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ABSTRACT

Herein, a nanoscale patterning technique is demonstrated for creating twin features in polymers and metals. The process works by combining
evaporative staining with a templating process. Well-ordered hexagonally arrayed double rings were fabricated using hydrophobic spherical
templates. The diameter of the rings, the width of individual rings, and the spacing between concentric and adjacent rings could be tuned by
varying the solution conditions. Arrays could be made without the outer ring by employing hydrophilic templates.

Introduction. Well-defined nanoscale features have received
substantial interests from scientists and engineers because
of their potential applications in photonics,1-2 electronics,3

material science,4 and biotechnology.5-10 A variety of
methods now exist to create nanoscale structures.11-18 For
example, photolithography provides a top-down method for
creating large areas of well-defined features.11 The capabili-
ties of conventional photolithography are, however, typically
restricted to the diffraction limit of light (>100 nm). On the
other hand, electron-beam lithography is able to create
features of nearly arbitrary two-dimensional geometry on a
scale below 100 nm.12 Despite its high resolution, e-beam
lithography is time-consuming when large arrays are re-
quired. Moreover, the process must take place at a dedicated
facility in a vacuum environment with relatively expensive
equipment. These restriction have motivated the search for
alternative pathways to fabricating large areas of ordered
patterns.19-21

Irreversible solvent evaporation has recently been em-
ployed to create patterns via the dynamic self-assembly of
nonvolatile dispersed solute particles.22-24 This technique has
been used to make intricate patterns, but with random size,
spacing, and periodicity. Precise control over feature mor-
phology has been very difficult to achieve because of
instabilities in the evaporation process.25 On the other hand,
concentric micrometer-size patterns can be formed through
the solvent evaporation process using a sphere-on-flat
geometry combined with repetitive stick-slip motion under
the control of a motor.26-28 These nonconventional patterning
techniques provide an alternative route for fabricating large
area features. Nevertheless, the use of the solvent evaporation
process under well-controlled conditions for nanoscale pat-
terning is still a major challenge.

Template-based techniques have provided a very easy and
inexpensive way to fabricate nanoscale structures.19,21,29-39

These techniques use nanospheres,19,21,29-33 nanoporous
anodic aluminum oxide (AAO),34-37 nanochannels,15,38 or
nanoholes39 as templates. They can typically be combined
with chemical vapor deposition,19,29,33 ion-beam bombard-
ment,31,34-35,38 edge spreading,21 electrochemical deposi-
tion,37,39selective wetting,30,32and photoreduction36 methods
to fabricate nanoscale structures. Under precise template
confinement, these techniques can easily fabricate large areas
with minute features. We therefore reasoned that it might
be possible to combine solvent evaporation with a templating
approach to design a simple, yet powerful new nanoscale
patterning technique.

Herein we demonstrate the use of water stain lithography
(WSL) to create large areas of twin features. Arrays of
nanoscale double rings could be produced by localized solute
accumulation during the solvent evaporation process by using
self-assembled polystyrene spheres as templates. The double-
ring structures could be formed in about 90 min with very
simple equipment. Line widths under 30 nm were achieved
with this method. The specific geometry of double-ring
features could be precisely controlled by varying solution
conditions during fabrication (Figure 1). This included the
center-to-center distance between double rings (D), the radii
of the rings (r1 andr2), the gap size between concentric rings
(d), and the width of the individual rings (w1 andw2). It was
even possible to eliminate the presence of the outer ring.

Our procedure for making hexagonally arrayed patterns
of nanoscale double-rings is outlined in Figure 2. First, a
thin layer of photoresist was spin-coated on top of a
supporting substrate. Next, a polystyrene sphere suspension
solution was introduced in a dropwise fashion on top of the
polymer. The solution was an aqueous/organic mixture,
which served to soften the photoresist surface.40 The whole
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chip was then allowed to dry under ambient conditions. After
the solution evaporated from the surface, the polystyrene
spheres were removed by sonication in pure water and the
hexagonally arranged double-ring features remained im-
pressed in the underlying film. The entire process could be
completed within 90 min without any additional instruments.

Forming Double Rings.To perform double-ring array
patterning, a stock polymer solution of Shipley 1805 (Mi-
crochem, MA) was diluted by Thinner P solution (Micro-
chem, MA) to a 1:5 volumetric ratio in a first step. Five
drops of the solution were spread on top of a 1 in. × 1 in.
Au-coated glass slide and spin-coated at 2000 rpm for 2 min.
Following this, the polymer coated chip was baked at 90°C
for 1 min, ramped to 120°C for another 1 min, and then
allowed to cool to ambient temperature. This created a
polymer layer with a thickness of∼100 nm on top of the

substrate. The thickness was verified by measuring the depth
of a scratch on the polymer surface with an atomic force
microscope (AFM). After the chip cooled to room temper-
ature, a 10.0µL solution containing suspended monodisperse
polystyrene spheres (Duke Scientific, CA) was mixed with
a 10.0 µL aqueous solution containing 20% acetone by
volume. This final mixture (10% acetone by volume) was
introduced dropwise onto the surface. Four particle sizes were
employed: 600 nm, 800 nm, 1µm, and 2µm.

The solvent was allowed to completely evaporate under
ambient conditions over the course of 1 h. This should leave
a monolayer of hexagonally close-packed polystyrene spheres
behind on the surface41-42 and such packing was confirmed
by AFM. At this point, the polystyrene spheres were removed
by bath sonication in deionized water for 5 min. The samples
were dried and then imaged by AFM (Figure 3). As can be
seen in these 5µm × 5 µm images, well-defined double-
ring features were obtained with high resolution. The features
formed hexagonal arrays with a characteristic lattice spacing
of (A) 2 µm, (B) 1µm, (C) 800 nm, and (D) 600 nm, which
corresponded exactly to the size of the polystyrene spheres
from which they were templated. The diameters of the double
ring features, however, were significantly smaller. For
example, for the 800 nm lattice spacing (Figure 3C), the inner
(Dinner) and outer (Douter) ring diameters were 217 and 309
nm, respectively. The inner and outer rings, therefore, had
an aspect ratio of∼0.27 and∼0.39 with respect to the 800
nm template sphere. The gap between the two rings was 48
nm and the thickness of each ring was 33 nm. Interestingly,
the aspect ratio between the ring diameters and the template
sphere diameter remained unchanged within experimental
error for all sphere sizes. The average aspect ratio obtained
at all sizes was of 0.28( 0.03 for the inner ring and 0.41(
0.03 for the outer ring. Therefore, the ratio of the diameters
for the outer and the inner ring must also remain constant
(Douter/Dinner ∼ 1.46) and both rings should be regarded as
replicas of the template spheres.

The quality of the double ring patterns remained high over
macroscopic dimensions (∼1 cm2). This lithographic tech-
nique, however, is subject to the same types of defects found
in all assays, which employ monolayers of hexagonally

Figure 1. Parameters for double-ring features.

Figure 2. Schematic diagram of the process for fabricating double-
ring features. (A) Spin-coating a thin layer of polymer onto a
substrate. (B) Polystyrene spheres are spread on top of the chip.
(C) The chip is allowed to dry under ambient conditions. (D) The
spheres are removed by sonication under water.
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packed spherical particles. Namely, missing features are
occasionally observed as well as line defects.43 The domain
size for well-ordered double ring arrays in the present
experiments were approximately 25µm × 25µm. The details
of individual double rings can still be made out in 10µm ×
10 µm images when the template sphere diameters are 1µm
or larger (Figure 4). It is, however, difficult to discern
individual double-ring features from images with signifi-
cantly wider fields of view because of the narrow width of
individual rings as well as the small gap between them.

Controlling the Gap. The gap, d, between the two
concentric rings could be fine-tuned by adjusting the acetone
concentration in the polystyrene sphere suspension solution.
Figure 5 shows a series of 2µm × 2 µm AFM images as
the concentration of acetone is increased stepwise from 0 to
30% by volume. In this case, the size of the template spheres
was fixed at 800 nm. The height of the outer and inner rings
increased substantially with acetone concentration. Moreover,
the width of the inner ring also expanded, while the position
of the outer ring showed less dramatic changes. This meant
the gap between the inner and outer ring shrank with
increasing acetone concentration. Without acetone, the
interval between rings was 94 nm, as shown in Figure 5A.
As the acetone concentration increased, this distance nar-
rowed to 48 nm for 10% acetone and to 38 nm for 20%

acetone. At 30% acetone, the inner and outer rings essentially
merged together, which left a single ring with a thicker width
as shown in Figure 5D. The hexagonal geometry of the
double rings, however, remained unaffected. This was
expected because the array spacing was inherited from the
hexagonal packing of the template spheres, which was
unaffected by acetone concentration.

Figure 3. AFM images (5µm × 5 µm) of double-ring features fabricated by applying polystyrene spheres of varying diameters: (A) 2
µm, (B) 1 µm, (C) 800 nm, and (D) 600 nm. Scale bars: 1µm.

Figure 4. AFM image (10µm × 10 µm) of double-ring features
fabricated by applying 1µm polystyrene spheres. Scale bar: 2µm.
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Forming Single-Ring Features.A critical aspect of forming
double-ring features involves the use of hydrophobic template
spheres. If hydrophilic silica spheres were used instead, then
only single rings were formed. Figure 6 shows a side-by-
side comparison of results for 1µm spherical templates of
polystyrene and silica. Both samples were made from
solutions containing 10% acetone by volume. A double-ring
array was formed from the polystyrene spheres, but silica
spheres yielded single-ring features. Significantly, the di-
ameters of the single rings matched those of the inner ring
from polystyrene. It should be noted that we also tried
different substrate materials such as SU-8 and polyethyl-
methacrylate instead of Shipley 1805. In each case, double-
ring features were obtained when using polystyrene spheres,
but single rings were formed when silica spheres were
employed.

Mechanism for Double Ring Formation.The data in
Figures 3-6 suggest that the inner and outer rings of
individual double-rings were produced by two different

mechanisms. A schematic representation of our proposed ring
formation mechanism with polystyrene spheres is shown in
Figure 7A. In this model, the use of a dilute acetone solution
leads at first to a slight amount of material being dissolved
from the spin-coated Shipley 1805 layer. As the solvent
evaporates, the acetone/water solution becomes saturated with
polymer. The last stage of evaporation leads to polymer
precipitation back onto the substrate. The precipitation is
localized to the region around the base of the polystyrene
spheres because this is the last location from which solvent
evaporates. Such a process should form the outer ring in a
manner analogous to the phenomenon by which coffee
becomes enriched at the outer edge of a coffee stain.22-24

By contrast, the inner ring is most likely the result of a
surface tension effect. This idea is consistent with the
observation that the inner edge of the inner ring outlines a
segment of a circle that has a diameter that corresponds quite
well to that of the template spheres (Figure 7B). Therefore,
the inner ring appears to be formed when acetone softens

Figure 5. Series of 2µm × 2 µm AFM images showing the effect of acetone concentration on double rings formed from 800 nm polystyrene
spheres with (A) 0%, (B) 10%, (C) 20%, and (D) 30% acetone by volume. Scale bars: 500 nm.
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the photoresist layer and allows the polymer sphere to
partially mold around it. This presumably occurs because it
lowers the surface energy at the solvent/substrate interface.

The effect of acetone concentration provides corroborating
evidence for the proposed double-ring formation mechanism.
Acetone is a better solvent for Shipley 1805 than water.

Figure 6. AFM images (2µm × 2 µm) of polymer features fabricated by (A) 1µm polystyrene and (B) 1µm silica spheres. Scale bar:
500 nm.

Figure 7. (A) Schematic diagram of the putative final step of the templated evaporation process with polystyrene spheres. (B) AFM image
and line profile of one double-ring feature fabricated by a 1µm polystyrene sphere. The dashed yellow line is an overlay of the outline of
a 1 µm sphere on the line profile. (C) The putative final step of the templated evaporation process with silica spheres.
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Therefore, more material should dissolve into solution as the
acetone concentration is increased. Consequently, more
material precipitates from solution upon solvent evaporation.
This causes an increase in mass to be found at the outer
ring. The higher acetone concentration also leads to a greater
softening of the photoresist layer. This in turn causes the
polystyrene spheres to mold more deeply into the spin-coated
film. Both of these effects cause increases in feature height,
and the deeper embedding of the spheres leads to a shrinking
of the gap between the rings, as can be seen from the line
profiles in Figure 5.

Both the polystyrene spheres and the underlying photo-
resist substrate were hydrophobic. This should cause a liquid
toroid to form uniformly around the base of the sphere during
the last step of solvent evaporation (Figure 7A). However,
when silica was employed instead, the final stage of the
drying process should be markedly different. In this case,
the remaining liquid should preferentially coat the silica
spheres and avoid the hydrophobic substrate (Figure 7C).
Under these circumstances, the photoresist precipitated out
onto the spheres. Once the spheres were sonicated away, the
material left on the surface would be expected to shadow its
original dimensions.

Forming Gold Double Rings.Polymeric double-ring arrays
could be employed as templates to create corresponding
features in an underlying metal film. As a demonstration,
we transferred double-ring features to a gold layer. The idea
is shown schematically in Figure 8A. First, double-ring
features were fabricated in photoresist on top of a Au film.
For this purpose, a 20 nm Au layer was evaporated onto a
3 nm thick Cr layer coated onto a glass substrate (BOC
Edwards Auto 306 metal evaporation chamber). A 1:20
dilution of Shipley 1805 photoresist was coated onto the
surface to a thickness of 20 nm and 1µm polystyrene spheres
were used as the evaporation templates. The solvent was pure
water.

After the formation of the polymeric features, the chip
was dried and placed into a 25 W oxygen plasma for 32 s
with 0.2 Torr O2. This should uniformly remove the outer
most layers of photoresist. In fact, photoresist should only
remain in raised locations where templating had taken place.
At this point, the chip was immersed into a 1:200 (volu-
metric) diluted aqueous Au etching solution (NaI/I2) for 40
s to conduct a wet chemical etch. Finally, the chip was
washed with copious amounts of deionized water and acetone
to remove the photoresist. This procedure should leave only
gold rings on the surface. In fact, AFM imaging revealed a
hexagonal array of double rings on the surface (Figure 8B).
The width of each ring was 29 nm. The outer ring had a
diameter of 384 nm, while the inner ring diameter was 238
nm. The spacing between concentric rings was 73 nm, and
the adjacent ring distance was 1µm.

Conclusions.We have demonstrated a simple patterning
technique, water stain lithography, to fabricate well-ordered
nanoscale single- and double-ring features in photoresist and
Au. The ring size and spacing could be controlled by tuning
the size of the template spheres and adjusting the acetone
concentration in solution. This technique provides the
possibility to fabricate large arrays of patterned features in
a highly reproducible fashion with line widths well below
100 nm. Although spherical templates were used in these
experiments, other shapes such as elongated nanorods should
also be possible. We are currently studying the plasmonic,
magnetic, and biosensing properties of twin features.
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