the thermal stability
of the resulting nanostructures [15]. Especially, perfluoroalkylsi-
lane (PFAS) deposition on the self-assembled polymeric colloidal
array provides chemically reinforced colloidal templates.

Upon a self-assembly process using colloidal particles, several
interparticle forces arrive to act upon the assembly of the colloidal
particles: gravitational force, capillary force, particle–substrate
electrostatic force. To achieve a successful assembly, surface
modifications for repulsive electrostatic interactions are required
to remove excess particles that randomly adhere to the substrate
by micro-contact printing or polyelectrolyte coating [16–18]. The
PAH-coated PDMS microwells with a positive surface charge lead
to reliable adhesion of the negatively charged particles [19–21].
The particle aggregation on roughened sub-wavelength nanos-
tructures is of great fundamental interest as they are useful in
understanding how surface texturing may affect optical properties.

mailto:dyjung@skku.edu
http://www.sciencedirect.com/science/journal/01694332
http://dx.doi.org/10.1016/j.apsusc.2009.09.049


Fig. 1. Schematic illustration for PS 2D crystal (1), PS/PDMS nanocomposites (2),

textured surface (3), colloidal monolayers (5), and gold nanostructures (4, 6–8)

applying PFAS coating.
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Here we report a strategy for fabricating two- and three-
dimensional gold nanostructures on a hemispherical PDMS
surface, along with the enhanced thermal stability of their
structure by PFAS. Compared with analogous microwells fabri-
cated by complicated methods using twice replica molding or a
lithographic etching process [22–24], the direct method for
fabricating microwell arrays upon a substrate has been rarely
reported [25]. Moreover, the additional coating of PFAS provides a
reliable route to fabricate thermally stable nanostructures with
desired surface patterns, as well as nanoparticle assemblies on the
PDMS microwells.

2. Experimental

2.1. Materials

The 10 wt.% aqueous colloidal solution of polystyrene (PS)
microspheres of 488 and 345 nm was obtained from Microparticles
GmbH (Berlin, Germany) and the size of the microspheres measured
at 454 � 2 and 325� 2 nm, respectively, by SEM with calibrated
lengths. The more detailed descriptions for the structural feature sizes
of the PS colloidal crystals are described in our previous report [11]. The
poly(methyl methacrylate) (PMMA) colloidal solution was prepared
using an emulsion polymerization technique [26] with the resulting
solution purified with deionized water four times through centrifuga-
tion, and the particle size was measured as 380 � 3 nm by SEM
analysis. A concentration of the PMMA solution was diluted to 1 wt.%
and used to form two-dimensional colloidal crystal on PDMS
microwell. Glass slides were cleaned with piranha cleaning solution,
3:1 H2SO4/H2O2, to remove residual organic impurities, sonicated for
30 min, and then washed with deionized water (18 MV cm resistivity)
and isopropyl alcohol. The substrates were dried in a nitrogen stream
and, retreated with oxygen plasma using a Harrick plasma cleaner.
Replica molding was performed using PDMS (Sylgard 184, Dow
Corning). All chemicals purchased from Aldrich and tridecafluoro-
(1,1,2,2)-tetrahydrooctyl trichlorosilane (United Chemical Technolo-
gies Inc., Bristol, PA, USA) as a perfluoroalkylsilane were used as
received. Gold films were prepared using e-beam evaporation of
99.999% gold from Nilaco, Japan. Raith Elphy Plus e-beam lithography
with tungsten hairpin filament was used and operated at accelerate
voltage of 20 kV. The pressure during deposition was in the 10�7 mTorr
range. The target to substrate distance was around 40 cm for the
evaporation chamber. The thickness of the gold film was measured
with an oscillating quartz crystal.

2.2. PDMS microwell arrays

Schematic illustration of the experimental procedures for
fabricating the microwell array and gold nanostructures is shown
in Fig. 1. Two-dimensional colloidal monolayers of 454 nm PS
microspheres (1A sample) were prepared by spin-casting a PS
colloidal solution at 2000 rpm for 30 s onto a plasma-treated glass
substrate. The PS 2D crystal was dried at room temperature and
used as a template for PDMS replica molding [11]. Perfluoroalk-
ylsilane thin layers were deposited onto 1A by vapor phase
silanization in a glass chamber, producing the 1F sample. Briefly, a
glass incubation chamber consists of a flat-bottomed cylinder and
a top lid attached with three stopcocks. The airtight connection
between the top lid and the bottom cylinder was achieved by use of
vacuum grease. On the bottom of the glass chamber, 0.1 mL of PFAS
and 1A sample were charged. The chamber was then evacuated at
10�3 Torr for 10 min at room temperature. The chamber was
subsequently transferred into an oven whose temperature was
maintained at 100 8C and kept there for 15 min. After being cooled
to room temperature, the 1A sample tethering PFAS layer was
removed from the chamber. The PS-coated glass samples (1A, 1F
samples) were heated at 70 8C for 1 h. The PDMS prepolymer
solution (10:2 wt.%) was poured onto a Petri dish holding the PS-
coated glasses and treated under vacuum (10�3 Torr) for 30 min to
remove the entrained gas bubbles. This was followed by curing in a
conventional oven at 70 8C for 40 min. The cured PDMS molds were
peeled off and removed from the PS template, resulting in PDMS-
infiltrated PS crystals (2A, 2F) on glass. The PS–PDMS composite
samples were heated at 300 8C for 30 min to give 3A and 3F,
respectively.

2.3. PS and PMMA 2D crystals on PDMS microwell

To improve the adhesion of the colloidal microspheres on the
microwell, the PDMS surfaces were coated by immersing into
polyelectrolyte poly(allylamine hydrochloride) (PAH) solution
having a concentration of 0.1 mg/mL at room temperature for
30 min, and then thoroughly washed with deionized water, and
dried under a stream of dry N2 gas. Then PS 325 nm and PMMA
380 nm microspheres were attached to the PAH-coated PDMS
microwells (3A, 3F) by dip-coating using the 1 wt.% of aqueous PS
and PMMA colloidal solutions at room temperature for 2 h. The
resulting crystals (5A, 5F) were washed with deionized water to
remove the loosely packed particles and dried at room temperature.

2.4. 2D gold nanoparticle arrays on PDMS microwell

The Au nanoparticle solution with 13 � 2 nm sizes was prepared
as previously reported [27,28]. Briefly, 100 mL of a 1.0 mM aqueous
HAuCl4�3H2O solution was added to 100 mL of deionized water,
which was then boiled. A 10 mL solution of 38.8 mM sodium citrate
was added to the solution, which was then boiled for 20 min. The
average particle diameters were determined from TEM analysis.
A 20.0 mL aliquot of an aqueous gold nanoparticle colloid
(5.4 � 10�9 M) was transferred to a Teflon cell (inner dimension,
7.5 cm � 4.0 cm � 1.5 cm), and 10.0 mL of hexane added to the top
surface of the colloid solution in order to form a water/hexane
interface. A 6.0 mL portion of ethanol was then added dropwise
(0.6 mL/min using a KDS101 mechanical syringe pump from
kdScienctific Inc.) onto the surface of the water/hexane layers,
forming nanoparticle film surface area of about 30 cm2. After forming
the desired nanoparticle array at the interfaces, the hexane layer was
evaporated spontaneously. The resulting nanoparticle film was



Fig. 2. SEM images of PDMS-infiltrated PS and PDMS microwells without PFAS (a and c) and with PFAS coating (b and d). The arrows in (d) indicate the PFAS residues.
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packed into a single large monolayer film with surface area of 16 cm2.
Before transfer of the monolayer film, the PDMS microwell (3A) was
treated with oxygen plasma for 5 min under a pressure of
5 � 10�2 Torr to adhere the nanoparticles on the hydrophobic PDMS
surface. The close-packed large monolayer film was then transferred
to a glass substrate, PDMS-infiltrated PS 2D crystal (2A), PDMS
microwell (3A), and oxygen plasma-treated 3A sample by horizontal
lifting, respectively.

2.5. 3D nanostructured gold thin-films

Gold thin layers of 70 nm thickness were deposited onto 2A and
2F samples by e-beam evaporation at a deposition rate of 7 Å/s. The
gold coated samples (4A, 4F) were then annealed in air at 80� for
30 min (6A, 6F) and 300� for 10 min (7A, 7F) and 30 min (8A, 8F),
respectively. After heat treatment, PDMS-supported hollow gold
nanostructures were obtained.

2.6. Characterization

Scanning electron microscope (SEM) measurements were taken
using a JEOL JSM-7000F operating at 15 kV. Atomic force
microscope (AFM) images were obtained in air using a Nanoscope
IV (Digital Instruments Co.) by the tapping mode using a silicon
cantilever with a curvature of 10 nm (MikroMasch Inc.) and ‘‘J’’
scanner with a scan limit of 125 mm. The electrophoretic mobility
of the PMMA and PS was measured using a Malvern Zetasizer 4.
The z-potential was calculated using the Smoluchowski relation
[29]. The refractive index of PS and PMMA was 1.59 and 1.48,
respectively. The parameters of the viscosity of water at 25�,
0.89 cP, and the dielectric constants for PS and PMMA, 2.6, are used
in the calculation. Optical microscopic images were obtained using
an Axiovert 200 MAT inverted microscope with a 100� objectives
(Zeiss, Germany) equipped with a HAL 100 W halogen illuminator.

3. Results and discussion

3.1. PDMS infiltrated 2D crystals

The thermal treatment of sample 1A deformed the PS micro-
spheres, leading to larger interparticle contacts by structural
transformation from spherical to nearly hexagonal shapes.
Contrary to 1A, the PFAS-coated 1F sample showed little
deformation of colloidal particles by chemical modification. The
interparticle distances of the PDMS-infiltrated PS crystal films (2A,
2F) were 31 � 2 and 18 � 3 nm, respectively, as shown in Fig. 2. The
center-to-center distances along the lateral direction between the
nearest neighbors were approximately 395 � 4 nm for 2A and
418 � 2 nm for 2F. Those for longitudinal directions among three
microspheres were 418 � 3 nm for 2A and 440 � 2 nm for 2F,
compared to 454 nm before annealing. The reduced sizes are ascribed
to an increase in the melted region in the template [11], which can be
demonstrated by transferring the PDMS-infiltrated PS crystals onto
carbon tape (see supporting information, Fig. S1, for details).

3.2. Two-dimensional PDMS microwell arrays

Calcination of the PDMS-infiltrated PS crystals gave the highly
ordered PDMS microwells with regular hemispherical concave
holes on the glass substrate, representing effective penetration of
the PDMS prepolymer into the interstitial void spaces among the
neighboring microspheres. The microwells showed a difference in
structural features depending on PFAS coating, as shown in
Fig. 2(c) and (d). The microwells consisted of honeycomb-like walls
and protruding apices within individual structures that showed
similar morphologies but different inter-hole distances. The 3A
sample without PFAS had a broader wall thickness and apex width
induced by slight melting of the PS, while the 3F sample showed
smaller values caused by the template with the PFAS layer (see
supporting information, Fig. S2, for detailed structural feature
sizes). Fig. 2(d) confirms the presence of the PFAS residues [30,31],
demonstrating the successful formation of PFAS SAMs on the PDMS
infiltrated 2D crystal surface, in which the residues can be clearly
removed by washing with acetone for further use.

To induce a hydrophobic surface, a typical procedure is to
deposit a material with low surface energy such as PFAS or to
fabricate a structure with a highly textured surface through
creating a rough surface. As seen from Fig. 3, the water contact
angles of the PDMS nanostructures changed from 988 of the planar
PDMS mold to 1088 of the microwell without the PFAS layer, then
to 1208 of the microwell with the PFAS layer. The variation of the
apparent contact angle with surface texturing and PFAS coating



Fig. 3. Contact angle measurement of planar PDMS (a), as-prepared (b) and PFAS-

coated PDMS microwell (c).
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indicates an increase in hydrophobicity, demonstrating the
Wenzel and Cassie–Baxter laws [32–34]. The microwells with
ordered patterns have potential applications in areas such as high-
throughput detection sensors for biomolecules [35,36] or micro-
spheres [37,38].

3.3. Monolayer assembly of gold nanoparticles on PDMS microwell

The monolayer films of 13 nm gold nanoparticles were applied
on the PDMS microwell samples with different surface features.
Fig. 4. SEM images of gold nanoparticles coated surfaces on bare glass (a), PS 2D crystal (

absorption spectra of (a)–(d).
The assembly of the gold nanoparticles depended strongly on the
substrates; the UV/vis spectra exhibited characteristic surface
plasmon resonance (SPR) properties as shown in Fig. 4. The SPR
band of the thin-layered gold nanoparticles on the glass was
observed at 720 nm, a wavelength longer than that of solution
phase, presumably due to the aggregation of the nano-sized gold
grains. The broad band with a long tail to near-infrared region is
ascribed to the dipole–dipole interaction of the aggregated
particles [39,40]. The gold nanoparticles were clusterized on the
PS, where two absorption peaks of the PS and gold were observed
at 390 and 560 nm, respectively. The number of adsorbed particles
on PS surface more decreased than that on glass surface shown in
Fig. 4(a), representing the decrease of the adsorbed particles on
hydrophobic surface. In addition, the SPR absorption band red-
shifted to longer wavelength region compared to those of citrate-
capped solution or nano-sized solid gold nanospheres due to the
aggregated nanoparticles [41,42]. The increase of the adsorbed
particles implies the increase of an optical absorbance, showing the
best adsorption on the hydrophilic plasma-treated microwell
surface. The homogeneous modification of the hydrophobic PDMS
b), as-prepared (c) and plasma-treated PDMS microwell (d). (e) Presents the UV/vis



Fig. 5. SEM images of self-assembled polymer microspheres on the 448 nm PDMS microwell (sample 3A) using 325 nm PS (a and c) and 380 nm PMMA colloidal solutions (b

and d).
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microwell by plasma treatment improved adhesion of the gold
nanoparticles compared with those as-prepared, where the
absorption band of the plasma-treated microwell showed a
shorter wavelength of 780 nm with an increased absorbance, than
the 810 nm of the as-prepared sample, indicating a decrease in the
uncovered area by adsorbed nanoparticles. The red-shift of the as-
prepared sample compared with that on glass is due to a strong
coupling of the dipolar plasmon resonance by aggregation of gold
nanoparticles on the hydrophobic substrate [28]. The steep slope in
the absorbance below 400 nm resulted from absorption by PDMS.

3.4. Monolayer assembly of colloidal microspheres on PDMS

microwell

Assembly of the colloidal crystals into the hemispherical pores
of the PAH-modified nanostructures of 3A and 3F was successfully
achieved, since the applied PS and PMMA colloidal solutions have
negative surface potentials of �50 mV for PMMA and �15 mV for
PS [43,44]. Fig. 5 shows that the individual microwell has one
microsphere through both capillary and electrostatic attractive
forces in the liquid medium [21]. To place only one spherical
colloid into a template hole, it must also satisfy the requirement
that the ratio between the diameter (D) of the cylindrical holes and
the diameter (d) of spherical colloids, D/d = 1.00–2.00 [45]. The
center-to-center distances between the arrayed colloidal particles
were 448 � 3 nm, and the interparticle gaps were 128 � 4 nm for PS
and 65 � 2 nm for PMMA, producing separate hexagonal arrays of the
microspheres. Size discrepancy in diameters between microwells and
particles greatly influenced the degree of disorder. PS samples gave
relatively random ordered arrays due to the large size discrepancy,
while higher ordering for the PMMA particles was obtained,
indicating effectiveness in controlling the spatial ordering by particle
size. These colloidal crystals with regular intervals will be very useful
to fabricate microlenses by slight melting of the polymer [11], as well
as a template for multilayered colloidal crystals [46].

3.5. Nanostructured gold thin-films

Deposition of gold onto the PDMS-infiltrated PS crystal
produced nanostructured gold films. The 4A sample gave a
deformed structure, while the 4F sample presented thermal
stability given the PFAS coating, compared with that prior to gold
deposition (see Fig. S3). Thermal treatment led to the structural
transformation as a function of time and temperature; the SEM
images of the PS–PDMS–Au nanostructures are shown in Fig. 6.
Upon heating at 80 8C, a remarkable topographical change in the
gold hemispheres was observed for 6A at a contact angle of 428. The
thermally deformed PS supported the embossed PDMS structure.
Further heating at 300 8C produced 7A and 8A, which underwent a
collapse of the embossed gold structures. The samples showed the
contact angles of 258 for 7A and 128 for 8A, demonstrating the
collapse of the gold thin layers in most of the surfaces for 8A. To the
contrary, the PFAS-coated nanostructures were robust enough to
resist up to 300 8C and maintained the three-dimensional hollow
architectures with the embossed gold layer, as shown in Fig. 6(b)
and (d). The contact angles of the embossed gold hemispheres
changed from 588 for 6F to 458 for 7F, then to 428 for 8F, indicating a
small variation in the contact angle with surface texturing and
PFAS coating. The surface topography of the PDMS layers showed
noticeable changes depending on the presence of the PFAS, where
the height greatly decreased from 260 � 2 and 108 � 3 nm for 4A
and 8A to 260 � 3 nm for 4F and 200 � 4 nm for 8F, respectively,
implying the possibility of tailoring microwell design. As a result, the
deposition of PFAS enabled the enhancement of the contact angles, as
well as thermal stability of the gold nanostructures. In particular, 8F
clearly demonstrated the rigid hollow structure of three-dimensional
ordered pore arrays, compared with 8A. The nanostructured film of 8F
consisted of top hexagonal gold arrays with air-filled regular pores
and a bottom skeleton network formed by PDMS with concave
internal curvatures. The top gold layer of 8F was removed using
carbon tape, which left the regular PDMS networks with nanopillars
(see Fig. S4). In spite of sphere deformation by PDMS molding and
gold deposition, the PFAS coating enabled production of the ordered
embossed nanostructure with large pores over hundreds of nan-
ometers, applicable to protein adsorption or single crystal growth,
and useful for optical and electronic applications [47,48]. The
reflected color that correlated with light diffraction and scattering
of the periodic nanostructures [24] also demonstrated the rigid
structure by PFAS. The 8A sample showed notable color changes from
brown to yellow through removal of the template, while no color



Fig. 6. SEM images of the nanostructured gold films prepared on 4A and 4F samples after the following thermal treatments; (a) 80 8C, 30 min for 4A, (b) 80 8C, 30 min for 4F, (c)

300 8C, 30 min for 4A and (d) 300 8C, 30 min for 4F. The insets show the high-magnification images.
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change for 8F occurred, demonstrating the protection of the
embossed nanostructure against thermal treatment. The detailed
color changes for each sample are shown in Fig. S5.

The change in the shape and size of PS is essential to the
manipulation of the surface morphologies. However, subsequent
treatment with PFAS is important to fabricate the nanostructures
with controllable interstitial spaces, including pore diameter and
wall thickness, and thus to hold the gold layers in the thermal
treatment at 300 8C, allowing for fine control over the pattern and
structure of the final nanostructured film. This composite
nanostructure with large interstitial pore volumes can be applied
to a wide range of inorganic materials and several deposition
techniques, including electrochemical deposition and physical
vapor deposition, to produce novel functional hollow nanostruc-
tures [49,50] with the ability to control parameters such as
morphology, composition, and porosity, as well as exhibit
characteristic opto-electronic and photonic properties, promising
remarkable improved performance.

4. Conclusion

We demonstrated a ‘build up’ process to fabricate PDMS-based
nanostructures with control over their spatial patterns by applying
perfluoroalkylsilane coating. Electrostatic assembly of charged
microspheres in the modified microwells proved that the assembly
of microspheres with void diameters less than 60 nm induced
regular ordered colloidal crystals with non-close-packed hexago-
nal arrays and irregular arrays for intervals larger than 120 nm. The
combinational actions of a surface modification and a substrate
patterning led to the deposition of gold nanoparticles on
microwells, and the remarkable shift of the SPR band up to
300 nm compared to that of solid gold nanoparticles. The PFAS
layer on the template improved thermal stability and demon-
strated a technique to produce a rigid hollow space nanostructure
of approximately 200 nm. The synthetic strategy provides a
versatile way of developing a functional substrate with engineered
surface features for selective deposition of nanoparticles, crystal
growth, and the addressing of biomolecules, as well as a template
vessel for nanodot arrays.
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