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We compare the optical response of periodic nondiffracting metallic nanoparticle and nanohole arrays.
Experimental data from both structures show a pronounced minimum in their wavelength-dependent transmittance that, through numerical modeling, we identify as being due to the excitation of localized surface-plasmon
resonances associated with the nanoparticles/nanoholes. Our main finding is that, while the optical response of
the nanoparticle arrays is largely independent of interparticle separation, the response from nanohole arrays
shows a marked dependence on interhole separation. We attribute this effect to coupling between localized
surface-plasmon resonances mediated by the symmetric surface plasmon-polaritons associated with the metal
film. Further numerical modeling supports this view.
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It is well established that metallic nanoparticles support
localized surface-plasmon resonances 共LSPRs兲 in the
visible.1 Such resonances have been extensively studied in
recent years particularly as potential applications emerge,
such as surface enhanced Raman spectroscopy2,3 and
biosensing,4–6 applications that exploit the strongly localized
electromagnetic fields associated with these resonant modes.
Arrays of nanoparticles have in particular received considerable attention as advances in fabrication techniques allow
finer control over structural dimensions.7–11 It is also known
that when metal nanoparticles are brought into close proximity to each other the modes they support may interact, or
couple, so as to modify both the resonance shape and frequency of the LSPRs.12,13 The properties of LSPRs associated with metallic nanoparticles can also be modified by the
presence of a nearby metallic surface.14,15
The extraordinary optical transmission properties of regular arrays of nanoholes in thin metal films were first reported
by Ebbesen and co-workers.16 Since then it has been demonstrated that under appropriate conditions single nanoholes
in metallic films may support LSPRs in a manner analogous
to that of nanoparticles.17–22 The similarities between the
LSPRs of nanoholes and nanodiscs were discussed by
Haynes et al.10 Indeed, Käll and co-workers17 recently
showed that for irregular arrays of such holes the LSPRs of
the nanoholes are blueshifted as the hole density is increased,
an effect attributed to coupling between LSPRs of neighboring holes. However, as far as we are aware, there has not yet
been a comparison of interparticle/interhole coupling in periodic nondiffracting metallic nanoparticle/nanohole arrays.
Here we present such a study and show that despite their
similarities, these complementary structures show marked
differences in their optical response. For the range of periods
considered here, we find that the spectral position of the
transmittance minimum associated with the nanohole arrays
varies with the array period, an effect we attribute to strong
LSPR coupling mediated by surface plasmon-polaritons
共SPPs兲 supported by the intervening flat metallic film. For
the complementary nanoparticle arrays there is little shift
since SPPs are not supported by this structure. Results from
numerical modeling help us identify the role of the symmetric 共with respect to surface charge distributions23兲 SPP mode
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supported by the metal film in causing this difference between hole and particle arrays. Our results are consistent
with the blueshift of the LSPR noted by Käll and
co-workers17 on increasing the hole density of irregular
nanohole arrays.
Our structures were fabricated using focused ion-beam
共FIB兲 milling for the hole arrays and electron-beam lithography for the particle arrays 共using a modified FEI Nova 600
system兲. For both the holes and the particles, a glass substrate 共n = 1.52兲 was used, on which gold 共Au兲 films of thickness 20⫾ 2 nm were deposited by thermal evaporation 共at a
rate of 5 Å s−1 and at a pressure 1 ⫻ 10−6 mbar兲. FIB milling was used to produce square arrays of circular holes with
periodicities of 200, 225, and 250 nm; the arrays were 8 m
on a side. Arrays of circular nanoparticles were fabricated
using electron-beam lithography. Glass substrates were spin
coated with a resist 关3% polymethylmethacrylate in anisole兴
and soft baked for 10 min at 475 K. This was followed by
exposure using a focused electron beam. After developing
the sample in a mixture of propan-2-ol and water 共ratio 1:3兲;
a 20 nm Au film was then deposited by thermal evaporation.
Unexposed resist was then removed using a lift-off technique, resulting in 8 m square arrays of Au particles. The
insets in Fig. 1 show scanning electron microscope images of
both 90 nm diameter hole and particle arrays, each with a
periodicity of 200 nm. For this choice of period diffraction is
not possible for frequencies in the vicinity of the LSPRs.
Bright-field transmittance spectra were obtained by illuminating the sample with a collimated beam of light from a
tungsten filament source at normal incidence. An objective
共100⫻兲 was used to collect the light and pass it to a spectrometer. The optical responses of the arrays were simulated
using a commercial finite-element package 共HFSS兲 with a
mesh size of 4.5 nm. Permittivity values for gold were taken
from reference data.24
Figure 1 shows a comparison between experimental and
simulated transmittance spectra for square arrays with period
200 nm of 90 nm diameter cylindrical holes 关Fig. 1共a兲兴 and
90 nm diameter cylindrical particles 关Fig. 1共b兲兴. Also shown
in Fig. 1 are simulated absorbance spectra for these two
structures, together with the measured transmittance of 20
nm thick planar gold film 共on glass兲 for comparison. We
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FIG. 1. Experimental transmittance spectra are compared
against simulated transmittance and absorbance spectra obtained for
8 m square arrays of 90 nm diameter holes in a 共a兲 20 nm thick
Au film and 共b兲 90 nm diameter, 20 nm height cylindrical Au particles with periodicity 200 nm, illuminated at normal incidence in
air. The dashed gray curve in both 共a兲 and 共b兲 shows the experimental transmittance spectrum obtained from a 20 nm Au film illuminated at normal incidence in air.

chose a film thickness such that holes and particles of similar
radii would have LSPR modes in the same spectral region.
For both nanoparticle and nanohole arrays, transmittance
minima are observed at ⬃600 nm. We attribute these
minima to the excitation of LSPRs associated with the particles and holes. Confirmation of this interpretation comes
from looking at the 共simulated兲 absorbance spectra: the absorbance spectra show clear maxima that are linked to the
transmittance minima, something that is expected when resonant modes are excited, as the enhanced fields associated
with the modes leads to greater absorption in the metal.25 As
expected, the minima in the transmittance spectra exhibit a
shape typical of a Fano resonance, more easily seen when
one compares the transmittance spectra with those of the
planar film. For both nanoparticle and nanohole arrays there
are two channels for transmission, direct transmission 共a continuum兲, and transmission based on coupling by scattering
both into and out of the LSPRs; it is interference between
these two transmission routes that leads to the Fano
response.26 Additional numerical simulations 共not shown兲 indicate that the resonant frequency of both hole and particle
LSPR modes are angle independent, offering clear evidence
that the mode is not diffractively coupled and is localized in
nature.

FIG. 2. 共Color online兲. Field profiles are shown at the absorbance maximum of the hole and particle array structures. The upper
profiles show the instantaneous scattered electric field vector for 共a兲
the hole and 共b兲 particle, taken at the same instant in phase for each
structure. The arrows above 共a兲 and 共b兲 indicate the vector of the
incident electric field. The middle plots show the time-averaged
scattered electric field profiles for 共c兲 the hole and 共d兲 particle. In 共e兲
and 共f兲, a line plot has been taken through the center of the structure
along the dashed lines shown in 共c兲 and 共d兲, and the time-averaged
electric field magnitude is shown as a function of position across
the unit cell.

To understand the optical response of our nanoparticle
and nanohole arrays better, we carried out a number of numerical simulations of the scattered electric field in each of
the structures. Similarities between the hole and particle
resonant modes can be seen in Fig. 2, where we have plotted
the scattered electric field distributions at the appropriate
resonant frequencies. From Figs. 2共a兲 and 2共b兲 we can see
that both structures exhibit a largely dipolar electric field
distribution. Notice how the instantaneous electric field vectors throughout the hole array unit cell have the opposite
phase when compared to those of the particle array, reflecting
the complementary nature of these structures.
Interestingly, for the nanohole array, it can be seen in
Figs. 2共c兲 and 2共e兲 that there is significant field enhancement
at the metal-air interface in the regions between the holes,
which is absent for the particle array 关Figs. 2共a兲 and 2共f兲兴.
This observation is consistent with the demonstration of the
excitation of surface plasmon-polaritons of the metal film in
the vicinity of nanoholes.18 Of particular importance in the
present case will be the nearly symmetric 共with respect to
surface charge distributions兲 SPP mode. This is the only
bound SPP mode that such a thin metal film may support
when flanked by different refractive index media 共as is the
situation here兲.23 The field enhancement between the holes in
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FIG. 3. Comparison between experimental and simulated transmission spectra for 关共a兲 and 共c兲兴 90 nm diameter hole and 关共b兲 and 共d兲兴
particle arrays with periodicity 200, 225, and 250 nm.

Figs. 2共c兲 and 2共e兲 suggests that even in our nondiffracting
arrays, nearly symmetric SPPs supported by the metal film
may play an important role in determining the response. For
instance, the presence of the metallic film connecting adjacent holes could provide an additional coupling mechanism
between the localized resonances of nanoholes, one mediated
by nearly symmetric SPPs. It is the excitation of SPPs
through scattering that enables the LSPR modes of adjacent
nanoholes to interact sufficiently such that a spectral shift in
their response occurs.
It is well known that when metallic nanoparticles are
formed into an array the LSPRs that they support may be
modified due to electromagnetic coupling between the
particles.10,12,13,27 This coupling has been previously studied
for particle arrays. Haynes et al.10 found a small but observable blueshift in resonant frequency occurring for Au nanoparticle arrays when the period is decreased from 500 to 250
nm 共for resonances at ⬃750 nm兲: these same authors suggested that this blueshift would cease for periods somewhat
below 250 nm. Figure 3 shows the experimental and simulated transmittance spectra for 90 nm diameter hole arrays
and for 90 nm diameter particle arrays for three different
periods 200, 225, and 250 nm. For the particle arrays, the
change in resonant wavelength is very small over this range
of periods 共in agreement with Haynes et al.10兲, and this is
also seen in the simulated data. In contrast, the resonant
transmission for the hole array is much more sensitive to the
period of the structure: an increase in the period of the hole

structure by 50 nm leads to a redshift of the transmittance
minimum by approximately 60 nm. This result is consistent
with the blueshift of the LSPR noted by Käll and
co-workers17 on increasing the hole density of irregular
nanohole arrays.
In addition to modifying LSPR frequencies, it should be
noted that the excitation of symmetric SPPs supported by the
metal film in nanohole ensembles will give rise to several
other effects. First, the sensitivity of the optical response of
the LSPRs to interhole separation will contribute to inhomogeneous broadening. It is thus not surprising that a random
ensemble of holes17 exhibits a considerably broader spectral
response than the periodic arrays studied here. Moreover, the
delocalization of electric field in SPP modes means that, in
general, one may expect to observe weaker local-field enhancements for the LSPR of nanoholes compared to the
complimentary nanoparticle structures. Indeed, we observe a
factor of two difference in the calculated maximum field enhancements for our nanohole and nanoparticle arrays 关Figs.
2共e兲 and 2共f兲兴. We suggest that the LSPR of nanoparticles
should, in general, be more suitable for applications which
rely on large local enhancements of electric field, such as
surface enhanced Raman scattering.
In conclusion, we have compared the optical response of
nondiffracting metallic nanoparticle and nanohole arrays. We
find that these two structures, though to some extent
complementary, show some marked differences. In particular
we have shown that in the case of nanohole arrays the spec-
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tral response depends on interhole separation while there
seems to be little effect of the interparticle spacing in the
response of the nanoparticle array. We have suggested that
this difference in response arises from an additional coupling
mechanism mediated by the symmetric SPP mode that the
thin metal film supports.
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