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S
ensing of gas, liquid, and chemical
compounds has become increasingly
important in amyriad of different fields

of science and technology and has its ap-
plications in our everyday life. Among the
wide range of available techniques, optical
sensing is particularly advantageous due to
label-free and non-invasive detectionmeth-
ods suitable for accurate substance recog-
nition. Of particular interest are plasmonic
chemical and biosensors which rely on the
collective electron oscillations at metal�
dielectric interfaces. These structures provide
fast and reliable detection with very high
sensitivities due to locally enhanced electric
field densities.1�5 In the simplest plasmonic
sensing system, light impinging onto a thin
conducting metal film triggers the propaga-
tion of resonant surface plasmons at frequen-
cies that depend on the optical properties of
the surroundingdielectricmedium. Replacing
the film with metallic nanostructures allows
localization of the plasmon modes on the
structure and tunability of the resonance fre-
quency through adjustment of the nano-
particles' geometry.3 Recent developments
in nanoengineering methods, together with
increased fundamental knowledge, have
boosted research in the field of plasmonic
(bio)sensing and generated more complex
designs with increased sensitivities.6 So far,
themajority of studies report biosensing plat-
formsbasedon shallowmetal particles.7�11 In
recent years, however, high aspect ratio (AR)
metallic nanostructures have been a topic of
considerable interest which, compared to
their shallow counterparts, show increased
sensitivities due to the larger volumes of
enhanced near-fields resulting from longitu-
dinal plasmonic modes.12�16 Especially, high
AR cylindrical nanorods have been under
study, which have been fabricated using

bottom-up approaches such as chemical
synthesis17 or the use of alumina templates
resulting in hexagonally packed arrays.12,16

For better insight into the underlying phy-
sics of the high AR nanostructures' resonant
behavior, and for achieving higher sensitiv-
ities, one should, however, be able to freely
tailor their geometry. Accurate parametric
design of well-ordered plasmonic nanostruc-
tures can only be realized using an optimized
top-down lithographic fabrication process.
In this paper, we study arrays of high AR

nanorods (NRs) with three different cross-
sectional designs, as schematically illu-
strated in Figure 1. Starting with cylindrical
nanorods (cNRs), we find that the sensing
ability is determined by capacitive charging
between the structures so that we continue
by investigating nanorods with square cross
sections (sNRs), due to their improved ca-
pacitive behavior. We further find that struc-
tures with asymmetric cross sections resem-
bling split-ring resonators (SRRs) allow for
even more promising bioplasmonic plat-
forms due to an increased sensing perfor-
mance, a strong polarization dependence
allowing for difference spectroscopy, and
improved mechanical stability. We exploit
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ABSTRACT We present an experimental and theoretical study of plasmonic modes in high

aspect ratio nanostructures in the visible wavelength region and demonstrate their high

performance for sensing applications. Ordered and well-defined plasmonic structures with various

cross-sectional profiles and heights are obtained using a top-down fabrication process. We show

that, compared to cylindrical nanorods, structures with split-ring resonator-like cross sections have

great potential for powerful sensing due to a pronounced polarization dependence, strong field

enhancement, structural tunability, and improved mechanical stability. The plasmonic structures

under study exhibit high sensitivities, up to nearly 600 nm/RIU, and figures of merit above 20.

KEYWORDS: plasmonics . biosensing . nanofabrication . split-ring resonators .
high aspect ratio
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our recently developed top-down fabrication method
based on electron-beam lithography and gold electro-
plating18 to manufacture arrays of plasmonic nano-
structures with accurately defined structural param-
eters. The microscopic origins of the structures' resonant
behavior are analyzed using numerical simulations, and
their sensing abilities are investigated in experiments by
varying thedielectric environment. Theproposedmetallic
nanostructures may also show significant potential for
various other plasmonic applications.6,19,20

RESULTS AND DISCUSSION

We start by considering the numercal response
of cylindrical nanorods, as schematically shown in
Figure 1a. The E, H, and k triad of the incoming light field
is oriented along the x, y, and z axes, as illustrated in
Figure 2a. In order to determine the microscopic origins
of the resonances, we plot the distribution of the field
enhancement (local electric field strength divided by
incident electric field strength) along a line that is parallel
to the nanorods' long axis and positioned 5 nm adjacent
to the structure along the x axis, as indicatedby the green
line in Figure 2a. The field enhancement distributions
obtained for 700 and 1000 nm high nanorods are shown
in Figure 2b,c as a function of wavelength and z compo-
nent. Here, the structures have a diameter of d = 150 nm
and a periodicity of p = 400 nm. Within the wavelength
interval considered, both structures exhibit two reso-
nances that are marked by the dotted white lines. The
plasmon resonances of nanorods correspond to long-
itudinal standing waves characterized by a node at the
metallic base layer andanantinodeat the rods' topend.12

The nanorod response is composed of a series of stand-
ing waves of different order, where the number of nodes
j along the height of the structure increases for decreas-
ing wavelength. For the 700 nm high nanorods, the
resonances observed correspond to the j = 2 and j = 1
modes,whereas for the 1000nmhigh structures, they are
assigned to the j = 3 and j = 2 modes, as indicated in
Figure 2b,c. For a given free space wavelength λ0, the
structure height for which resonances occur can be
estimated as

h ¼ λ0
2neff

jþ 1
2

� �
(1)

where neff denotes the effective refractive index. Using
eq 1 and the Maxwell�Garnett theory21 to determine
neff, we calculate that the j = 3 and j = 2 resonances
observed in Figure 2c should occur for structure
heights of 932 and 925 nm, respectively. These values
are somewhat lower than the assumed height of
1000 nm, which can be explained by the fact that the
mode propagating longitudinally in the plasmonic
structure is not perfectly reflected at the boundaries
but experiences a phase change, which generates a
smaller effective structure size.22 The jth resonance
translates into charge densitymaxima at jþ 1 positions
along the structure's long axis, where the charge
concentrations induced by the incident field have
opposite signs along the polarization direction. This is
schematically illustrated in Figure 2a for the j = 3
resonance. Propagation of the plasmonic modes is
defined by the cross-sectional geometry and in arrays
is influenced by capacitive charging between neigh-
boring rods. This results in a strong near-field depen-
dence, as can be seen in Figure 2d, where we plot the
field distribution in a xy slice, as marked by the light
gray plane in Figure 2a. Between the nanorods, strong
field values are obtained only in those regions where
the rods face each other along a direction parallel to
the incident field. Formetallic structures, the frequency
position of the resonances depends particularly
strongly on the dielectric environment in regions of
pronounced near-fields.23 In terms of sensing applica-
tions, this means that the overall shift of the wave-
length caused by a modification of the dielectric
environment is greater when the volume of the high
field strength region is as large as possible. Due to the
circular shape of the nanorods, the highest field
strengths are exhibited on the rod surface along the
radial direction parallel to the polarization. The obvious
approach to increase the sensing performance is there-
fore to use nanorods with square-shaped cross sec-
tions, as schematically shown in Figure 1b. Due to the
parallel faces, sNRs act as larger capacitors where the
high field strength regions comprise larger overall
volumes. The field enhancement distribution in the
proximity of such a structure is shown in Figure 3a.
Here the structure height was h = 1000 nm, the side
length was a = 200 nm, and the periodicity was set to

Figure 1. Schematic illustration of the high aspect ratio nanostructures with different cross-sectional designs under study.
(a) Cylindrical nanorods (cNRs), (b) square nanorods (sNRs), and (c) split-ring resonators (SRRs) placed on a semi-infinite gold
layer. The structural parameters are defined as h = height, p = period, d = cNR diameter, a = sNR side length, and g = SRR gap
width.
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p = 400 nm. We again observe two resonances, which
are attributed to the j = 3 and j = 2 modes, so that the
field distribution obtained qualitatively resembles
that of the 1000 nm high cNR structures (Figure 2c).
We note that at the field enhancement sampled the
chosen position in the sNRs is not as high as in the cNRs
because the curved geometry of the cNR structures
results in a strong localization of the charge carriers
along the radial x direction. The induced charge
carrier concentration in the sNRs, as obtained from
the simulations, is schematically illustrated in Figure 3d
for the j = 3mode. As expected, neighboring sNRs act
as parallel plate capacitors where the charges accu-
mulate along the full length of the sNR faces parallel
to the y axis.
We continue by investigating the response of amore

sophisticated structure which features an asymmetric
cross section resembling a split-ring resonator (SRR),
as schematically shown in Figure 1c. We define our
polarization directions so that x-polarization corre-
sponds to the incident electric field as parallel to
the SRR's gap-bearing side (SRRx) and y-polarization

corresponds to the electric field as perpendicular to the
gap-bearing side (SRRy). The field distribution adjacent
to a SRR structure with h = 1000 nm, a = 200 nm, p =
400 nm, s = 55 nm, and g = 90 nm under x-polarization
is shown in Figure 3b. Evidently, the introduction of the
split has hardly any influence on the response, which
can be understood by considering the j = 3 mode
profile schematically illustrated in Figure 3e. The dis-
tribution of the charge accumulations is very similar
to that exhibited by the square-shaped structures
(Figure 3d), with the only difference that on the face
containing the split the charge accumulations are
slightly pushed together and concentrate on the two
remaining face elements. This has no major influence
on the underlying microscopic resonance mechanism
of longitudinal standing waves and capacitive char-
ging between neighboring elements. However, if the
structures are illuminated by y-polarized light, a com-
pletely different behavior is obtained, as can be seen in
Figure 3c, where three rather than two resonances are
observed within the frequency range considered. The
reason is that, for this orientation, the electric field can

Figure 2. (a) Schematic illustration of the charge accumulations induced in 1000 nm high cNR arrays at the j = 3 resonance.
Simulated field enhancement distribution along a line positioned 5 nm adjacent to (b) 700 nmand (c) 1000 nmhigh nanorods
as indicated by the green line in (a). (d) Field enhancement distribution in the xy plane marked in (a) for j = 3 resonance at
position λ = 660 nm .

Figure 3. Simulated field enhancement distribution along a line positioned 5 nm adjacent to the high aspect ratio structures
(green dot in insets): (a) sNRs, SRRs with 90 nm gap width under (b) x-polarization and (c) y-polarization. (d�f) Schematic
illustration of the charge accumulations induced in the three nanostructures at the j = 3 resonance or Cmode, respectively.
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also produce a capacitive charging across the gap
within each individual SRR. The resulting resonances
can therefore be considered as hybrid modes that are
characterized by a superposition of in- and interstruc-
ture charging, as schematically shown in Figure 3f. The
exactmicroscopic origins of the observed resonances are
rather difficult to determine due to the complex three-
dimensional geometry, which gives rise to longitudinal
and in-plane current flows and results in admixtures of in-
and interstructure charging. A detailed analysis of the
underlying mechanisms will therefore be part of a future
study. Since the mode hybridization renders the j nota-
tion inapplicable, the observed hybrid resonances are
simply labeled B, C, andD. The fundamental resonance A
appears at wavelengths larger than those considered
here.
The field enhancement distributions in Figure 3a�c

are plotted using the samecolor scale. Obviously, the ob-
tainablefield strength adjacent to the structure is smaller
for SRRs under y-polarization than for x-polarization.

This changes, however, ifwe consider thefield enhance-
ment distribution along a line positioned in midgap, as
shown in Figure 4a,b. Whereas for the x-polarization
case the gap is not charged, such that only very low in-
gap field strengths are observed, the induced charging
for y-polarization leads to strong and highly localized
electric fields. The in-gap field distribution additionally
exhibits a strong dependence on the gap width, as
can be seen in Figure 4b�d. SRRs with narrower gap
exhibit stronger near-fields inside the gap, which can
be attributed to increased capacitive charging across
the gap. However, a narrower split opening alsomeans
that the field can penetrate less efficiently into the
gap, such that the field enhancement is shifted to the
top end of the structure. Whereas for a gap width of
g = 50 nm strong field enhancement is exhibited at
three positions along the full length of the structure
height, structures with g = 30 nm exhibit strong field
enhancement only at two positions in the upper half of
the structure (not shown here). For SRRs with even

Figure 4. Simulated field enhancement distribution in themiddle of the gap. (a) SRR under x-polarization with g = 90 nm and
SRR under y-polarization with (b) g = 90 nm, (c) g = 50 nm, and (d) g = 10 nm.

Figure 5. Scanningelectronmicrographof fabricated cNRswith a height ofh=1000nmandperiodicitiesp anddiametersdof
(a) p = 200 nm and d = 100 nm, (b) p = 300 nm and d = 120 nm, and (c) p = 400 nm and d = 150 nm. The scale bar in all panels
corresponds to 200 nm.

Figure 6. Scanning electron micrograph of fabricated SRRs with a height of 1000 nm and periodicity of 400 nm. The gap
widths are (a) g = 110 nm and (b) g = 25 nm, and the scale bar in all panels corresponds to 200 nm.
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narrower gap (g = 10 nm), the field enhancement is
localized at the structure's top end.
In order to verify the behavior predicted by the

numerical simulations experimentally, we fabricated
two sets of structures with cylindrical and asymmetric
cross sections, respectively. The precise structuring at
the nanoscale allowed us to fabricate a wide range of
cNR structures of varying diameter and height, result-
ing in aspect ratios of up to 17 (height h = 1000 nm,
diameter d = 60 nm). Figure 5 shows as examples three
1000 nm high cNR arrays with varying periodicities
(p = 200�400 nm) and diameters (d = 100�150 nm).
Since this fabrication technique allows us to tailor the
cross-sectional geometry at will, we were also able to
manufacture more complex high AR nanostructures
with well-defined structure dimensions, such as the
aforementioned asymmetric SRRs. Periodic SRR ar-
rangements with structure heights of up to 1000 nm
and highly vertical and smooth side walls were realized,

as shown in Figure 6. The gap profile change can be
seen in detail from the top-down images shown in the
insets.
Figure 7 shows the simulated and experimentally

recorded reflectance spectra for the h = 1000 nm high
SRR structures with varying gap width, fixed side wall

Figure 7. Simulated (a,c) and experimental (b,d) reflectance spectra for SRRswith heights h=1000nm, periodicityp=400nm,
and varying gap widths, under x-polarization (top row) and y-polarization (bottom row).

Figure 8. Reflectance spectra for different concentrations of aqueousglycerine solutionsmeasuredusing highAR cNRswith a
height of h = 700 nm: (a) cNRs with periodicity p = 400 nm and diameter d = 150 nm, (b) cNRs with periodicity p = 300 nm and
diameter d = 120 nm. (c) Spectral resonance shift as a function of refractive index.

TABLE 1. Sensitivities of cNRs and SRRs for the

Reflectance Minima Indicated in Figure 8, Figure 9, and

Figure 10

sensitivity (nm/RIU)

type height (nm) j = 2 j = 3 j = 4 A* B* C* D*

cNR400 700 18 334
cNR300 700 183 376
SRRx 700 389 309
SRRy 700 490 425 335
SRRx 1000 598 392
SRRy 1000 540 510 425
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thickness s = 55 nm, and period p = 400 nm. The two
resonances observed for SRRs under x-polarization
(Figure 7a) correspond to the j = 3 and j = 2 modes,
as indicated. In line with our previous findings, the gap
is not charged for the incident polarization, so that the
obtained spectra exhibit almost no dependence on the
gap width. This behavior is also reproduced in the
experimental spectra shown in Figure 7b. Good quali-
tative agreement is obtained between simulation and
experiment, except that the measured resonances
occur at slightly smaller wavelengths. This can be
attributed to structural inaccuracies of the fabricated
samples or to a deviation of the metal's dispersive
properties from the values of a thin electroplated film.
The corresponding reflectance spectra for the struc-
tures under y-polarization are shown in Figure 7c,d. As
expected, a strong dependence on the gap width is
observed, which is reproduced in both simulation and
experiment. We note that some discrepancies are
observed between the simulated and experimental
spectra that are most likely linked to variations in the
fabricated gap widths with respect to the simulation
design. Whereas the gap widths between neighboring
structures are comparable, the gap width within in-
dividual high AR SRRs along the z-direction is not
constant due to limitations in the fabrication. Though
it is not shown here, we observe that, for both incident
polarizations, varying the side wall thickness between
45 and 60 nm has little impact on the spectral reso-
nance positions.

We continued by investigating the structures' suit-
ability for chemical or biological sensing applications
by varying the refractive index (RI) of the medium
surrounding the nanostructures. Figure 8 shows the
spectral response of a square-packed cNR array with a
height of h= 700 nm to different surrounding RI values.
Two resonances are observed which are red-shifted if
the refractive index n is increased. In comparison to
cNRs in an ambient air environment (Figure 2b), the
two resonances that occur within the frequency
interval considered are therefore shifted by 1 order
so that they are assigned to the j = 2 and j = 3 modes.
Decreasing the periodicity from p = 400 nm (Figure 8a)
to p = 300 nm (Figure 8b) verifies that a higher
capacitance between the nanorods is beneficial due
to larger wavelength shifts and more pronounced
resonance peaks. Linear regression fits to the spectral
resonance positions as a function of the RI change are
shown in Figure 8c. The highest sensing sensitivities
are obtained for the j = 3 mode, which yielded wave-
length shifts of 334 and 376 nm/RIU for p = 400 and
300 nm, respectively. We note that these values are
similar to sensitivities reported earlier for hexagonally
packed high AR cylindrical nanorods.12 For the j = 2
resonance, smaller wavelength shifts are observed;
however, the improvement in the attainable sensitivity
obtained upon reducing the periodicity is seen to
be particularly strong. All sensitivities obtained for the
resonances of the different structures considered here
are summarized in Table 1. For 700 nm high SRRs,

Figure 9. Reflectance spectra for different concentrations of aqueous glycerine measured using SRRs with heights of
h = 700 nm, periods of p = 400 nm, and gap widths of g = 25 nm under (a) x-polarized and (b) y-polarized illumination.
(c) Spectral resonance shift as a function of refractive index.

Figure 10. Reflectance spectra for different concentrations of aqueous glycerine measured using SRRs with heights of
h = 1000 nm, periodicity of p = 400 nm, and a gap widths of g = 25 nm under (a) x-polarized and (b) y-polarized illumination.
(c) Spectral resonance shift as a function of refractive index.
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the sensing performance was evaluated under the two
incident polarizations. For SRRx (Figure 9a), two reso-
nance peaks are observed, which are again assigned to
the j = 3 and j = 2 modes The corresponding sensing
sensitivities are shown in Figure 9c, from which we
determine wavelength shifts of 309 and 389 nm/RIU
for the j = 3 and 2 modes, respectively. When the
incident field is y-polarized (Figure 9b), we observe the
emergence of three sharp dips in the reflectance
spectra, which are again seen to shift toward larger
wavelengths when the refractive index is increased.
We note that an unambiguous assignment of these
dips to the simulated modes for the structures in air
(Figure 3c) would require a deeper theoretical under-
standing. For the liquid environment, we therefore use
a notation where the three resonances are labeled as
A*, B*, and C*. The largest wavelength shift is obtained
for hybrid resonance A*, yielding a value of 490 nm/RIU,
which shows that the parallel face elements enable
improved sensing performance as compared to the
cylindrical nanorods. We also note that, through a
simple rotation of the incident polarization, we obtain
a two-for-one resonance property where measure-
ments under the polarizations can be combined using
a difference spectroscopy approach24 to obtain an
improved signal-to-noise ratio. When the height of the
cNR structures is increased to 1000 nm, we observe
that the rods begin to bemechanically unstable due to
capillary forces which arise during the drying of the
solvent. We observed that the collapsing is propor-
tional to the solvent surface tension. The sensing
performance for the 1000 nm high cNRs could there-
fore not be evaluated reproducibly. For SRRs, on the
other hand, this behavior is not observed due to the
larger cross-sectional geometry, making them more
robust and thus more suitable for sensing applications.
Figure 10 illustrates the refractive index sensitivity and
spectral resonance shift of the 1000 nm high SRR
structures. Under x-polarization, the j = 3 and j = 4
modes are excited, whereas under y-polarization, the
B*, C*, and D* resonances are observed. For SRRy, a
maximum sensitivity of 540 nm/RIU is obtained for
peak B*, whereas for SRRx, the j = 3 mode yields a
record value of 598 nm/RIU, which is more than
110 nm/RIU higher than reported previously for other
high aspect ratio structures or nanohole arrays.5,12 The
larger structure height results in a further increase of
the sensing performance which can be explained by
eq 1. An increased height h translates into a longer
optical path at resonance wavelength, which contri-
butes to easier detection of the absolute wavelength
shift if the dielectric environment is modified.
To further verify the nanostructures' suitability for

sensing applications, we evaluate the RI dependence in
terms of a figure of merit (FOM) which additionally
takes the sharpness of the resonances, that is, the full
width at half-maximum (fwhm) of the peaks, into

consideration. We use the definition introduced by
Sherry et al.25

FOM ¼ m (eV RIU�1)
fwhm (eV)

(2)

wherem is the linear regression slope for the refractive
index dependence and bothm and fwhm are given in
eV. These values facilitate a comparison of the sensing
performance obtainable with different platforms. It
should, however, be pointed out that the energy is
reciprocally proportional to the wavelength, such that
the dependence of the refractive index should only be
approximated by a linear function for small changes ofn.
For nanorod arrays, the highest FOM values are
obtained with a periodicity of p = 300 nm, where
plasmon resonances with a fwhm of 0.3 eV (95 nm)
lead to a FOM of 3.7. Similarly, a FOM of 3.5 is obtained
for 700 nm high SRRs under x-polarization, whereas
y-polarized illumination leads to a significantly higher
FOM of 16.5, due to a combination of good refractive
index sensitivity and narrow plasmon linewidths fea-
turing a fwhm of 0.053 eV (30 nm). For the 1000 nm
high SRR structures, x-polarized illumination results in
an FOM of 6.5, whereas the highest overall figure of
merit is obtained for y-polarization, reaching a value of
21.5, due to a fwhm as narrow as 0.046 eV (25 nm). The
sensitivities and FOM values obtained here are among
the highest reported at visible frequencies.26

CONCLUSION

In summary, we investigated the response of high
AR nanostructures with various cross-sectional de-
signs. Numerical simulations were used to elucidate
the microscopic origins of the resonances and the
consequential implications for the obtainable sensing
performance. Using a novel fabrication process, tun-
able high AR cylindrical nanorods as well as more
complex SRR-shaped nanostructures were fabricated,
and their sensing abilities were experimentally inves-
tigated in the visible wavelength range. Our results
showed that using asymmetric high AR structures
offers various advantages over simpler cylindrical
nanorods. In particular, a strong polarization depen-
dence is exhibited, where one can switch between two
completely different sets of modes via changing the
incident polarization. For SRRx, the response resembles
that of square-shaped nanorods, whereas for SRRy,
hybrid resonances are excited that are characterized
by a combination of in- and interstructure charging.
The asymmetry therefore offers a powerful two-for-
one property, in which the measurements performed
under the two polarizations can be combined allowing
for difference spectroscopy. This is a promising ap-
proach for further improvement of the sensing sensi-
tivity, especially when combined with multivariate
analysis. In addition, for SRRy, the response exhibits
a strong dependence on the gap width where a
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narrower gap results in an increase of the in-gap field
strength accompanied by a localization of the high
field strength region to the upper surface of the
structures. This can be utilized to realize structural
tunability of the spectral resonance positions or to
control the location of the high field strength region
along the structure's long axis, which may be advanta-
geous, for example, for optical data storage using
tightly localized field intensities in multiplex writing
at different wavelengths. The SRR structures were
found to exhibit highmechanical stability, thusmaking
them more robust particularly in liquid environment,
where strong capillary forces are present. Themechan-
ical robustness enabled fabrication of larger structure
heights, which in turn led to further increase of the
sensing performance. From the measurements, we
determined refractive index sensitivities for the high
AR SRRs, which ranged from 300 nm/RIU up to nearly
600 nm/RIU, with figures of merit reaching as high as

21.5 and surpassing those provided by nanorod ar-
rays. Further studies are necessary for a detailed
understanding of the plasmonic resonances of high
AR SRR structures, which will also be beneficial for
designing structures exhibiting even higher sensitiv-
ities. Our versatile fabrication technique based
on electroplating would allow, in addition to gold,
nanopatterning out of nickel which also possesses
interesting plasmonic behavior.27 Especially when
combined with surface functionalization and device
integration, complex-shaped high AR nanoplasmonic
structures can show great potential for various bio-
sensing applications. Finally, increasing the AR of
plasmonic nanostructures can be useful for a variety
of plasmonic applications, such as increasing the
packaging density of plasmonic modulators by utiliz-
ing the vertical dimension and realizing novel plas-
monic elements with a focus in optical applica-
tions.28�30

METHODS
Simulations. All numerical simulations in this study are

based on the finite element method31 using a commercial
software package.32 The modeling was carried out in the
frequency domain, which allowed us to include the fre-
quency-dependent properties of the metal structures using
an extended Drude model which comprised critical point
transitions.33 The model parameters were obtained from a fit
to the experimentally recorded refractive index data of the
electroplated gold used in the fabrication. The refractive
index of the surrounding dielectric was set to unity. For the
simulations, the structures were positioned in the center of a
box-shaped simulation domain together with a thick under-
lying Au layer. The thick Au layer enables us to assume a semi-
infinite gold substrate and also acts as a seed layer during the
fabrication process. The simulation domain was discretized
using a tetrahedral mesh where the maximum element size
was set to 100 nm in the dielectric and to 15 nm in themetallic
regions. A plane harmonic wave was launched from the top
boundary along the positive z axis, and the wavelength was
scanned parametrically. The four boundaries perpendicular
to the structure plane were set to periodic conditions, and the
size of the simulation domain was chosen to represent the
periodicity of the structures. For the two remaining bound-
aries, scattering boundary conditions were chosen in order to
avoid unwanted reflections.

Fabrication. For the sample fabrication, we deposited a thick
poly(methyl methacrylate) (PMMA) resist layer onto a gold-
coated silicon substrate. The Au layer serves as a seed layer
for a later electroplating step. The resist was patterned using a
high-energy (100 keV) electron-beam writer and developed in
high contrast developer solution of 3:7 H2O/isopropyl alcohol.
After development, the resist voids were filled with gold by
electroplating, and the remaining polymer was subsequently
removed by plasma ashing.18

Measurements. The reflectance spectra of the samples were
recorded using an optical microscope (20� objective and NA =
0.4) couple to a spectrometer (range 500�1000 nm) with a
cooled CCD camera and using amercury lamp as a broad-band
light source. For measurements in liquid environment, we
applied aqueous glycerine solutions with different concentra-
tions, which enabled us to change the ambient refractive index
between 1.33 and 1.47. All of the reflection curves measured
for the different nanostructures are referenced against the
reflection of the flat underlying gold layer adjacent to the

nanostructured region, and the refractive indices of the dif-
ferent solutions have been determined using an Abbe
refractometer.
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