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ABSTRACT: Herein, we describe a novel colloidal lithographic
strategy for the stepwise patterning of planar substrates with numerous
complex and unique designs. In conjunction with colloidal self-
assembly, imprint molding, and capillary force lithography, reactive ion
etching was used to create complex libraries of nanoscale features. This
combinatorial strategy affords the ability to develop an exponentially
increasing number of two-dimensional nanoscale patterns with each
sequential step in the process. Specifically, dots, triangles, circles, and
lines could be assembled on the surface separately and in combination
with each other. Numerous architectures are obtained for the first time
with high uniformity and reproducibility. These hexagonal arrays were
made from polystyrene and gold features, whereby each surface element
could be tuned from the micrometer size scale down to line widths of
∼35 nm. The patterned area could be 1 cm2 or even larger. The techniques described herein can be combined with further steps
to make even larger libraries. Moreover, these polymer and metal features may prove useful in optical, sensing, and electronic
applications.

■ INTRODUCTION

Patterned arrays of metallic nanostructures are commonly used
in photonics,1,2 electronics,3 material science,4 and biotechnol-
ogy5−11 because of their unique electronic and optical
properties. Much of this behavior results from surface
plasmons, which represent the collective oscillation of
conducting electrons on metal surfaces.11 Multiple modes of
surface plasmons, including localized surface plasmon reso-
nance and propagating surface plasmon resonance, can be
tuned in metal films as a function of structural and chemical
properties. As a result, specific geometries and architectures are
chosen and optimized for each application. For example,
structures that are rich in edges or sharp crevices are believed to
be useful for surface-enhanced Raman spectroscopy by
providing hot spots of greater electromagnetic enhance-
ment.12,13 By contrast, the period and size of surface features
are more essential for optical applications, which require a
precise match between external excitation fields and surface
plasmon modes.14,15 The ability to create a library of surface
structures through a combinatorial patterning technique would
be highly desirable for screening the most efficient structures
for a given individual purpose.
Great effort has been devoted to developing patterning

methods that meet the exacting requirements of shape, size,
orientation and periodicity for generating nanoscale platforms.
This includes, among others, colloidal lithography, photo-
lithography, soft lithography, and scanning beam lithography
approaches.16 The advantage of these methods is that they
afford high reproducibility and good control over surface

morphology. Despite their success, there are still substantial
barriers for achieving very fine scale structures and complex
designs over macroscopic areas in a reasonable time period. In
principle, it is possible to fabricate almost any arbitrary feature
with 10 nm resolution or better by electron beam lithography
(EBL)17−19 or focused ion beam lithography (FIB).20 Never-
theless, the amount of time and cost rises tremendously as the
patterned area increases and the features become more
complex. By contrast, more rapid methods such as photo-
lithography (PL)21 readily allow for the fabrication of complex
structures over large areas but have more difficulty producing
very small objects due to the diffraction limit. Patterning
methods including colloidal lithography (CL)22,23 and soft
lithography24 generally meet the resolution, large area, cost, and
time requirements. However, the types of features that can
easily be produced are typically much more limited. As such,
CL and soft lithography approaches are often combined with
PL or EBL in order to fabricate fine surface features,25−28

although some of the inherent disadvantages remain in place.
To expand the variety of architectures that can be

inexpensively and rapidly fabricated, additional methods need
to be pursued that can provide both large area patterning and
small feature sizes. One idea would be to employ a stepwise or
combinatorial approach for creating large libraries of patterns.
The key is to incorporate steps that do not require PL, EBL,
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and FIB and, therefore, do not slow the process down or
require specialized facilities and high costs. As a step toward
realizing this goal, we introduce a colloidal lithography method
to create complicated architectures in a poly(dimethylsiloxane)
(PDMS) template through a combination of self-assembly,
molding, and reactive ion etching (RIE). By integrating PDMS
templating with capillary force lithography,29 a large number of
patterns could be generated in a polystyrene (PS) layer. An
even greater variety of gold (Au) features could then be
generated by tuning the time employed for oxygen plasma
etching of the PS layer, which was followed by wet chemical
etching to transfer the pattern to an underlying thin Au film. By
doing this, dots, triangles, circles, lines, and related patterning
units could be formed individually or in combination with each
other. Each surface element could be tuned from the
micrometer scale to well below the 100 nm level, while the
size of the patterned area was about 1 cm2.

■ EXPERIMENTAL SECTION
Formation of the Polystyrene Sphere Monolayer. PS beads of

certified size standards were purchased from Duke Scientific Corp.
with diameters of 400 nm, 800 nm, and 2 μm. The beads were
centrifuged five times with copious amounts of water to remove
surfactants and other impurities that were present from the
manufacturer. They were then redissolved in purified water (Barnstead
nanopure water system, 18 MΩ·cm resistivity). The concentration of
PS spheres was maintained at 4 × 107/μL for all sizes. Triton X-100,
laboratory-grade, was purchased from Sigma−Aldrich. PS bead
suspensions were mixed with a 0.1% (volume percentage) Triton X-
100 solution in a 4:1 ratio to yield a final surfactant concentration of
0.020 vol %. PDMS molds were made by mixing Sylgard 184 silicone
elastomer with 10 wt % Sylgard 184 curing agent. The mixture was
then cured at 70 °C for 3 h. Before the aqueous PS sphere suspension
was introduced, the PDMS surface was treated with oxygen plasma for
15 s to increase its hydrophilicity. The PDC-32G plasma cleaner/
sterilizer was from Harrick Plasma (Ithaca, NY).
Poly(dimethylsiloxane) Templates. A March CS-1701 reactive

ion etcher was used to create PDMS templates. To do this, a PDMS
film coated with a monolayer of PS spheres was exposed to carbon
tetrafluoride (CF4)/oxygen (O2) plasma at 270 W in the reactive ion
etcher for varying time periods. The total flow rate of the etchant was
kept at 40 standard cubic centimeters per minute (sccm) while the
etchant composition was varied for creating various pillar spacings.

After treatment, the PS spheres were removed from the PDMS surface
by sonication first in toluene followed by acetone and water. Toluene
was bought from EMD, and acetone was purchased from Fisher
Scientific; both were ACS-grade. PDMS template was heated under
130 °C for 30 min to further remove any absorbed solvent before use.

Polystyrene and Gold Features. Glass slides (VWR, no. 2 micro
cover slides) were treated with piranha solution to remove organics
from the surface. This solution was a 3:1 mixture of sulfuric acid
(EMD, ACS grade) and hydrogen peroxide (Acros Organics, 35%)
(caution: piranha solutions are extremely corrosive, reactive,
potentially explosive, and need to be handled with care in a fume
hood). The glass slides were then washed with water and baked in an
oven (Orton, Sentry Xpress 2.0) at 500 °C for 5 h. A 50 nm thick Au
layer (Alfa Aesar, 99.999%) was thermally evaporated onto the glass
slides by use of a 5 nm thick chromium layer as an adhesive. This was
done in a BOC Edwards metal evaporator (Auto 360). Polystyrene
powder (Scientific Polymer, MW = 97 400) was first dissolved in
toluene and then spin-coated onto the planar Au surface by use of a
WS-400B-6NPP/LITE spin coater (Laurell Techonologies Corp.).
The spinning rate was set to 3000 rpm/min, while the concentration
of the PS solution was tuned between 5 and 50 mg/mL depending on
the thickness of the PS film that was desired. Detailed parameters for
the setup can be found in Table S2 (Supporting Information).

The PDMS template was placed on a polymer layer and an iron
block was used to adjust the applied pressure. The applied pressure
was set to ∼7.9 × 103 Pa by placing an 80 g iron block on a 1 cm × 1
cm PDMS mold. Next, the system was annealed at 130 °C for time
periods ranging from 30 min to 1 h and then cooled back to room
temperature in air. After the PDMS layer was peeled away, the
nascently formed polymer features were treated in an oxygen plasma
to completely remove the thinnest portions of the PS film. The power
of the RIE was set to 60 W and the oxygen flow rate was 20 sccm,
which initially corresponded to a removal rate of 2 nm/s. Finally, the
whole chip was immersed in a mixture of 50 mM iron nitrate (Alfa
Aesar, 98+%) and 50 mM thiourea (Alfa Aesar, 99%). After removal of
the unprotected Au, the chip was rinsed with purified water and
treated with chromium etchant 1020 (Transene Company Inc.) for 1
min to dissolve the exposed chromium. The remaining PS layer was
removed by toluene before each gold feature was examined by atomic
force microscopy (AFM; Digital Instrument, multimode scanning
probe microscope) in tapping mode to explore the surface topography.

■ RESULTS AND DISCUSSION

Our patterning procedure consisted of consecutive colloidal
lithography and reactive ion etching steps. To do this, a flat

Figure 1. (a) Schematic diagram for forming a PS sphere monolayer. (b) Optical image of the self-assembled PS sphere layer on PDMS. Scale bar: 2
mm. (c) Tapping-mode AFM image of the PDMS surface after removal of the PS sphere monolayer in which the PDMS is cured for 3 h at 70 °C.
Scale bar: 2 μm. (d) AFM image of the PDMS surface after removal of the PS sphere monolayer whereby the PDMS is cured for 24 h at 70 °C. Scale
bar: 2 μm. Panels c and d are in the same height scale.
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Figure 2. (a) Schematic diagram of the binary reactive ion etching step. (b) Optical image of the PDMS template after RIE and removal of the PS
sphere monolayer. Scale bar: 2 mm. (c) Representative view of the surface of the PDMS template, with a height profile shown beneath it.

Figure 3. AFM images and line profiles of the PDMS molds with various O2:CF4 ratios and etching times. A 3-fold hollow site is pointed out in the
lower-left image by a green arrow. The red arrowheads in each image denote positions along the line profile over the blue line. Each line profile is
displayed as an inset.
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PDMS substrate was cured at 70 °C for 3 h. It was then
rendered partially hydrophilic in O2 plasma and used
immediately. Next, a monolayer of polystyrene (PS) spheres
was assembled via deposition from an aqueous suspension onto
the planar PDMS surface.30−32 The spheres had a diameter of 2
μm and formed a closely packed hexagonal monolayer on the
surface upon evaporation of the water solution (Figure 1a).
This process typically took ∼2 h. It should be noted that a
close-packed self-assembled monolayer of PS spheres on PDMS
has not been previously demonstrated. These experimental
conditions represented a significant modification of deposition
techniques previously employed to deposit PS spheres on glass
or silicon substrates.33,34 Specifically, the production of PDMS
surfaces of intermediate hydrophobicity was the key to forming
a high-quality self-assembled colloidal sphere monolayer.
Moreover, introduction of 0.020 vol % Triton X-100 to the
deposited aqueous droplet facilitated the formation of a
uniform single monolayer. For these experiments, a contact
angle for water of ∼40° with the PDMS worked well. To obtain
this degree of hydrophobicity, the elastomeric substrate was
treated in 18 W O2 plasma for 15 s with initial O2 pressure of
0.1 bar. When the PDMS surface was made more hydrophobic,
it led to colloidal multilayer formation. By contrast, when it was
made more hydrophilic, increasing disorder in the colloidal
array was found. The area that could be patterned with PS
spheres depended on the total volume of liquid solution that
was introduced onto the PDMS surface. In particular, a coating
with approximately 1 cm diameter could be made by

introducing a 30 μL volume solution. An optical image of the
dried film is shown in Figure 1b. As can be seen, the film was
thicker near the rim, but otherwise a single monolayer was
achieved.
The colloidal sphere layer created a dimple array in the

underlying PDMS substrate when left in contract with the
substrate overnight. To demonstrate this, the PS spheres could
be removed and the substrate subsequently imaged. Removal
was performed by sonication in a bath with a 50/50 volume
mixture of acetone and water for 1 min. The PDMS slab was
then washed with water and dried in flowing nitrogen. AFM
imaging revealed that an array of dimples was formed in the
PDMS surface (Figure 1c). If we employed PDMS that was
cured at 70 °C for 24 h instead of 3 h and kept other conditions
the same, no dimple array pattern was found after sonication
(Figure 1d). As such, it is believed that un-cross-linked PDMS
strands are keys to forming the dimples by molding around the
PS spheres after assembly. Also, this molding process did not
occur immediately, as removal of the colloidal array by
sonication only a few minutes after the self-assembly process
was completed did not leave the dimple pattern behind.
In a next step, a PS sphere-covered PDMS substrate was

subjected to plasma etching (Figure 2a). The etchant in the
RIE procedure consisted of a 39:1 mixture of CF4 and O2.

35

The total flow rate was 40 sccm at a pressure of 80 mTorr.
Etching was conducted for 30 s with a 270 W plasma. The
reactivity of PDMS and PS are quite different for these two
gases. The Si−O backbone of PDMS primarily reacted with F•,

Figure 4. (a) Schematic diagram of the layered substrate used in capillary force lithography and the procedure for creating PS patterns. (b)
Schematic diagrams of the three types of spacings for PDMS pillars. (c) Schematic diagrams showing the influence of PS film thickness (in red) and
annealing times on the PS film structures obtained. (Left) Features formed by using a thinner film with a 30 min annealing time; (middle) features
formed by using a thicker film with a 30 min annealing time; (right) features formed by using a thinner film with a 60 min annealing time.
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while the PS was relatively stable in F•.35,36 Only the PDMS
surface that was not shielded by the PS spheres was etched,
which led to a hexagonal array of pillars. After the pattern was
formed, the PS spheres were dissolved with toluene and the
PDMS template was cleaned by acetone and water. An optical
image of the entire substrate after this procedure is shown in
Figure 2b. The sample could then be imaged microscopically by
AFM. This revealed that an array of PDMS pillars was formed
(Figure 2c). The hexagonal pillar array was characterized by
height of the PDMS pillars (H), depth of the indent on top of
the pillars (h), width of the pillars at half height (d), and
periodicity of the pillar array. The period was determined by
the original size of PS spheres, while all the other parameters
could be tuned in a very broad range by controlling the RIE
time, O2 concentration, and size of the PS spheres.
The relative amount of O2 was the most essential parameter

for tuning the features of the pillar array (Figure 3). Indeed,
varying the concentration of O2 drastically changed the
morphology of the PS sphere mask. As is well-known, the
C−C backbone of PS can be etched quickly in oxygen.37 As a
result, we could partially oblate the PS spheres by adding more
oxygen to the etchant gas. This served to uncover more of the
PDMS surface. Depending on the etching conditions, the PS
sphere diameter could be tuned to leave the spheres touching
or widely separated. Since the underlying PDMS substrate was
simultaneously being etched by CF4 (and to a lesser extent by
O2), the resulting pattern in the underlying substrate would
change. The total flow rate of etchant was kept constant at 40
sccm at a total pressure of 80 mTorr under all conditions. AFM
images of the surface topography of the patterned PDMS
surface after etching with various O2:CF4 ratios and etching
times are shown in Figure 3. The images were taken after
subsequent removal of the PS spheres by dissolving them with
toluene. As can be seen, increasing the ratio of O2 to CF4 (left

to right) created more room between the pillars. On the other
hand, increasing the time of plasma etching create deeper
valleys in the PDMS (bottom to top images).
A hexagram pattern was formed in the 3-fold hollow sites

between the locations of the PS spheres under conditions
where the O• concentration was relatively low. This can be seen
by the dark triangular regions in the lower left-hand image
(green arrow in Figure 3). As the oxygen ratio was increased,
the etching rate of the spheres increased relative to that of the
PDMS substrate. This led to bridge-shaped dips descending
between adjacent spheres. As a result, the height difference
between the top of the pillars and the top of the bridges became
larger as the etching time increased. Moreover, the triangular
regions became deeper and the diameter of the spherical pillars
became smaller as the etching time was increased under all
conditions. Depending on the plasma etching time, the pillars
in the PDMS templates could be defined as well separated
(type I), closely separated (type II), or overlapping (type III)
based on the interpillar separation. This classification is
reflected in the top, middle, and bottom rows of images in
Figure 3, respectively.
Next, the patterned PDMS substrates were used to create

arrays of complex nanoscale features in both PS and Au thin
films. The system used for these experiments consisted of a
10−50 nm PS layer, which was spin-coated onto a 50 nm thick
Au layer on a planar glass substrate. An intervening 5 nm Cr
layer was used to wet the Au uniformly onto the glass (Figure
4a). It should be noted that each PDMS template was copiously
washed with both water and organic solvents before proceeding
to the next step (see Experimental Section for details). As a
result, most traces of PS and Triton X-100 should be absent
after patterning.
The PS layer was patterned first by capillary force

lithography.29,38 To do this, the PDMS mold was placed onto

Figure 5. Various PS patterns obtained by adjusting the PS film thickness and annealing time. Scale bars: 2 μm.
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a polystyrene-coated planar glass substrate. An iron block was
placed on top of the mold to ensure close contact between the
mold and the polymer as well as to adjust the pressure applied
to the substrate. The whole system was then heated for a fixed
period of time at 130 °C, which was above the glass transition
temperature (Tg) of PS.39 PS features were formed as the
polymer melt climbed up the walls under the influence of
capillary forces.29,40 As the temperature rose above Tg, the PS
layer was melted and accumulated around the edge of the
PDMS pillars. This kind of capillary rise was mainly driven by
surface tension as the initial contact angle between the PDMS
walls and the PS layer was 90°, which is far from the
equilibrium contact angle (∼76°).29,40
Distinct patterns in the PS layer could be generated by

changing the pillar spacing (Figure 4b) and by varying the
heating time and PS layer thickness (Figure 4c). For example,
when the width of capillary rise was smaller than the gap (g)
between adjacent PDMS pillars (type I), circular rings were
generated (Figure 4b, left). The PS film employed here was
∼20 nm thick and a heating time of 30 min was used. If the gap
between the pillars was reduced to a range comparable to the
size of the PS features (type II template), connected structures
such as hexagrams were formed in the PS surface (Figure 4b,
middle). The film thickness in this case was 12 nm for
optimized overlap. Finally, if only a small portion of the 3-fold
hollow site was etched (type III), triangular hexagram
structures were formed by use of 10 nm thick PS films (Figure
4b, right). The red outlines in Figure 4b denote filling regions
into which PS material would flow around the circular pillars

(gray). In particular, those three conditions correspond to PS
patterns in Figure 5a−c, respectively.
As noted above, the PS film thickness was a critical

parameter, with a greater capillary rise occurring for thicker
films. For example, if one increased the PS film from 20 to 30
nm and kept other parameters identical, nanowells were
generated instead of rings for type I conditions (Figure 5d).
Indeed, the thicker PS film more completely filled the voids in
the template compared with Figure 5a. Similarly, hexagonal
wells were formed by using a type II template and a 15 nm PS
film (Figure 5, panel e versus panel b). Such differences,
however, were smaller with type III features, as the void space
in the PDMS molds was considerably smaller (Figure 5, panel f
versus panel c).
In addition to the patterns described above, it was found that

the heating time of the PS layer also played an important role.
In fact, a central dimple could be introduced by increasing this
time to ∼1 h from ∼30 min under otherwise identical
conditions. This is shown in Figure 5g−i, which correspond to
Figure 5a−c, respectively. Apparently, PS was initially excluded
from rising into the indented portion of the pillars over the first
30 min of the capillary rise process. After 60 min, however, the
polymer melt filled this region too. This time-dependent
annealing feature may be related to gas trapped between the
top of the PDMS pillars and the PS layer that initially prevents
dimple formation. The influence of both film thickness and
heating time on the molding of PS features is illustrated
schematically in Figure 4c.

Figure 6. Au nanopatterns created from the respective PS templates in Figure 5. (a−h) Various gold features. Scale bars: 2 μm. (i) Triangle-dot gold
feature. The height information of the region under the blue line is displayed in the inset. Scale bar: 2 μm.
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Finally, the PS patterns could also be transferred into an
underlying Au layer. This was done by treating the PS pattern
with an oxygen plasma for a fixed amount of time in order to
expose the desired parts of the metal layer. Then the chip was
immersed into a 1:1 (volumetric) mixture of 50 mM ferric
nitrate and 50 mM thiourea to conduct a wet chemical etch.

After removal of the exposed Au, the chip was treated with

chromium etchant for 1 min to dissolve the subsequently

exposed chromium adhesion layer beneath the Au film. Finally,

the chip was washed with toluene and copious amounts of

acetone and deionized water to remove the polymer layer.

Figure 7. Three Au patterns (bottom row) fabricated from the same PS template (upper-left image) by control of the etching time in RIE. The
etching time is listed under each image. The period for the patterns is 2 μm, and a line profile is shown next to the PS template. Scale bars: 2 μm.

Figure 8. Branching tree guide to the strategies employed for fabricating various Au pattern motifs by the stepwise templating method. All patterns
shown here have 2 μm periodicity.
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In order to faithfully transfer the polymer features into the
Au film, the plasma etching time was carefully controlled so
that only the planar portions of the polymer layer were
removed, while the raised areas were left behind. This was done
by adjusting the plasma etching time. The plasma etching speed
was approximately 2 nm/s under our conditions. Therefore, the
amount of PS that was ultimately removed was easy to control.
The resulting Au layer patterns are shown in Figure 6. Each
image in the 3 × 3 array corresponds to its PS template in
Figure 5. For example, Figure 6a was obtained by using the PS
pattern in Figure 5a. As can be seen, a rich variety of Au
patterns can be created. This includes rings, triangles, targets,
wells, lines, and complex combinations of these features. Many
of these large-scale Au patterned elements should be unique to
this patterning method, including the hexagonal web (Figure
6b), the targets surrounding by triangles (Figure 6g), and
hexagonal web with dots (Figure 6h). The height of gold
features shown here is equal to 55 ± 5 nm, which was obtained
from AFM measurements and demonstrated typically in Figure
6i. This number is coincident with the total thickness of
deposited gold (50 nm) and Cr (5 nm) layers. It is also possible
to develop an even richer array of Au patterns by varying the
etching time of the PS film. For example, the removal of some
of the raised portions of the PS pattern can be achieved by
overetching. As a result, the gold patterns can have different
topologies from the original PS templates. Figure 7 shows three
distinct Au patterns made from the same PS template by
varying the plasma etching time. The original PS pattern was
composed of three moieties with different heights: small
triangular dots, dimples, and ring structures. The triangles were
thinnest, while the rings were the tallest features as shown by a
line scan of the PS template (Figure 7, top image and
corresponding line scan). By use of a minimum etching time
(10 s), all features were preserved in the Au layer including the
small triangles, while a longer etching time left just the rings
(20 s). An intermediate etching time (15 s) removed the small
triangles but not the center dot (Figure 7, three lower images,
left to right). Exact details for the etching times and other
fabrication conditions are provided in Table S1 (Supporting

Information). The height of gold features shown here is equal
to 55 ± 5 nm.
The most significant advantage of our method is that one can

make a very large variety of patterns. A branching tree is
provided to summarize the conditions for creating specific
motifs (Figure 8). In fact, the ability of our method to fabricate
different feature types and patterns in Au is even greater than
what is shown here. Indeed, since the RIE gas composition,
plasma etching time, capillary force lithography time, PS film
thickness, and Au etching time can each be controlled
separately, a very large library of distinct features can be
formed. Moreover, the patterning method described above was
performed with 2 μm colloidal spheres. The size of these
spheres, of course, can be varied as well to change the element
size and spacing. In fact, we have repeated these methods with
800 and 400 nm PS spheres. In the latter case, the line widths
of the PS features were about 35 nm (Figure 9). Again, the
height of gold features shown here is equal to 55 ± 5 nm.

■ CONCLUSIONS

We have developed a novel strategy to establish libraries of
surface patterns. The approach used a combination of colloidal
lithography, reactive ion etching, and soft lithography for
patterning a thin PS layer, followed by etching an Au layer.
Indeed, a wide variety of PS and Au patterns were fabricated on
the micrometer scale and nanoscale. Unique and complex metal
features, such as hexagonal webs and targets with triangles,
could be created by simply choosing a proper template and PS
layer thicknesses. Such complex nanoscale features patterned
over large areas would be difficult to create by other methods.

■ ASSOCIATED CONTENT

*S Supporting Information
Two tables listing detailed fabrication conditions of PS and Au
nanofeatures. This material is available free of charge via the
Internet at http://pubs.acs.org.

Figure 9. PS thin film features created with (a, b) 800 nm and (c) 400 nm PS spheres. Type I features are shown in panel a, while type II features are
shown in panel b. (d−f) Corresponding Au features generated from the PS templates in pnaels a−c. Scale bars: 2 μm.
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