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ABSTRACT: Herein, a new and facile patterning method is
demonstrated for the scalable fabrication of gold elliptical rings
(ERs) in a controlled manner over large areas. In this method,
well-ordered hexagonally arrayed polystyrene (PS) rings,
fabricated by colloidal lithography, were used as masters to
generate poly(dimethylsiloxane) (PDMS) stamps with circular
apertures. The stamps were then stretched and utilized as
molds for creating elliptical PS rings by a capillary filling
process. Through subsequent reactive ion etching and
chemical wet-etching, the elliptical PS rings could be readily
transferred into an underlying gold film, leading to the formation of gold ERs. Since the aspect ratio (AR) of the elliptical PS
rings could be controlled by varying the applied strain during the capillary filling process, gold ERs with different ARs could be
fabricated in a scalable manner. The optical properties of the gold ERs were characterized by UV−vis/NIR and IR extinction
measurements. The ERs exhibited only odd modes of polarization-dependent plasmonic resonances at normal incidence. The
experiments and corresponding theoretical studies illustrated that all resonant modes could be tuned across a broad spectral
range from the visible to the mid infrared (550−4700 nm) by simply varying the AR of the ERs. Moreover, the experimental data
were confirmed by COMSOL simulations.
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The interaction of metallic structures with electromagnetic
radiation depends strongly on a particle's geometry, which

is associated with localized surface plasmon resonances (LSPR).
Specifically, the effects of size, periodicity, and morphology
have stimulated substantial interest in experimental and
theoretical research, which in turn has led to a wide range of
applications, including chemical and biological sensors,1−3

photonics,4 surface-enhanced spectroscopy,5−9 and the devel-
opment of metamaterials.10−12 One of the challenges is to
widely tune the LSPR for specific applications. For example, it
has been found that peak intensities from surface enhanced
Raman spectroscopy (SERS) and surface enhanced infrared
absorption spectroscopy (SEIRAS) are dependent on the
particular geometries of the nanostructures. Generally, optimal
enhancement and signal generation can be achieved when the
LSPR resonances of the nanostructures are tuned to match the
excitation wavelength of adjacent molecules of interest.8,13 In
addition, for planar nanostructures, only dipolar resonances
could be excited at normal incidence. However, higher order
resonances have more uniform E-field distributions due to a
larger number of nodes, which can be particularly useful for
SERS measurements and sensing applications.14 Therefore, it is
highly desirable to generate nanostructures with multiple,
highly tunable, and predictable LSPR resonances over a wide
wavelength range.

In previous studies, considerable effort was put into
understanding the behavior of circular nanorings. This is
because of the ease of fabrication and tunable plasmonic
properties, which are desirable for a variety of applications.15−24

For example, nanorings have a uniformly enhanced electric field
inside a circular cavity, which has been shown to be suitable for
biosensor development.15,17 On the other hand, rings with
reduced symmetry (symmetry-breaking) have been fabricated
by the introduction of gaps or asymmetric widths into the
symmetric ring structure. Such reduced symmetry should
exhibit unique optical and magnetic properties that are not
available with symmetric structures. A common asymmetry
geometry is the split-ring, first proposed by Pendry et al.,25

which has prompted a wide range of applications.2,9,26,27

Recently, Nordlander et al. proposed ring structures with
asymmetric gaps, which exhibit asymmetric Fano resonances
and unusually large LSPR sensitivity.28,29 Such elements could
be potentially applied in new types of optical devices and
sensors. An alternative strategy for introducing asymmetry into
circular rings involves elongating them into elliptical rings. ERs
have shown unique properties in magnetic materials compared
with their symmetric ring counterparts.30
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To the best of our knowledge, the LSPR properties of
metallic ERs have not yet been investigated. This is because it
has been a formidable task to fabricate elliptical nanostructures
with high geometrical tunability in a well-controlled manner
over macroscopic areas. Electron-beam lithography (EBL) and
ion beam milling have been employed to generate ERs.30,31

However, EBL is an expensive and slow process, which
hampers its widespread application and requires large-scale
fabrication facilities. Recently, ERs have also been fabricated by
capillary force lithography, in which PDMS stamps with
elliptical features (holes or dots) were used as templates.32

However, this method required the preparation of stamps with
elliptical features, which still relied on EBL. As such, finding a
simpler and more versatile fabrication method for ER
production would be highly desirable.
Colloidal lithography (also known as nanosphere/micro-

sphere lithography) has emerged as a simple, cost-effective, and
versatile technique for rapid, large-area patterning.33,34

Numerous different structures, such as disks,35,36 circular
rings,33,37−40 triangles,41 and crescents,26 have been generated
using spherical colloids as templates,42−46 Until now, ERs have
not been made by colloidal lithography. One possible method
to fabricate ERs might be to use prepared elliptical colloids as
templates in a fashion similar to the process involved to
generate circular rings, which involves using spherical colloids
as templates. However, this would require the synthesis of
elliptical nanoparticles and currently it is still challenging to
assemble elliptical building blocks into ordered patterns over
large areas.47−49

Herein, we developed a scalable method for ER production
over large areas. The idea is based on templates of spherical
colloids in highly ordered arrays. By templating such arrays into
stretchable PDMS elastomers,50−52 this method allowed for the
generation of ERs with varying aspect ratios by using a single
PDMS stamp. The plasmonic resonances of these structures
could be tuned in a predictable manner as the aspect ratio of
the ERs was varied. Moreover, varying the ring widths along the
perimeter of the ERs allowed multipolar resonances to be
excited. These ranged in frequency from the visible to the mid-
IR and were highly polarization dependent.
Fabrication of ERs. Figure 1 outlines the procedure for

fabricating ERs. In this method, circular polymer nanorings
were fabricated using colloidal lithography analogous to
previous investigations.37 However, in previous work, the
nanorings were not fabricated in ordered arrays because
hydrophobic polystyrene (PS) films (water contact angle:
∼90°) were used as substrates for silica nanoparticle deposition
and assembly. In order to obtain a hexagonally arrayed pattern,
we modified the previous procedure slightly. Specifically, before
depositing silica spheres, the PS film (molecular weight: Mw
∼97400; thickness: ∼100 nm) was treated with an O2 plasma
for ∼30 s, which rendered the surface hydrophilic (water
contact angle: ∼0°). The short period of plasma treatment
reduced the film thickness by ∼40 nm but had no discernible
effect on the subsequent capillary rise of PS along the silica
spheres. The singular noticeable change was the formation of
large-scale, well-ordered arrays.
To form an array of nanoparticles, a 20 μL aqueous droplet

containing 2.0 wt % of 1 μm silica particles was spread onto the
O2 plasma-treated PS film and spontaneously formed an
ordered array upon drying (Figure 1a). Since only the bottom
layer of particles was responsible for the formation of patterns
in the PS substrate, particle deposition was controlled to be

somewhat thicker than one monolayer to ensure that the PS
film was totally covered by silica spheres. The sample was then
annealed above the glass transition temperature (Tg ∼ 100 °C)
of the PS film (T = 130 °C) for 10 min, leading to the
formation of circular rings along the contours of the colloidal
spheres (Figure 1b). After the silica particles were removed by
sonication in a 1:1 volume mixture of water and ethanol,
circular impressions were left behind in the PS film (Figure 1c).
These structures were used to create a PDMS stamp with
annular apertures (Figure 1d). The PDMS mold was then
removed (Figure 1e) and stretched by applying a uniaxial strain.
Next, the strained elastomer was placed into contact with an
unpatterned PS film on a Au coated planar glass slide (∼50 nm
PS/50 nm Au/5 nm chromium/glass) (Figure 1f).
In order to facilitate conformal contact between the stretched

PDMS sheet and the PS film, the thickness of the PDMS mold
was kept to ∼1 mm. Upon annealing the sample at 130 °C for
20 min, PS filled into the cavities of the stretched mold by
capillary forces (Figure 1f). At this point, the PDMS sheet was
released from the substrate, leaving behind elliptical ring
patterns (Figure 1g). To transfer this pattern to an underlying
Au layer, the sample was treated by reactive ion etching (RIE)
to remove the residual PS film and subsequent wet chemical
etching to remove the exposed portions of the Au layer (Figure
1h). Finally, the remaining PS was removed by O2 plasma

Figure 1. Schematic procedure for fabricating gold ERs. (a)
Depositing silica particles (1 μm in diameter) on an O2 plasma
treated PS film on glass (∼1 cm × 1 cm). (b) Annealing the substrate
above the Tg of PS. (c) Sonicating off silica particles. (d) Casting a
PDMS film on the substrate surface followed by curing. (e) Releasing
the PDMS film from the substrate and cutting the PDMS film into a
rectangular sheet (1 cm × 3 cm) with the patterned area in the middle
(bottom panel). (f) Stretching the PDMS film and contacting it with a
PS/Au/glass substrate and annealing at 130 °C for 10 min. The 3 cm
long PDMS sheet, containing the patterned PDMS stamp in the
middle, is used for stretching in order to make sure the aspect ratios of
the stretched nanostructures are uniform in the middle (bottom
panel). (g) Releasing the PDMS sheet to form elliptical PS rings. (h)
Treating the substrate by RIE to remove the residual PS film and
subsequent wet-etching of the uncovered portions of the Au film. (i)
Removing the remaining PS by O2 plasma treatment.
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treatment (∼3 min), leading to the formation of Au ERs on the
glass substrate (Figure 1i).
Figure 2a shows an SEM image of circular PS rings obtained

after annealing silica particles on a PS film at 130 °C for 10 min.
The silica particles were removed before imaging. The
hexagonal PS ring array was well ordered over macroscopic
areas (∼1 cm × 1 cm). The PDMS stamp replicated from the
circular PS rings exhibited depressed circular apertures, as seen
by AFM (Figure 2b). When the PDMS stamp was stretched
under a 40% strain (i.e., an elongation of 40%), the circular
apertures were transformed into ellipses (Figure 2c). The SEM
image in Figure 2d demonstrated that elliptical PS rings could
be generated successfully by using the stretched PDMS stamp
as a template. The inset in this figure is an AFM image of the
same substrate. After O2 RIE and subsequent wet etching,
highly ordered arrays of Au elliptical rings were formed on the
glass substrate, as shown over a large area (Figure 2e) and
close-up SEM image (Figure 2f).
Controlling the Aspect Ratio. The method described in

Figures 1 and 2 can be tuned over a wide range of geometries
by varying the parameters of the experiment. First, by using
silica particles with a fixed size, varying the annealing time,
temperature, conditions of RIE, and chemical wet etching could
be exploited to control the diameter and width of the circular
rings32,53 and hence the corresponding widths of the ERs. Of
course, the size, inter-ring distance, and periodicity of the ER
elements can also be tuned by changing the size of the silica
particles. It should be noted that, once a PDMS stamp with
circular apertures is fabricated (Figure 1d), it can be employed
to create ERs of varying aspect ratios by tuning the applied
strain. Moreover, a single PDMS mold can be used repeatedly.
To demonstrate this, we used the mold from Figure 2b to
generate all of the ERs described below.
Figure 3a shows that Au ERs with different aspect ratios

(ARs) could be generated by simply applying varying strains
(ε) to a single PDMS stamp. The AR of Au ERs is defined by
the ratio of the outer diameter along the long axis (DL) to that
along the short axis (DS) (schematic diagram in Figure 3a).
Without applied strain, circular rings (AR = 1.0) were
produced. As ε increased from 10, 30, 40, to 50%, the AR

increased from 1.17, 1.53, 1.84, to 2.10, respectively. The
maximum strain that could be applied on the PDMS sheet (i.e.,

Figure 2. (a) SEM image of circular PS rings. The inset is a high-resolution image. (b and c) AFM images (10 μm × 10 μm) of the PDMS sheet
replicated from circular PS rings before and after stretching, respectively. The high-resolution inset image in part c (scale bar: 500 nm) shows that
the width of the aperture along the long axis is larger than that along the short axis. The white arrows indicate the strain direction. (d) PS ERs
generated by using the stretched PDMS sheet as a mold. The inset is an AFM image (5 μm × 5 μm) of the PS ERs. (e) SEM image of Au ERs on a
glass substrate. (f) High resolution SEM images of part e.

Figure 3. Control of the aspect ratios (ARs) of gold ERs. (a) AFM
images (5 μm × 5 μm) of the gold ERs with different ARs (1.0, 1.17,
1.53, 1.84, 2.11, 2.72, and 3.70). The first five images were generated
under strains of 0, 10, 30, 40, and 50%, and the bottom two were
generated by using second-generation PDMS stamps replicated from
the PS ERs with an AR of ∼1.84. Scale bar: 1 μm. The schematic
diagram shows the parameters of the ERs. The line profile for an AR of
1.84 shows that the height of the Au structures is ∼45 nm. (b−d) Plots
of the outer diameters (DL and DS), AR values of Au ERs, and widths
(wL and wS), respectively, as a function of ε. The solid line in part c is
the theoretic fit to the inset equations. The dashed line across the plots
(b−d) is used to show that the data points to the left (right) side are
obtained from the first (second) stretch.
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the maximum elongation of PDMS at the breaking point) was
∼50%. This is smaller than the values that have been reported
previously.54,55 The difference is that the present PDMS stamp
is stretched and held in place at 130 °C instead of room
temperature. Generally, the elongation of PDMS at its breaking
point decreases with increasing temperature.55

One strategy to further increase the AR could involve
lowering the annealing temperature by using a lower molecular
weight polymer (i.e., decreasing Tg). Herein, a second-
generation PDMS stamp was employed instead.52 To do this,
ERs in PS with AR ∼ 1.8 were used as masters and applied to a
new PDMS mold. Thus, the new unstretched PDMS template
contained elliptical apertures with AR ∼ 1.8, and after
stretching along the direction of the long axis, elliptical
apertures with greater ARs were generated. The bottom two
AFM images in Figure 3a show Au ERs with ARs of 2.72 and
3.70 that were formed by applying a strain of ∼30 and ∼50%,
respectively, to the second-generation stamp. An iterative
process could be employed if even higher aspect ratios were
desired.

The increase of AR is the result of increasing DL while
decreasing DS as a function of strain, ε (Figure 3b). Here, ε is
defined as ε = [(D − D0)/D0] × 100%, where D0 and D are the
diameters of the apertures in the PDMS sheet before and after
applying the stain, respectively. Note that D can be used for
either DL or DS. When a stain, ε, is applied to a templated
PDMS sheet, the initial diameter, D0, of the circular aperture
along the direction of the applied strain increases to DL = (1 +
ε)D0. On the other hand, DS is reduced to DS = (1 − vε)D0.
This later shrinkage is caused by a Poisson contraction56 of
PDMS, and v is the Poisson ratio of PDMS (∼0.5). As a result,
the AR of the elliptical apertures (Figure 3c) can be written as

ε
ε

= +
−

AR
1

1 /2 (1)

which can also be approximated as the AR of the resulting Au
ERs. For the second-generation PDMS stamp, the resulting AR
should be

Figure 4. (a) Extinction spectra of the ERs with the ARs of ∼1.0, 1.17, 1.53, 1.84, 2.10, 2.72, and 3.70, respectively, for L (red) and S (blue)
polarizations. (b) The wavelength, λm, of the resonance peaks of different modes (m = 1, 3, 5, and antibonding modes Lw and Sw) and polarizations
(S and L) versus AR. (c) Comsol simulation of the extinction spectra of ERs with AR from 1.0 to 2.72 for L (red) and S (blue) polarizations. (d)
Charge distribution profiles of the corresponding resonances for AR = 2.10 in part c. The dashed lines in parts a and c are used to highlight the
varying position of the resonance peaks of the same order of mode and polarization with increasing AR.
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where ε1 and ε2 are the stains applied in the first and second
rounds of the stretching processes, respectively. Inserting the
values of ε1 and ε2 into eq 2 results in theoretical ARs of 2.68
and 3.50 after second generation stretching (bottom two
images in Figure 3a). This agrees resonably well with the
measured values (∼2.72 and ∼3.70). For simplicity, the Au ERs
generated by using second-generation PDMS stamps can be
considered to be generated by a one-time stretching under an
effective strain (εeff):
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For the ARs of 2.72 and 3.70, εeff is ∼72 and ∼91%,
respectively. Plotting a theoretical curve from the calculated AR
due to the strain shows that all the experimental values agree
well with this model (Figure 3c).
It can be readily observed that the ring width of the ERs is

not uniform along the perimeter of the ERs. Indeed, the width
reaches a minimum, wS, normal to the stretching direction and
a maximum, wL, parallel to it (schematic diagram, Figure 3a).
This width difference, which results at the PS templating step, is
caused by strain-induced elogation/contraction of the long/
short axes. While the apertures at the long axis are stretched,
those at the short axis are compressed due to Poisson
contraction. This leads to much of the width difference.
Moreover, the inner PDMS circles are unattached from the
larger matrix being stretched. As such, they deform less than the
surrounding region, which further increases the difference
betwen wL and wS (see the Supporting Information). The
resulting width of the Au ERs can be tuned by several
processes, including capillary filling by the PS film, O2 RIE, and
wet etching. Since all the lithographic conditions were kept
constant as the strain was increased, wL and wS also increased
and decreased, respectively, with ε in the present case (Figure
3d).
Optical Properties of the ERs. The LSPR behavior of ERs

with varying ARs were characterized by UV−vis/NIR (400−
3000 nm) and FTIR (2000−5000 nm) at normal incidence
using polarized light. Spectra from these two separate
spectrometers were combined together to create continuous
spectra from 400 to 5000 nm. The overlap region (from 2000
to 3000 nm) was used for normalization. We found that the
extinction spectra of the ERs were highly repeatable (see Figure
S2 in the Supporting Information), implying that ERs
fabricated by this method were uniform over the whole
substrate and reproducible from sample to sample.
Figure 4a shows the extinction spectra (400−5000 nm) of

Au ERs with AR values of 1.0, 1.17, 1.53, 1.84, 2.10, 2.72, and
3.70. The spectra in red are from light with the electric field
polarized along the long axis, while the blue spectra are for light
polarized along the short axis. As expected, the spectra of
circular rings (AR = 1.0) are identical for the two polarizations
(Figure 4a). The circular rings exhibited three distinct peaks at
2100, 1022, and 650 nm. The plasmon modes of metallic ring
structures can be classified according to their azimuthal
symmetry m (where m ranges from 1 to infinity) and the
relative charge alignment on the inner and outer surfaces
(symmetric or antisymmetric) of the ring wall. According to
previous studies,15,23,24 circular rings generally exhibited two
resonance peaks: a symmetric bonding dipolar and an

asymmetric antibonding plasmon mode. The bonding dipolar
mode with its electric field extending over the whole structure
is highly tunable and depends sensitively on the geometrical
parameters of the structure.57 In contrast, the antibonding
mode with its electric field localized within the ring wall is only
weakly tunable and depends primarily on the ring width w. The
strong peak at 2100 nm has been assigned to the symmetric
dipolar resonance (or the mode-1 resonance: m = 1), while the
peak at 650 nm was ascribed to the antibonding resonance
along the width of the circular rings (λw).
In the present work, an unexpected weak peak was also

found near 1022 nm and has not been previously assigned. This
mode is barely visible for circular rings at normal incidence and
is a dark higher order multipolar resonance.22 Such dark-mode
resonances should become significantly more intense when the
symmetry of the nanostructures is broken.16,28,58 For example,
it has been recently reported that asymmetric theta-shaped
ring-rod Au nanostructures59 and nanorings with asymmetric
widths28 exhibited dark-mode resonances at normal incidence.
In the present case, two possible symmetry-breaking factors
may contribute to the appearance of the 1022 nm peak. First,
the ring width of circular rings may not be perfectly uniform
along the perimeter of the rings due to fabrication defects,
which may result in the excitation of dark mode resonances.22

Second, the surfaces of Au nanorings will not be perfectly
smooth after chemical wet etching, which may also result in
symmetry breaking and therefore enable excitation of dark-
mode resonances at normal incidence.58

While circular rings gave rise to polarization independent
extinction spectra, the spectra from the ERs exhibited
significant polarization dependence (Figure 4a). For ERs,
there are polarizations along both the long and short axes,
which are referred to as “L” and “S” polarization, respectively.
Like circular rings, the ∼650 nm peaks in the spectra for all the
ERs can be attributed to the antibonding resonances along the
width of the structures.
The lowest energy features can be assigned to bonding

dipolar resonances of the ERs and are labeled as S1 and L1 in
Figure 4a. Both modes continuously red-shifted as the aspect
ratio was increased. In addition to the dipolar bonding and
antibonding resonances, ERs also exhibited higher order
resonances for each polarization. For ERs with an AR of
1.17, only one higher order resonance appears for each
polarization, and is labeled L3 and S3, respectively.
Interestingly, as the AR was increased to 1.54 and beyond,
one additional weak resonance was found for each polarization,
and is labeled L5 and S5. Similar to the dipolar resonances,
these high-order resonances also red-shifted when the polar-
ization was switched from S to L (λS3 < λL3 and λS5 < λL5).
Moreover, the observed intensities of the higher order
resonances increased with increasing aspect ratio. As noted
above, higher order resonances should be the result of
symmetry breaking. This may be attributed to two factors:
one is the anisotropic shape of the ERs, and the other is the
difference between wL and wS, as shown in Figure 3d. As the AR
increased, the extent of symmetry-breaking increased, leading
to increasing intensities of the higher order resonances. In
addition, the resonances for the same order of mode and
polarization (L1, S1, L3, S3, L5, and S5) red-shifted with
increasing AR, as revealed by the dashed arrows in Figure 4a.
The extinction maxima as a function of AR for the spectra in

Figure 4a are plotted in Figure 4b. As can be seen, the
resonance wavelengths increased almost linearly with increasing
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AR. However, the antibonding resonances did not show a
significant red-shift by increasing the AR. It should be noted
that all the above resonances are assigned odd azimuthal mode
numbers m = 1, 3, and 5. Similar phenomena have been
observed in nanowires, in which only odd-mode resonances
were observed at normal incidence.58,60 This is in agreement
with theory, as discussed below. Even mode resonances can
also be excited but require off normal incidence excitation.22

To analyze the experimental results in Figure 4a and b, we
performed COMSOL simulations of the optical cross section of
a single ER. Figure 4c shows the simulated spectra for an ER
with ARs ranging from 1.0 to 2.72. The charge distribution
profiles of the corresponding resonance peaks for AR = 2.10 are
shown in Figure 4d. The antibonding resonances in the
simulated spectra are in good agreement with the experimental
data. Their charge distribution profiles (left two panels in
Figure 4d) confirm the antisymmetric alignment expected for
antibonding modes. For circular rings, only the dipolar
resonance was observed. By contrast, dipolar resonances and
higher order resonances were observed in the spectra of ERs for
both polarizations. On the basis of the charge distribution
profiles of the dipolar and high-order resonances, the order of
the resonance modes (m) can be calculated to be half of the
number of nodes (i.e., m = n/2) in the ERs. For example,
because the higher order resonance in the L-polarization has six
nodes along the perimeter of the ER, the resulting order of
mode is 3, which is consistent with the assigned mode in Figure
4a.
The simulation data in Figure 4c show that all dipolar and

multipolar resonances, except S1 resonances, red-shift with the
increase of AR. This is mostly consistent with the experimental
results. However, the S1 resonances in the simulation first blue-
shifted slightly and then red-shifted as the AR increased further.
This will be qualitatively explained below using a simple
standing-wave model. Moreover, the resonances in the
simulations, especially the S1 and high-order resonances,
exhibited clear blue-shifts compared to the experimental results.
There are several reasons for this deviation from the
experimental data. First, the experimental data were measured
from 2D arrays of ERs, while the simulations only calculated
extinction spectra from a single ER. The coupling between ER
elements in the experiments could induce the red-shift of the
plasmonic resonances, which has been observed for circular
nanorings.19 Moreover, this coupling effect strongly depends on
the pitch of the 2-D arrays or the gap between adjacent rings.
For the ER arrays, the gap distance increased by (1 + ε) along
the long axis but decreased by (1 − ε/2) along the short axis.
This may explain why the S1 resonances in the simulation blue-
shifted as compared to the resonances in experiments, while the
L1 resonances almost matched the experimental data. Second,
the roughness of the Au surface in the experiments could
produce a red-shift of resonances, which was not taken into
account in the simulations. Indeed, this phenomenon has been
observed in Au nanodots61 and nanocrescents.62 Third, the
glass substrate in the experiment was not included in the
simulation. Finally, the cross sections of the ERs were not
perfectly rectangular as assumed in the simulations. Generally,
due to isotropic wet etching of Au, they were narrow on the top
and wide at the bottom, resulting in trapezoidal or even
triangular shapes (see Figure S2b,c in the Supporting
Information). The asymmetric cross-sectional shapes could
also cause red-shifting of the resonances.23

In order to quantitatively understand the shift of the
resonance peaks, we employed a simple standing-wave model
originally introduced to analyze the plasmonic resonances of a
linear antenna of finite length l:63,64

λ=L m n/2m (4)

In this expression, λm is the wavelength of the resonance of
mode index m and n is the refractive index of the surrounding
medium. This simple model has also been extended to other
metallic ring structures which are then considered as linear
antennas of lengths equal to the circumference of the
ring.11,16,65 In the most general case, the multiple plasmon
resonances of a closed ring-like structure such as an ER can be
obtained from a modified standing wave model:11

λ λ
=

+
l

m
n

( )
2
m

eff
0

eff (5)

where leff is the effective length of the structure in the
polarization direction and λ0 depends only on the geometric
structure.11

LSPR resonances of closed square rings of total perimeter
lengths C have been shown to be independent of polarization
because the effective length, leff = C/2, is independent of
polarization.65 The polarization-independent spectra of the
closed circular rings (AR = 1.0) in Figure 4a confirm this
finding. By contrast, the spectra from ERs were polarization
dependent. This is due to the fact that leff in eq 5 is different in
the L and S directions. For an elliptical ring with long and short
axes diameters of DL and DS, the half length of the perimeter is

π= + − −l D D D D( /4) 2( ) ( ) /2L
2

S
2

L S
2

(6)

For the L polarization, the electrical field (E) is parallel to the
long axis of the ERs and the electrical currents oscillate between
the two ends of the long axis (schematic diagram in Figure 5a).
Therefore, the effective length lL in the L direction can be
calculated by substituting DS by the inner diameter at the short
axis (DS − 2wS):

π= + − − − −l D D w D D w( /4) 2( ( 2 ) ) ( ( 2 )) /2L L
2

S S
2

L S S
2

(7)

Similarly, the effective length lS in the S direction can be
calculated by substituting DL by the inner diameter along the
long axis (DL − 2wL):

π= − + − − −l D w D D w D( /4) 2(( 2 ) ) (( 2 ) ) /2S L L
2

S
2

L L S
2

(8)

The values of lL and lS are plotted as a function of AR in Figure
5a. As expected, lL is larger than lS because wL > wS. Therefore,
as expected from eq 5, the resonances red-shifted when the
polarization was switched from S to L.
In order to further confirm that this red-shift was caused by

the nonuniform ring width, we simulated the extinction spectra
of ERs (AR = 1.84) of a uniform ring width of 50 nm. As
expected, the spectra were almost polarization independent
(Figure S3, Supporting Information). Figure 5a also shows that
lL increases monotonously with increasing AR, which explains
why λL red-shifts with increasing AR, as shown in Figure 4c. In
contrast, lS first decreases with increasing AR with a minimum
for AR = 1.54, and then undergoes a monotonous increase for
larger AR. This is consistent with the trend for the simulated
λS1 (Figure 4c), where the S1 resonance blue-shifted when the
AR was increased from 1.0 to 1.54 and then red-shifted as the
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AR value was further increased. Again, both the standing wave
model and the simulations were based on a single ER. As a
result, this clearly explains the variation of dipolar resonances in
the simulation. However, as noted above, the coupling between
periodic ERs can also cause a red-shift of the resonance. To
demonstrate this, we ran an additional simulation to compare
the resonances of a single ER with a periodic ER array (Figure
S4, Supporting Information). As expected, the resonances for
the ER array were red-shifted with respect to those for a single
ER.
In order to further understand the resonances, we plotted the

experimental resonance peaks (λ) as a function of leff/m (Figure
5b). As expected from eq 5, λ followed a linear relationship
with leff/m. This agreement suggests that the generalized
standing wave model can be used as a simple and quantitative
description of the polarization dependent resonant peaks of the
ERs. Moreover, the resonances of the ERs could be simply
predicted from the dimensions of the ERs, which is key for
sensor design. Additionally, neff was derived from the slope of
Figure 5b and eq 3 to be 1.123. As the gold ERs were
surrounded by two media, the glass substrate and air with
refractive indices of 1.47 and 1.00, respectively, this value is
within a reasonable range.
Conclusions. In summary, we have demonstrated a simple

patterning technique based on colloidal lithography to fabricate

well-ordered PS and Au ERs over large areas (∼1 cm2 in this
paper) in a highly controlled manner. One unique advantage of
this method was that it enabled the scalable fabrication of Au
ERs with varying AR by simply tuning the strain. This
previously required using different molds in soft lithography or
employing EBL. Due to the ability to control the aspect ratio of
the rings and therefore the plasmonic resonance positions, our
method provides an effective platform for LSPR sensor design
in a wavelength range from the optical to the infrared.
Additional applications of these structures may involve optical
coatings and filters. In fact, some extinction resonances are
quite narrow and can be tuned to block incident light at specific
wavelengths. However, some resonance peaks are relatively
broad, which may be attributed to the imperfect lattice ordering
of the self-assembled hexagonal arrays and the existence of the
Cr adhesive layer.66,67 By fine-tuning the self-assembly
process68 and using an alternative (e.g., (3-mercaptopropyl)-
trimethoxysilane) adhesive layer,67 these resonances might be
considerably narrowed. Finally, since this technique is not
limited to Au structures, magnetic ERs could also be generated
by simply introducing magnetic materials into the polymer
film37 or the substrate,32 which may also be of practical value in
magnetic device applications.
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