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P
atterned arrays of metallic nanostruc-
tures have attracted substantial interest
due to their optical andelectromagnetic

properties. Specifically, anisotropic nano-
structures with reduced symmetry, such
as split rings (C, L, and U-shapes)1�3 or
crescents,4 exhibit unique optical and elec-
tromagnetic properties compared to their
symmetric analogues. Anisotropic nano-
structures have been developed for negative
index materials (NIMs),3,5,6 localized surface
plasmon resonance (LSPR) spectroscopy,7

chemical and biological sensors,1,8,9 sur-
face-enhanced Raman scattering (SERS),10

frequency-selective surfaces (FSS),2 and
magnetic materials.11

Typically, anisotropic nanostructures have
been fabricated by electron beam lithogra-
phy (EBL).9 However, EBL is time-consuming
and relatively expensive. In fact, the fabrica-
tion process is generally impractical for pat-
terning areas on the scale of 1 cm2. Alter-
natively, shadow nanosphere lithography
has emerged as a simple and cost-effective
technique for large-scale fabrication of met-
al crescents.4,12 Since the crescents originate
from arrayed nanospheres, this tech-
nique is mostly restricted to generating
anisotropic structures with circular geome-
tries. Recently, another alternative technique
involving nanoskiving in combination with
shadow evaporation has overcome this
limitation.2,13 Because nanoskiving is based
on prefabricated patterns, it can generate
anisotropic structures with various geome-
tries, including circular, L- and U-shaped
split rings. As such, this technique is quite
versatile. However, the key procedure for
this method, sectioning by microtome, re-
quires experienced users to section the
patterns.14 Tilted nanoimprinting lithogra-
phy (t-NIL) has also been used to create split
ring structures with limited control over the
geometry of the features.15

Herein, we report a simple capillary force
lithography method for generating aniso-
tropic metallic nanostructures. The tech-
nique allows for the formation of shapes
with tunable angular and directional

properties. The method works via the de-
flection of PDMS pillars during the CFL
process to generate asymmetric polymer
structures. Traditional CFL is based on
the thermally mediated capillary rise of a
polymer melt along the sidewalls of an
elatomeric polydimethylsiloxane (PDMS)
mold.16,17 This would lead to symmetric
replication of the contours of the PDMS
mold under a normal load (Figure 1a). How-
ever, we have found that asymmetric repli-
cation could be performed by introducing
an additional shear load without the use of
any specialized equipment. Such shear can
be applied simply by placing a wedge with
slope ω on top of the PDMS mold and
applying a load to it with a heavy object
such as an iron block (Figure 1b). The asym-
metric polymer structures can be exploit-
ed to generate anisotropic metallic struc-
tures by combining this procedure with
reactive ion etching (RIE) and subsequent
chemical etching. Since CFL is a variant
of soft lithography, themethod possesses
the associated advantages, such as low-
cost, high-throughput, and the ability
to pattern macroscopic areas. Moreover,
metallic structures with 100 nm scale
features can be made with periodic-
ities on the scale of a few micrometers
or less.
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ABSTRACT Herein we introduce a novel

strategy based on capillary force lithography

(CFL) to fabricate asymmetric polymeric ring

structures by applying both shear and nomal

forces to a poly(dimethylsiloxane) stamp. The mechanism for the formation of asymmetric

rings is caused by the deflection of cylindrical PDMS pillars due to the shear load, which is

therefore termed deflected CFL (dCFL). The asymmetric polymeric rings could be readily

transferred to an underlying gold layer to generate split ring structures with tunable opening

angles. Asymmetric structures based upon trigular and square-shaped pillars were also

fabricated. These elements were formed into periodic arrays over surface areas as large as

1 cm2 and may have optical and electromagnetic applications.

KEYWORDS: capillary force lithography . capillary rise . split ring . asymmetric
nanostructure . soft lithography . PDMS
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RESULTS

Deflected capillary force lithography can be per-
formed by a simple benchtop procedure. The experi-
mental method involves bringing a PDMS stamp into
conformal contact with a 50 nm thick polystyrene (PS)
film (Mw = 97.4 kDa) spin-coated onto a 50 nm thick Au
film on glass. The system was then annealed at 130 �C
for 30 min. This is significantly above the glass transi-
tion temperature of PS (Tg≈ 100 �C). The PDMS stamps
employedwere ca. 1 cm�1 cmand contained a square
array of cylindrical pillars (Supporting Information,
Figure S1). As a control, CFL was first carried out under
a normal compressive force (Fz≈ 1.2 N) (Figure 1a). The
AFM image and the line profile for this case show that
circular PS ringswere formedonaAu surface (Figure 2a).
Next, dCFL was carried out with a combined shear (Fx)
and normal (Fz) force as depicted schematically in
Figure 1b. This was done by placing a PDMS wedge
with an angle, ω, of 20� onto the PDMS stamp. An iron
block was bridged between the wedge and a hot plate
onto which the substrate was placed (Figure 1b). As
shown in the schematic diagram, Fz is the normal force,
while Fx is the force parallel to the PDMS/PS interface.
The normal force was the same as in the control
expriment (∼1.2 N) and Fx was ∼0.4 N. This produced
PS rings of asymmetric height upon applying the force
at 130 �C for 30 min (Figure 2b). The line profile from
the AFM image reveals that the maximun height of the
capillary rise, hmax, was 155 ( 6 nm, while on the
opposite side, hmin, the value was only 36( 6 nm. The
asymmetric PS rings were fabricated over large areas
(typically 1 cm � 1 cm) as shown in Figure S2 in the
Supporting Information.
The driving force for the capillary rise in CFL is the

Laplace pressure created by the curved interface. The
initial contact angle, θ0, between the PDMS and the PS

film (typically ∼90� under a normal compressive force
if the PDMS wall is vertical) is larger than the equilib-
rium contact angle (θe) of the PS melt on the PDMS
surface.16,17 This angle changes constantly over the
course of an experiment until equilibrium is ap-
proached. The driving force for capillary wetting can
be expressed as: Fw = γPS(cos θe � cos θt), where θt is
the dynamic contact angle of the PS melt on the PDMS
surface.18 A capillary rise, U, typically occurs over the
time scale of a few hours before equilibrium is finally
achieved. U is determined at the three-phase contact
line (PS/PDMS/air) by θt and is directly proportional to
Fw as

U=
γPS(cos θe � cos θt)
ζ0 þ 72η=tan θt

(1)

where ζ0 is the coefficient of the contact-line friction
and η is the viscosity of the PS melt.18 For PS with

Figure 1. Schematic illustration of the setup of CFL (a) and dCFL (b). CFL is performed under a normal force (Fz). By contrast,
dCFL is performedunder both shear (Fx) and normal (Fz) forces, which are introduced by adding a PDMSwedge (wedge angle,
ω,∼20�) onto the PDMS stamp. The force is applied by an iron block (mass,m) that touches both a glass slide-covered PDMS
wedge as well as a hot plate. The temperature of the hot plate (T) is set above Tg of the PS film. The gravitational force of the
iron block is G (= mg, where g is the accelaration due to gravity).

Figure 2. AFM images and corresponding line profiles of
symmetric (a) and asymmetric (b) PS rings fabricated by
normal CFL anddCFL, respectively. Thewhite arrow in panel
b indicates the direction of Fx. The dashed black lines in the
micrographs represent the positions over which the line
profiles were measured.
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Mw = 97.4 kDa at 130 �C, θe is estimated from Young's
equation to be ∼76�, based upon an interfacial ten-
sion of approximately 15.1 mN/m for the PDMS/air
interface, 6.1 mN/m for the PDMS/PS-melt interface,
and 37.3 mN/m for the PS-melt/air interface.19 A cross-
sectional SEM image of the PDMS stamp shows that
the pillar wall is not strictly vertical but rather curved
outward near the base (Figure 3a). Even though the
pillar wall is curved, the tilt angle (β) with respect to the
surface normal is still considered to be roughly con-
stant (β = 5 ( 3�) (Figure 3b) since the height of the
capillary rise, which in this case is 155 nm at its maxi-
mum value, is far smaller than the pillar height
(∼2.5 μm). As a result, θe may be substituted by an
effective equilibrium contact angle θeff = θe � β

(∼71�) (Figure 3b).20 Because θeff < 90�, the PS melt
will wet the walls of the PDMS pillars and capillary
rise will occur.
Since only a normal force is applied in a typical CFL

experiment, θeff is identical all the way around the
pillar. Therefore, the capillary rise is uniform, which
leads to the formation of symmetric rings (Figure 2a).
However, when both shear and normal forces (Fx and Fz)
are applied in dCFL, the PDMS pillars readily deflect
(Figure 3c) due to the low Young's modulus of the
PDMS (E = 1.0 MPa). The deflection angle (j) can be
estimated as the sum of three separate contributions:
the bending angle (jb), the shear-induced angle (js), and
the base-tilting angle (jt) (see Supporting Information).21

The force applied on each pillar, F, can be calculated
as Ftotal/n, where Ftotal is the force applied to the
stamp and n is the number of the pillars on the

stamp (n ≈ 1.7 � 107 in the current case). The mass
(m) of the iron block placed onto the PDMS stamp is
∼245 g (Ftotal = 1.25 N). Therefore, the value of F is
∼450 nN/pillar. As a result, Fx (=F sinω) and
Fz (=F cosω) are ∼160 and ∼450 nN, respectively.
The deflection angle, j (=jbþjsþjt), is estimated
to be ∼12� (see Supporting Information for details
of this calculation). As a result, θeff changes from
∼71� in normal force CFL (Figure 3c) to ∼59� (θeffa =
θe � (j þ β)) and ∼83� (θeff

b = θe þ (j � β)), re-
spectively, for the left and right sides of the pillar
under the experimental conditions employed in
Figure 2b. During the capillary rise in dCFL, θt de-
creases from 90� until reaching equilibrium (i.e.,
θeff
a and θeff

b ) and evolves between these angles during
the interim. According to eq 1,Ua>Ub because cos(θeff

a )
> cos(θeff

a ). Thus, the resuting height of the capillary rise
on the left side should be greater than that on the right
side. That is exactly what the AFM measurement
reveals (Figure 2b).
To further confirm that the formation of asymmetric

rings is due to the deflection of the PDMS pillars, we
applied a variety of forces to the wedge by changing
the weight of the iron block (m = 180, 245, and 345 g)
to induce different deflection angles (j ≈ 9�, 12�,
and 18�). Figure 4a shows the AFM images of the PS
rings generated at three different forces. Figure 4b
compares the line profiles from the AFM images and
shows the maximum (hmax) and minimum (hmin)
heights of the asymmetric rings in Figure 4a. As ex-
pected, hmax increases and hmin decreases with the
increase in the applied force and the corresponding
increase in the deflection angles (j≈ 9�, 12�, and 18�).
In particular, atm= 345 g (j∼18�), θeff is∼89�, which is

Figure 3. (a) Cross-sectional SEM image of a typical PDMS
stamp with cylindrical pillars. The walls of each pillar make
an angle of 95( 3�with respect to the flat end of the pillar.
(b) Schematic illustration of the equilibrium state in stan-
dard CFL. θe is the equilibrium contact angle of the PS melt
on PDMS (∼76�). θeff is the effective equilibrium contact
angle. β (5 ( 3�) is the tilt angle of the PDMS wall with
respect to the vertical line. Under a vertical force (Fz), the
capillary rise is identical all around the pillar. (c) Schematic
illustration of the mechanism for the formation of the
asymmetric PS rings in dCFL. j is the deflection angle of
the PDMS pillar under the combined loads of Fx and Fz.
θeff
a and θeff

b are the effective equilibrium contact angles on
the left and right sides of the pillars (θeff

a < θe < θeff
b ).

Figure 4. (a) 3-D AFM images (5 μm � 5 μm) of asymmetric
PS rings generated under different forces (F≈ 330, 449, and
624 nN on each PDMS pillar) corresponding to the three
different deflection angles (j ≈ 9�, 12�, and 18�) indicated
on the images. (b) Comparison of line profiles frompanel (a)
taken along the dashed white lines. (c) Plot of the height of
the rings (h) as a function of cos(θeff).
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close to 90�. Thus, almost no capillary rise occurs on one
side. This is manifest by the near absence of polymer
material at the low point of the asymmetric ring in the
bottom AFM image (also Figure 4b, blue curve). The
result is somewhat analogous to the effect obtained by
using the tilting-plate method in contact angle mea-
surements, where the contact angle is high on one side
of the plate and nearly flat on the other.20,22 The mea-
sured heights of the capillary rise for all three hmax and
hmin values versus cos(θeff) are plotted in Figure 3c,
showing that h increases with cos(θeff). This is in agree-
ment with eq 1, suggesting that the calculation of the
deflection angles and the experimental results are
consistent.
Asymmetric PS rings generated from dCFL can be

used as templates to fabricate Au structures by reactive
ion etching (RIE) and subsequent wet chemical etching
of the underlying Au film as depicted schematically in
Figure 5.17 Figure 6a shows an AFM image of C-shaped
Au nanoarchitectures createdwith the template shown
in Figure 2b. The opening angle, R, of these stuctures
was approximately 60�. In this case, the etching time
was 45 s. Rings with an opening angle of 120� can be
created with an etching time of 65 s (Figure 6b). This
angle could be continuously controlled by varying the
etching times. Moreover, the expected opening angle
of the Au split ring can be quantitatively predicted by
knowing the height of the film all the way around an
asymmetric PS ring (see Support Information).
It should be noted that it is challenging to obtain an

opening angle of less than ∼60� by using the tem-
plates in Figure 2b. This is because the lower part of the
asymmetric rings is relatively flat when R is less than
60�. This is the general case for all asymmetric PS rings.
However, the creation of very small gaps may be desir-
ed for generating structures that could be exploited in
LSPR sensors or single molecule SERS measurements.
To make a Au structure with a small gap, it is necessary
to start from an asymmetric PS ring in which the height
of the ring near the minimum point varies sharply. To
do this, one can apply a large shear force and work
under conditions of elevated annealing temperature.
Under such conditions, the equilibrium contact an-

gle is approached. As such, the thickness of the ring is
nearly uniform all the way around, but dips near the
region of height minimum (Figure 7a,b). This was done
by using a deflection angle of 18� as in Figure 4, but
using a PS sample with a moleular weight of 18 kDa
instead of 97.4 kDa to decrease the viscosity of the
material. Therefore, the initial contact angle between
the PS film and the PDMS wall was larger than θe all
around the circle except near the point on the lowest
side. We found that as long as the contact angle is
larger than θe, the height of the capillary rise found for
high annealing temperatures or low viscosity will
eventually approach an identical value. This is limited
only by the initial PS film thickness. As a result, the

asymmetry of the PS rings is confined to the region
near hmin (Figure 7a). Indeed, the line profile across the
minimum region clearly shows a sharp dip (inset of
Figure 7b), which offers the possibility to fabricate split
ringswith a small opening angle or gap. Figure 7 panels c
and d show that this structure can be transferred to a
30 nm thick Au film to create structures with an opening
angle of∼10� (gap size, 250( 60 nm). Even smaller gaps
could probably be formed by further optimization.
The dCFL method can also be used to create asym-

metric structures in conjunction with PDMS stamps
that contain triangular or square-shaped pillars
(Figure 8). It should be noted, however, that the
direction of the applied shear force Fx is important as
these objects have a lower degree of symmetry than
circular structures. Specifically, the direction of the
shear force can lead to an opening at the apex of a
triangle or along one of its sides (Figure 8a,b). As can be
seen, applying a shear force from the apex of a triangle
toward one of the sides leads to a relatively small
opening compared with applying the shear force from
the opposite side. The ability to control the size of the

Figure 5. Schematic illustration of the procedure for fabri-
cating Au split rings by using asymmetric PS rings, gener-
ated via dCFL, as templates.R is the opening angle of the Au
split rings.

Figure 6. AFM images (100 μm� 100 μm) and correspond-
ing line profiles of C-shaped Au rings obtained under
etching times of (a) 45 s and (b) 65 s. The insets are the
corresponding high-resolution AFM images (scale bars:
3 μm) showing opening angles of ∼60� and ∼120�,
respectively.
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opening by the shear force direction as well as varia-
tions in the applied load may have useful applications
for creating devices with specific plasmonic properties.
Analogous forces can also be applied when squared-
shaped pillars are employed (Figure 8c,d). Such experi-
ments suggest that awide variety of structures could be
generated using dCFL by using different shapes and
varying the angle of the applied shear force. Of course,
these structures can also be transferred to a Au film by
RIE with resulting V, U, and C-shapes (Figure 9).

DISCUSSION

dCFL is a unique variation of soft lithography for
fabricating asymmetric patterns that are not easily
obtained by other methods. This technique exploits
the interplay of several processes, including mechan-
ical deflection, capillary rise, surface wetting, and etch-
ing, all of which could be used to tune the features of
the patterned asymmetric structures. For example,
different shapes can be generated by using different
PDMS stamps. More importantly, by using a single
PDMS stamp, asymmetric rings with various open-
ing angles and shapes may be generated by simply
changing the parameters in the experiment, which
avoids the fabrication of a new PDMS stamp for each
pattern.

Like other soft lithographic techniques, dCFL utilizes
PDMS stamps to create micro/nanostructures. There-
fore, it inherits the standard advantages of soft litho-
graphy. For example, the current method is applicable
for generating patterns over large areas.17,23 Indeed,
uniform asymmetric rings could be generated over a
sample of 1 cm2. The area could be even larger if a
larger PDMS stamp is employed. It should be noted
that in order to obtain uniform asymmetric nanostruc-
tures over an entire sample, several precautions should
be taken during the experiments. First, to make it con-
tact the substrate tightly, the PDMS stamp should be
only about 1mm thick.17 Second, the sample, including
the PS film, PDMS stamp, and wedge, should be
preheated to the annealing temperature of the dCFL
process, which will eliminate the effects of thermal
expansion during the heating process.17,24 Third, to re-
duce the effect of contraction during the cooling process,
the PDMS stamp should be released from the PS film only
after cooling to the Tg of PS (∼100 �C) upon completionof
the dCFL process. Finally, tomake the force applied to the
substrate as uniform as possible, the contact point be-
tween the iron block and the glass slide on the wedge
should be in the middle of the PDMS wedge/stamp.
Up until now, large-size split-rings have been fabri-

cated by photolithography or ink jet printingmethods.25

Figure 7. Fabrication of split rings with a small opening angle. (a) An AFM image (30 μm � 30 μm) of asymmetric PS rings
fabricated under experimental conditions involving PSwithMw = 18 kDa, T = 130 �C, t = 30min, andm≈ 345 g (j≈ 18�). (b) A
3D AFM image of a PS ring (top) and its corresponding line profile (bottom). (c) An AFM image of the resultant Au split ring
with an opening angle of ∼10�. (d) A representative line profile of the opening gap in the AFM image from panel c.
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One drawback of thesemethods is that it is challenging
to obtain submicrometer-sized line thicknesses for the
split ring elements. By contrast, dCFL allows pattern
feature sizes to be 100 nm or potentially less when
using simple micrometer-sized PDMS patterns.17 As
shown in Figure 9a,b, the line width of the V-shaped
split rings is ∼100 nm. In addition, the PDMS stamp
employed in this soft lithographic method is reusable.
Moreover, no permanent deformation was observed in
the PDMS stamp even after 30 uses for creating dCFL
structures.
This technique is not limited to the PSmaterials used

in this paper. Like other CFL techniques, it could be

extended to other polymers and even different
materials for additional applications. For example,
polymers with functional groups could be used to
generate asymmetric rings, which could be further
functionalized by nanoparticles to obtain nanopar-
ticle-based split-rings.26 Alternatively, nanoparticle
precursors could also be incorporated into the
initial polymer thin film, which would allow one
to obtain asymmetric rings composed of nano-
particles.27 In addition to gold nanostructures, this
technique could also allow for the fabrication of nu-
merous metal and metal oxide nanostructures if the
appropriate etching system is employed. This should

Figure 8. AFM images and the corresponding line profiles of asymmetric PS rings fabricated by using PDMS stamps with
triangular (a,b) and square (c,d) pillars, respectively. The blue insets represent schematic depictions of each shape. The shear
forces applied are indicated as the solid arrows in the images. Experimental conditions involve using PS withMW = 97.4 kDa,
T = 130 �C, and t = 30 min.
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enable the expansion of the application of split ring
platforms.
Split rings fabricated by dCFL should have potential

applications in plasmonics28 and SERS,29 as well as
chemical and biosensors1,8,9,30 due to their unique op-
tical responses compared to symmetric structures. They
may also be used as basic building blocks of meta-
materials for applications in waveguides,31 cloaks,32

and negative refractive index materials.3,6 Generally,
uniform patterns over large areas are crucial for the
practical applications of these platforms.12,33�35 For ex-
ample, terahertz metamaterials generally require a pat-
terned area of∼1 cm2.36�39 For LSPR sensors, large-scale

uniform nanostructures offer higher quality resonances
and repeatable sensitivity.12,34 The patterns fabricated
by dCFL should meet these requirements in most cases.
Also, the optical responses of split rings are known to be
strongly dependent on their geometry, material, and
size. This is significant, as optical responses ranging from
the visible and infrared to the terahertz and microwave
regions can be required for different purposes. With the
methods provided herein, we have already generat-
ed split-ring elements in the size range from 500 nm to
100 μm (see Supporting Information).

CONCLUSIONS

We have demonstrated a new, simple, and cost-
effective approach for generating asymmetric polymer
rings. This new variant of CFL opens up a simple route
to the generation of anisotropic geometric structures
in a planar array-based format. The fabrication tech-
nique requires only a PDMS stamp and subsequent
reactive ion etching. The formation of asymmetric
polymer structures by dCFL is attributed to the asym-
metric wetting of the polymermelt along the deflected
PDMS pillars induced by the shear force. The opening
angle of the PS rings could be varied by changing the
annealing temperature, annealing time, andmolecular
weight of the sample. Moreover, opening angles in Au
could be further controlled by changing the etching
time. Since split structures follow the geometry of the
PDMS pillars, this method allows one to fabricate
shapes of almost arbitrary shape provided one makes
chrome masks with the desired features. This tech-
nique could be readily extended to fabricate macro-,
micro-, and nanosized anisotropic structures of various
polymers and metals/metal oxides, which may find
application in a wide range of fields.

METHODS

Materials. Photoresist (Shipley 1813) and photoresist develo-
ment solution were obtained fromMicrochem Corp (MA). Glass
coverslides (No. 2, 2 cm� 2 cm) were obtained from VWR (West
Chester, PA). Samples of 50 nm gold (Au) films on 5 nm
chromium (Cr) were prepared on the glass slides bymetal evap-
oration (BOC Edwards Auto 306 metal evaporation chamber).
1H,1H,2H,2H-Perfluorodecyltrichlorosilane (FTS) was obtained
from Alfa Aesar. Polydimethylsiloxane (PDMS, Sylgard 184) and
its curing agent were obtained from Dow Corning. Polystyrene
(PS) with four different molecular weights (Mw = 6.4, 18.1, 97.4,
and 213.6 kDa) was purchased from Scientific Polymer Products,
Inc. (Ontario, NY). Fe(NO3)3 3 9H2O and thiourea were bought
from Fluka.

Fabrication of PDMS Stamps. PDMS patterns were fabricated by
standard photolithography. The square array patterns were
formed using contact lithography with chrome masks contain-
ing circular, square, and triangular features (Image Technology,
Palo Alto, CA). The circular features generally had 3 μm dia-
meters, while the sides of the triangles and squares, were 4 and
3 μm, respectively. All elements were arrayed with 6 μm peri-
odicity except for the triangular elements, which were arrayed

with 7 μm periodicity. To make a post array pattern in PDMS,
positive photoresist (PR) (shipley 1813) was first spin-coated on
planar glass cover slides (2 cm � 2 cm) cleaned by piranha
solution with a 70/30 (v/v) ratio of concentrated H2SO4 and 30%
H2O2. (Caution: piranha solution is highly corrosive and reacts
violently with organic matter.) The PR film was soft- baked at
115 �C for 1 min. To ensure a tight contact between the PR film
and the chrome mask, the edges of the PR-covered glass slide
were cut off before UV exposure. Subsequently, the PR film was
exposed to UV light and developed. The size of the patterned PR
sample was ca. 1 cm � 1 cm. Next, the exposed glass substrate
with the PR pattern was exposed to FTS vapor for 1 h in an en-
closed container. This rendered the surface more hydrophobic
and ensured easy removal of the subsequently poured PDMS
from themold. PDMSwas introduced from a 10:1mixture of the
polymer and a cross-linking agent followed by degassing in
vacuum. After curing at 65 �C for 3 h, the PDMS stamp was
removed from the mold, washed with acetone to remove any
PR residue, and immersed in toluene for 2 h to remove uncross-
linked PDMS molecules. The stamp was then allowed to dry in
air. The thickness of the PDMS stamp was ∼1 mm. This value
ensured sufficient flexibility in the subsequent capillary force
lithography process. PDMS stamps with three different shapes

Figure 9. AFM images of Au split rings with (a) V, (b) U, and
(c) C shapes obtained by using the PS rings from Figure 8
panels a, c, and d as templates, respectively. (b) A line profile
for the dashed line in (a) showing that the feature width is
∼100 nm.
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(circular, square, and triangular) were fabricated as shown in
Supporting Information, Figure S1.

Deflected Capillary Force Lithography (dCFL). A PS solution in
toluene (10 mg/mL) was first filtered through a syringe filter
with a 0.2 μm polytetrafluoroethylene (PTFE) membrane
(Acrodisc CR 13 mm). PS thin films were spin-coated onto the
Au-coated glass substrates at 3000 rpm for 30 s. The PS films
were further baked at 110 �C for 10 min to remove the residual
solvent, resulting in a ∼50 nm thick film. The PDMS stamp and
PS film were then separately heated to the desired temperature
and brought into conformal contact to initiate capillary force
lithography. A preheating step lasting 20 min was used to en-
sure uniform temperature. Next, a PDMS wedge with a glass
slide was placed onto the PDMS stamp and an iron block was
bridged between the hot plate and the wedge (Figure 1b).
It should be noted that a microscope glass slide (1 mm in
thickness) was placed on the PDMS wedge in order to avoid
local deformation of the PDMS wedge and to ensure that a
uniform force was applied onto the PDMS stamp. The film was
annealed at a temperature above the glass transition tempera-
ture of PS for 30min. The PDMS stampwas released from the PS
substrate after cooling to the Tg of PS (∼100 �C). This led to the
formation of PS split rings over areas of ∼1 cm �1 cm
(Supporting Information, Figure S2).

Fabrication of Au Split-Rings. Asymmetric PS rings were trans-
ferred to the underlying Au film by using the PS rings as
templates. The substrate was first exposed to O2 for RIE
(60 W, 250 mTorr, 20 sccm O2). This was done for 40�100 s to
remove the residual PS layer. Subsequently, the substrate was
immersed in absolute ethanol for 30min in order to remove any
possible oxide layer resulting from the uncured PDMS mol-
ecules.17 The Au layer was etched in an aqueous solution of
Fe(NO3)3 3 9H2O (20 mM) and thiourea (30 mM), adjusted to
pH 2.0 by HCl, with moderate shaking for 8 min at room
temperature. Finally, the substrate was treated in an O2 plasma
to remove residual PS.

Characterization. PDMS stamps were imaged with an optical
microscope (Witec Alpha300) and a scanning electron micro-
scope (SEM, JEOL JSM-7500F). The PS film thickness was deter-
mined by measuring the depth of a scratch created by a needle
using atomic force microscopy (AFM, Nanoscope IIIa, Veeco-
Digital Instruments). The PS ring structures and the Au rings
were examined by AFM. All AFM experiments were performed
under tapping mode conditions. The error bars in this paper
were based on measurements from at least two randomly
chosen spots on each sample and a total of at least two samples
were used in all cases.
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