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Abstract We report on 2D plasmonic crystals composed of
a hexagonal lattice of polymeric nanopillars embedded in
an optically thick gold film on a glass substrate. A tapered
shape of the polymeric pillars is proved to localize the elec-
tric field distribution close to the free surface of the device
and to determine a significant increase in the electric field
intensity particularly when the incident light comes from the
glass side. These effects significantly improve the sample
sensitivity to a refractive index change occurring at the free
surface of the device.

Keywords Plasmonic crystal · Optical response ·
Nanocavities · Shape effects

Introduction

Since the discovery of the extraordinary optical transmis-
sion [1], great interest has been excited by the optical
properties of nanostructured metallic films. The dependence
of the optical response on structural parameters such as
lattice geometry, grating period, film thickness, and hole
size and shape has been investigated both experimentally
and theoretically [2]. As suggested for the first time by
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Via Bassi 6, 27100 Pavia, Italy
e-mail: franco.marabelli@unipv.it

P. Pellacani
Departamento de Fı́sica Aplicada, Facultad de Ciencias,
Universidad Autónoma de Madrid,
Cantoblanco, 28049 Madrid, Spain

Klein–Koerkamp and coworkers [3, 4], the holes shape can
strongly affect the optical response. The size and shape
of nanocavities are proved to influence spectral position,
linewidth and intensity of transmittance, and reflectance
spectral features [5–7]. Electromagnetic modes localized
inside the nanoholes have been also compared to the plas-
monic resonances supported by metallic nanoparticles [8].
The effect of the shape of the in-plane section of the holes
and its symmetry with respect to the surface axes has been
widely investigated [9–17]. The attention is often focused
on the influence of the shape of cavities on the electric
field distribution; in particular, electric field localization and
enhancement effects can be detected when sharp edges are
present [16, 17]. The effect of a non symmetrical shape with
respect to the direction normal to the plane of the sample
surface has been also considered. For example, by creat-
ing nanocavities into the substrate beneath each nanohole
it is possible to achieve the energy matching between the
plasmonic modes supported by the opposite film interfaces,
leading to an electric field enhancement [18]. Most of the
investigated systems are prepared by electron or ion beam
lithography. However, in the last years, the development of
nonconventional and eventually cheap nanofabrication pro-
cesses, such as electrochemical deposition through a tem-
plate [19, 20], nanosphere- [21, 22], interference- [23] and
holographic lithography [24], made it possible to explore
also different cavity configurations with interesting opti-
cal properties. In particular, the possibility of increasing
the electric field intensity and controlling its distribution
can be exploited to improve the sensitivity of biosensors
based on the resonant properties of the nanocavities [17,
18, 24]. We report on recently obtained 2D gold/polymer
plasmonic crystals prepared by colloidal lithography. A
tapered shape of the polymeric cavities milled into the gold
film results in electric field localization and enhancement
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effects that determine an increase in the sample sensitivity
to refractive index variations that occur at the free surface of
the device.

Experimental and Results

The systems we investigated are prepared by a nanofabri-
cation process based on plasma-enhanced chemical vapor
deposition and colloidal lithography [25]. The resulting
structures consist of a hexagonal array of plasma poly-
merized poly acrylic acid (ppAA) pillars embedded in an
optically thick gold film (about 100 nm) on a glass sub-
strate. The grating period (500 nm) is determined by the
initial diameter of the nanospheres composing the colloidal
mask. We analyzed several series of samples prepared with
different deposition parameters, in particular, ppAA layer
thickness and etching time. Etching time mainly controls
the pillar size; nevertheless, depending on the ratio between
layer thickness and pillar size, etching also affects the
pillar shape.

The obtained nanostructured surfaces were character-
ized by atomic force microscopy and scanning electron
microscopy (SEM) before the gold deposition (in order to
study the pillars configuration), and after this process (to
characterize the final sample surface). As a matter of fact,
two different types of pillars were obtained after sonication
and mask removal: the ones having a more cylindrical shape
with a relatively flat top surface and the ones characterized
by a more conical shape and a tapered top.

The optical characterization was carried out by angle-
resolved reflectance and transmittance measurements per-
formed by means of a home-made micro-reflectometer
setup associated with a commercial Fourier transform spec-
trometer [25]. Figure 1 reports the near normal incidence
reflectance spectra measured from either the air or the glass
side (dashed and solid lines, respectively) of samples with
different pillars configurations: sample (a) is characterized
by tapered polymeric pillars; sample (b), instead, presents
almost cylindrical pillars. In both cases, gold deposition
tends to narrow the aperture at the top of the pillar with
respect to the body size. In particular, the hole aperture
is significantly smaller than the pillar body in case (a),
whereas such a difference is less important in case (b).
The optical response measured from the free surface of the
device exhibits some differences at the highest energies; in
the lowest energy region, it is instead quite similar. When
reflectance is measured from the substrate, both the spec-
tra related to the two samples present a maximum followed
by a weak minimum at about the energy where the gold
glass SPPs splitting is supposed to occur (14,200 cm−1). On
the contrary, significant differences can be detected at lower
energies: tapered pillars (a) give rise to two pronounced
reflectance minima at about 10,500 and 13,500 cm−1,
whereas cylindrical pillars (b) determine a single strong res-
onance at about 11,000 cm−1. In the following, we will
focus our attention on these spectral features, which cor-
respond to localized plasmonic excitations, as suggested
by the measured dispersion behavior and by a previously
discussed analysis [25, 26].

Fig. 1 Near normal incidence reflectance spectra measured with TM
polarized light from either the air or the glass side (dashed and solid
lines, respectively) of samples characterized by tapered (a) and cylin-
drical (b) pillars. The SEM top view and tilted image of a region of

the sample and the AFM profile of a representative pillar acquired
before the gold deposition and a SEM top view of the sample surface
recorded after the gold deposition are also reported. In both samples,
the nominal gold thickness is 100 nm
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Numerical Simulations

In order to better understand the observed experimental
behavior, the different pillars configurations were explored
also by 3D finite difference time-domain (FDTD) numerical
simulations [27]. The investigated samples were modelled
as gold films superimposed on a glass substrate and perfo-
rated by a hexagonal lattice of ppAA nanostructures. The
refractive index of glass and ppAA was assumed equal to
1.5 and 1.67, respectively, while the gold dielectric constant
was calculated by fitting Palik’s tabulated values [28].

Reflectance spectra were recorded with light coming
either through the substrate or from the free surface of the
system. The electric field patterns at the wavelenghts cor-
responding to the main reflectance spectral features were
collected in the cross section of the ppAA nanostructures.
Figure 2 reports the calculated normal incidence reflectance
spectra of systems whose ppAA nanostructures try to mimic
the real pillars configurations of the two samples analyzed in
Fig. 1. Notice that, in both cases, the pillar top is surrounded
by a thin gold ring, in analogy with the SEM images
acquired after the gold deposition (see Fig. 1). In order
to model the sample (a), the grating period was assumed
equal to 525 nm (instead of the 500 nm nominal value),
in agreement with the value measured from the SEM top
view image. The effect of the pillar height was also numer-
ically investigated: changes of this parameter does not lead

to significant differences in the optical spectra, at least in
the spectral region below 15,000 cm−1.

Discussion

The FDTD simulations well reproduce the experimental
behavior: not only the reflectance spectra recorded from
the substrate side are characterized by a single resonance
for cylindrical pillars (b) and by two pronounced minima
for tapered pillars (a), but also the measured and calculated
spectral positions of the reflectance resonances are well in
agreement. The calculated electric field patterns related to
the main reflectance dips confirm the localized nature of the
involved plasmonic modes. Switching from a cylindrical to
a tapered shape of the polymeric pillars results in a signifi-
cant change in the electric field distribution. The cylindrical
cavities support a plasmonic mode mainly localized within
the pillar close to the substrate. On the contrary, a tapered
pillar shape results in an intense electric field strongly local-
ized where the gold ring is surrounding the pillar top. This
localization effect can be ascribed to the metal distribution:
close to the pillar top the gold layer becomes thinner, act-
ing as metallic tips which force the electric field to resonate
between them. Another interesting effect emerging from the
performed FDTD analysis is an increase in the electric field
intensity when the light impinges on the substrate side of the
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Fig. 2 FDTD normal incidence reflectance spectra recorded from the
air or the glass side (dashed and solid lines, respectively) of glass-
supported gold films perforated by tapered (a) or cylindrical (b) pillars
that mimic the real configurations of the two samples discussed in
Fig. 1. A schematic of the investigated pillars is shown. For the sys-
tem (a), the grating period was assumed equal to 525 nm (instead of
the 500 nm nominal value), in agreement with the value measured from

the SEM top view image of the corresponding sample. The electric
field patterns (| E |2) corresponding to the lower energy spectral fea-
tures (marked by an asterisk) are also reported. The field distributions
were calculated in a vertical section of the pillar by illuminating the
systems from either the air or the glass side of the device. The profile
of the gold configuration is sketched with a white line
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Fig. 3 FDTD electric field
patterns (| E |2) corresponding
to the low energy reflectance
minimum calculated for pillars
characterized by a conical (a) or
mainly cylindrical (b) body,
while the pillar top is similar in
the two configurations. The field
distributions were calculated in
a vertical section of the pillar by
illuminating the system from the
glass side of the device. The
profile of the gold configuration
is sketched with a white line
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device: the intensity becomes double for the cylindrical pil-
lar (roughly corresponding to the refractive index change),
while it increases about seven times in tapered cavities. This
effect can be associated to the funnel-shape of the tapered
pillar, which guides the electromagnetic radiation towards
the pillar top, where it is forced to resonate. Such a behavior
seems to be a cavity counterpart of the slowing of the elec-
tromagnetic radiation propagation inside metallic tips [29,
30]. This guiding effect is more pronounced for tapered pil-
lars with the gold ring probably because of the stronger field
confinement discussed above. From the discussion above,
it is not definitely clear whether such a field localization
has to be ascribed to the pillar shape or just to the clos-
ing of the aperture at the pillar top. Actually, both features
seem to contribute to localization and enhancement effect.

Figure 3 shows the electric field patterns related to the main
resonance minimum for pillars characterized by a conical or
cylindrical body ((a) and (b) panel, respectively), while the
aperture features are kept equal. In both cases, a field local-
ization occurs within the aperture at the pillar top. However,
the field intensity seems to be larger for the conical shape.
Instead, in the cylindrical case, a large field distribution is
evident at the base of the pillar.

In order to investigate the effect of the gold ring deco-
rating the pillar top, numerical simulations were performed
on analogous tapered cavities with or without the gold ring.
The results are shown in Fig. 4. Looking at the resonance
corresponding to the low frequency reflectance minimum
(labeled as Mode (1) in the figure), the field distribution
appears to be similar in the two cases. Removing the ring,
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Fig. 4 FDTD normal incidence reflectance spectra recorded from the
glass side of glass-supported gold films perforated by a hexagonal
array (period 500 nm) of tapered pillars with (a) or without (b) a
gold ring surrounding the pillar top. A schematic of the investigated
pillar configurations is shown. The electric field patterns (| E |2)

corresponding to the two main reflectance minima (labeled as (1) and
(2)) are also reported. The field distributions were calculated in a verti-
cal section of the pillar by illuminating the system from the glass side.
The profile of the gold configuration is sketched with a white line
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the gold layer close to the free surface gets still thinner,
resulting in a slight increase in the electric field intensity
and in a slightly larger lateral extension (which is related
to the red shift of the resonance in the reflectance spec-
trum). Then, it is worthwhile to notice that the presence
of the gold ring favors the electric field localization at the
pillar top, but it is not responsible for this effect. The pres-
ence of the gold ring is much more affecting the second
resonance around 14,000 cm−1 (labeled as Mode (2) in the
figure). Figure 4 shows how the field distribution of such
a mode is more concentrated along the walls of the pillar
(that is, the gold cavity). In particular, when the gold ring is
considered, the field seems to strongly resonate just around
the ring.

The aforementioned second spectral resonance cannot
be seen either in the simulation with the cylindrical shape
(Fig. 2b) or in the experimental spectrum of type (b) sam-
ples (Fig. 1b), where just a small change of slope occurs at
the same frequency. For this reason, in order to perform a
homogenous comparison among the different samples, we
will consider only the low energy spectral structure around
11,000 cm−1 in the following.

Sensitivity to Refractive Index

The observed electric field localization and enhancement
effects make the investigated surfaces particularly interest-
ing for sensing applications. Indeed, an intense electric field

strongly localized close to the free surface of the device
works as an extremely sensitive probe for the detection
of refractive index variations. Such a sensitivity test can
experimentally confirm the considerations reported above.

The effect of a refractive index change at the free surface
of the device was investigated by reflectance measurements
performed at fixed incidence angle (5◦) with light inci-
dent from the substrate while sodium chloride solutions
with different concentrations flowed on the free surface of
the sample. The shift of the reflectance minima due to the
refractive index change results in a dispersion-like spec-
trum when the sensor response is displayed as the ratio
of reflectance measured with the solution to be studied to
reflectance measured with the reference solution (distilled
water) inside the flow cell [25], as shown in the left panel
of Fig. 5 for one sample (frequencies of plasmonic modes
are red shifted with respect to the ones in Fig. 1 because ref-
erence medium is water instead of air). Actually, the ratio
is equivalent to the spectrum of the signal difference (with
and without salt), but normalized to reflectance. In other
words, we consider a relative value of the signal change
instead of the absolute one. In this way, we have a com-
parison among the sample responses which is independent
on the absolute intensity and we weight more the spectral
points close to the resonance minima. Since normalization
is the same for all the successive measurements of a sample,
the intensity changes at each spectral point are directly pro-
portional to the spectral shift of reflectance in such point,
either when the change is positive or negative. The signal

Fig. 5 The left panel reports the response of a sample characterized by
tapered pillars (analogous to the one discussed in Fig. 1a) to a refrac-
tive index change due to the flowing at its free surface of distilled water
(solid line) and a sodium chloride solution with concentration 0.1 %
(dashed line). The signal is displayed as the ratio of the reflectance
measured with the sodium chloride solution to the reflectance previ-
ously measured with distilled water. The measured signal difference
(indicated by an arrow) is related to the shift of the lower energy

localized plasmonic mode. In the right panel, the circular labels
indicate the response of the same sample to salt solutions with con-
centration up to 1%. The square labels indicate instead the response
to the same solutions of a sample characterized by cylindrical pillars
(analogous to the one discussed in Fig. 1b). The linear fit of the exper-
imental data is also reported. Error bars concerning the determination
of refractive index are reported on the data of sample (a)
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amplitude has been evaluated as the difference between the
relative intensity changes at the points where the maximum
and the minimum values occur, as displayed in Fig. 5(left).
One has to notice that, by flowing pure water on the sample,
the signal ratio corresponds to a straight line with a constant
value (as shown in the figure). Then, the use of both positive
and negative relative intensity changes allows to be insen-
sitive to possible drifts of the background. The right panel
of Fig. 5 reports the result of the signal differences obtained
for samples analogous to the ones analyzed in Fig. 1: the
signal amplitude change measured in presence of the differ-
ent salt solutions is displayed as a function of the refractive
index change. The refractive index of the used solutions was
independently measured by an Abbe’s refractometer and
their changes were found proportional to the salt concen-
tration. The first point of sample (a) corresponding to the
lowest refractive index change and the lowest salt concen-
tration of 0.1% has the value obtained in the left panel of
the figure.

For both the investigated samples, the refractive index
increase results in a linear growth in the measured signal
differences. The slope of the linear fit gives us informa-
tion about the sample sensitivity: a larger slope corresponds
to a higher sensor sensitivity. The sample characterized by
tapered pillars (a) is thus proved to be more sensitive to a
refractive index change with respect to the sample charac-
terized by cylindrical pillars (b). Since the geometry of the
exposed surface is not so different between the samples and,
in particular, the area of the openings at the pillar top is
changing less than 50%, the difference of almost one order
of magnitude in the response to refractive index changes
confirms the leading role played in the detection mechanism
by the localization of plasmonic mode. The linear growth
of the signal amplitude with the refractive index increase
also allows to give an estimate of the device detection limit.
It is difficult to directly measure it, mainly because of the
uncertainty in determining small refractive index changes. It
is anyway worth to notice that the noise affecting the mea-
surements in the spectral region of interest is of the order
of 10−4, as can be seen looking at the signal ratio corre-
sponding to zero concentration in the left panel of Fig. 5.
Then, it is reasonable to assume that signal variations can be
reliably measured at least down to 10−3 (this was, in fact,
done for sample (b)). According to this consideration, the
limit of detection of sample (a) can be estimated to reach the
order of 10−5 refractive index unit (RIU). In terms of wave-
length shift, the estimated sensitivity roughly corresponds
to more than 500 nm/RIU. Tests performed with ethanol
solutions lead to analogous results: this indicates that the
measured signal is really determined by a bulk refractive
index change and not to the molecules adhesion to the
sample surface.

Conclusions

In conclusion, 2D plasmonic crystals consisting in a
hexagonal array of polymeric nanopillars embedded in a
glass-supported gold film have been investigated both
experimentally and theoretically. In particular, the attention
was focused on the effect of the pillar shape on the optical
response of the device. A tapered shape of the polymeric
pillars allows to localize the electric field pattern at the
pillars top, close to the free surface of the device. More-
over, the funnel-shape of the tapered pillars leads to an
electric field enhancement when light impinges on the sub-
strate side of the sample. The presence of an intense electric
field strongly localized at the free surface of the device
significantly improves the sample sensitivity.
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