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Tailoring optical response using periodic nanostructures is
one of the key issues in the current research on functional
composite materials.”™ The anomalous light transmission
through metallic films that have a regular array of submicro-
meter holes®® has stimulated much interest. This interest
stems from both the underlying physics and also the perceived
potential for applications in nanophotonics,”] quantum-infor-
mation processing,®! nanolithography,”! and surface-en-
hanced Raman scattering.!"”

Extraordinary transmission of light through an optically
opaque metal film perforated with a 2D array of subwave-
length holes was first reported by Ebbesen et al.’! This unusu-
al phenomenon can be understood as a result of diffractive
coupling to evanescent surface plasmon polaritons (SPPs) that
leads to a strong concentration of light at the metal surface,
which then weakly tunnels through the holes in the film, rera-
diating by the inverse process on the exit side.*!""*! In order
to explore the SPP properties of microstructured metal films,
extensive efforts have been made to study their spectral re-
sponse and dependence on geometrical parameters, such as
the type of lattice symmetry, metal film thickness, and adja-
cent dielectric media."*! Recent studies show that the hole
shape has a significant effect on the optical transmission.'>!’!
Nearly all the metallic films studied have been on a flat sub-
strate and the hole arrays were made using focused ion-beam
milling,[s’ls"”’w] and electron-beam lithography[s] or interfero-
metric lithography combined with reactive ion etching.!*1%!

Here we use nanosphere lithography[zo] as the sample pro-
duction technique. This approach has several advantages over
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the conventional lithographic and machining techniques, in-
cluding the relative ease of casting large, high-quality, ordered
nanomaterials and the low cost of implementation. Ordered
arrays of gold half shells and nanocaps have been constructed
by controlled gold vapor deposition with thicknesses less than
20 nm by using a 2D colloidal crystal (CC) as a substrate.[?!:%]
Baumberg’s group has fabricated metallic nanocavity arrays
by electrodeposition within the pores of CC templates and ob-
served the excitation of the SPPs in metallic cavities that led
to rich features in reflectivity spectra.l””! Very recently, Land-
strom et al. have shown that the transmission spectra through
a metal film formed on a 2D CC substrate are quite similar to
those observed through subwavelength hole arrays in metal
films.1**]

In this communication, we report a study on the infrared
transmission properties of gold films patterned on 2D CCs.
The fabricated metallodielectric structures have a strong sur-
face corrugation as well as a 2D periodic pore array. We show
that the SPPs on these curved surfaces display unusual disper-
sion properties, compared to those of metal films on flat sub-
strates studied before. The dielectric property of the template
spheres is also found to have a substantial effect on the trans-
mission. More importantly, the transmission features vary
dramatically as the gold film thickness is increased, with an
apparent transition from the excitation of localized SPP reso-
nance to extended SPP propagation at a critical metal film
thickness. Our results will be useful for designing and fabricat-
ing new optical devices based on SPP excitation and this will
stimulate further studies on the optical properties of metallic
microstructures deposited on 2D CCs.

The ordered metallic microstructures were prepared by
sputtering a thin gold layer onto a monolayer of dielectric
microspheres self-assembled onto a quartz chip.”?!! The 2D
sphere arrays were crystallized by controlled evaporation
from a colloidal solution within a channel formed using two
quartz chips. The microbeads were hemispherically covered
with metal and the resulting gold film consists of a hexagonal-
ly close-packed (HCP) array of gold half-shells with a size dic-
tated by the template spheres. The diameters of these hemi-
spherical shells can be conveniently controlled from 200 nm
to several micrometers by choosing colloidal beads with dif-
ferent sizes.

Figure 1 shows the scanning electron microscopy (SEM)
image of a typical sample with a thin gold layer on a 2D silica
CC substrate. In the center of the image, there is a vacancy
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Figure 1. SEM image (tilted view) of a highly corrugated gold film depos-
ited on a 2D CC assembled from 1.58 um diameter silica spheres on a
planar quartz chip. The thickness of the gold shells on top of the spheres
is about 30 nm.

through which the monolayer CC substrate can be clearly
identified. Since the silica microspheres were densely packed,
the gold half-shells on adjacent silica spheres were intercon-
nected after a certain amount of deposition, thus forming a
conducting network on the CC surface. In addition, due to the
locally curved surface of the CC template, a lateral variation
of the metal thickness was created on the spheres, with the
thinnest layer at the equator of each sphere. The fabricated
metallic microstructure reflects the order of the 2D CC tem-
plate, whose assembly can be controlled using a variety of
self-organization methods.”®!

The optical response of such metallic microstructures was
measured by zero-order Fourier-transform infrared (FTIR)
spectroscopy. In all transmission measurements, the optical
spot size on the samples was about 0.8 mm. All transmission
spectra were normalized to the transmittance of a pure quartz
substrate. We first present the transmission spectra of the
modulated metallic networks under normal incidence of line-
arly polarized light.

Figure 2a shows typical experimental results for two corru-
gated gold films deposited on 2D CC substrates with different
dielectric constants. Both films have a nominal thickness
t=30 nm.”) The CCs are assembled from silica spheres
(1.58 um in diameter) and polystyrene (PS) spheres (1.59 pm
in diameter) on a quartz substrate. For the metal film pat-
terned on a silica template (solid line in Fig. 2a), up to four
transmission resonances are clearly seen. In particular, a
strong, extraordinary transmission peak at 1935 nm is ob-
served, a phenomenon similar to that observed in planar met-
al films perforated with a regular hole array.>*>"! This is
compared to the negligible transmission observed for the
homogeneous gold film deposited directly on a planar quartz
substrate (dotted line in Fig. 2a). The main resonance has a
transmittance of about 23 % which is about 2.5 times the pro-
jected area (about 9 %) of the pores between the particles in
the 2D plane of the structure.®! Although the prepared sam-
ples have a good local ordering (Fig. 1), the crystal grains are
typically tens of micrometers. Since the optical spot size is
much larger than the single domain, the measured area is ba-
sically a region of multidomains, and as a consequence, the
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Figure 2. a) Transmission spectra of two textured gold films on different
monolayer CCs assembled on a quartz chip. The silica and polystyrene (PS)
spheres have nearly identical diameters (dsjica=1.58 pmand dps=1.59 pm).
The dotted curve is for an unpatterned gold film on a flat quartz chip.
b) Transmission spectrum of a gold triangular nanoparticle array obtained
by removing the silica spheres (dsiica=1.58 um) after gold deposition. Inset:
SEM image of the gold triangular nanoparticles. All gold layers were depos-
ited under the same conditions with the same thickness t=30 nm.

measured spectra are insensitive to the in-plane orientation of
the patterned gold films®! (results not shown).

The optical response of ordered assemblies of dielectric
spheres partially coated with gold is a superposition of scatter-
ing diffraction and light reradiation via the excitations of SPPs
on the metal films. It is noted that due to the incomplete shell
morphology, the present microstructures allow strong cou-
pling of the SPPs with the CC substrate. Thus, reradiation of
SPPs into photons should be affected by the dielectric proper-
ties of the colloidal spheres. This is demonstrated in Figure 2a,
in which red-shifts of the resonances were observed when a
PS CC substrate with a higher refractive index (nps=1.59,
Ngitica = 1.45) was used. Since both kinds of spheres chosen
have nearly identical sizes (diameters, dgjica=1.58 pm and
dps=1.59 pm), the wavelength location of the transmission
peaks is expected to be in proportion to the refractive index
of the template. This is in good agreement with the observa-
tions in Figure 2a.

Note that during the sputtering process, gold is inevitably
deposited onto the quartz chip through the interstices of the
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2D CC, leading to the formation of ordered arrays 30 . . . 30 . . .

of discrete triangular gold nanoislands (Fig. 2b, in- p- polar. : @)

set). These sharply pointed triangular islands also 3

have strong SPP resonances.”**! In order to reveal 25 1 2

their possible contribution to the anomalous trans- 3 €

mission resonance, separate measurements of S 20f 1 20

these gold islands have been performed by remov- § §

ing the gold-coated CCs after metal deposition. 8 15 ’2 6=0° ] 815

Figure 2b shows the transmittance spectrum for £ [ /| / €
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2490 nm is due to a dipole resonance of the gold
nanoprisms. Such a localized SPP resonance has
been observed in silver nanoprisms and have been
shown to red-shift linearly with an increase in edge
length.[zo‘zg] The origin of the band at the shorter
wavelength is not yet clear, but it is possibly be-
cause of a collective light scattering of the particle
array. Nevertheless, these bands make a negligible
positive contribution to the observed anomalous
transmission of the metal film. Indeed, our assumption could
be compromised if there exists a strong coupling between the
array of the triangular islands and the array of the caps. How-
ever, it is understood that a strong near-field coupling hap-
pens only when the involved systems are closely located both
spectrally and in spatially. Here, such a coupling should be
weak as the resonances of the array of triangular islands are
located far away from the main resonance of the whole struc-
ture (compare Fig. 2a and b), although the spatial separation
between the arrays is on a submicrometer level.

To obtain more information about the SPP resonances of
the microstructured gold film, we further measured zero-or-
der transmission spectra for off-normal incidence. Angle-re-
solved measurements were performed using linearly polarized
light whose electric field was perpendicular (s polarization)
and parallel (p polarization) to the plane of incidence, respec-
tively.

In Figure 3a and b, the acquired transmission spectra are
displayed separately for two polarizations. The angle of inci-
dence was varied from 6=0° to 20° with an interval of 2°. It is
seen that the transmission resonances show quite different
dispersion behaviors for different resonant modes, which de-
pends on the polarization. For p-polarized incident light, the
main SPP resonance initially shows little dispersion for 0 < 8°
in conjunction with a steady decrease in its intensity. Further
increase in 0 leads to the appearance of a small blue-shift
(A2=30 nm), although this is actually due to red-shifting of
the resonance at ca. 1720 nm across the main resonance, fol-
lowed by a clear red-shift. The two weak resonances at the
blue edge of the main peak also show a decrease in intensity
upon increasing the incident angle. For the two resonances
with the highest energies in the spectrum at ca.1050 and
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Figure 3. Transmission spectra of a textured gold film (¢=30 nm) on a 2D silica CC
(dsitica=1.58 pm) as a function of incident angle (6). Spectra were taken for the struc-
ture in steps of 2° from 0° to 20° for a) p polarization and b) s polarization. The indi-
vidual spectra are offset vertically by 3 % from one another for clarity. The dotted verti-
cal line indicates the wavelength A=1935 nm of the main SPP resonance at normal
incidence.

ca.1330 nm, quite different dispersion properties are seen.
The shorter-wavelength peak displays a red-shift, whereas the
longer-wavelength one exhibits a blue-shift for 0<14°, fol-
lowed by a red-shift on further increasing 0. It is noted that
optically inactive surface modes under normal incidence
could be excited under off-normal incidence, leading to new
resonances in the spectra. This is confirmed in Figure 3a
where new resonances develop as the angle of incidence is
changed; the obvious resonance at 2250 nm shows a red-shift
with increasing angle.

A different dispersion behavior, however, is observed for
the main resonance at 1935 nm when the polarization of the
incident light is changed to the s state (Fig. 3b). The main res-
onance shows a noticeable dispersion even for s-polarized
incident light, that is, it shifts steadily towards longer wave-
length with decreasing intensity. In addition, in contrast to the
case of p-polarization, the mode at ca.1720 nm at the blue
edge of the main resonance becomes more intense as 0 in-
creases.

Previous studies have demonstrated that for planar metal
films drilled with regular hole arrays, the SPPs exhibit quite
different dispersion features for incident light of different po-
larizations.[*333! For example, the SPPs have been observed
to exhibit a direction-independent dispersion in these metal
films for s-polarized incident light.>**% This was explained as
being due to the fact that the SPPs at the interfaces of a planar
dielectric/metal interface are mainly longitudinal waves and,
as a consequence, the coupling between the SPP and s-polar-
ized light is independent of 6 because, in this case, the electric
field remained parallel to the planar interface.""?! In con-
trast, the main SPP resonance in our system has a noticeable
dependence on incident angle under s polarization (Fig. 3b).
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We have tried to assign the transmission peaks to the re-
ciprocal lattice of the periodic structure. However, there was
a large disagreement between the observed peak positions
and the calculated values using the formula for labeling the
transmittance peaks of planar metal films. 13! Currently, an
exact calculation of the transmission and SPP dispersion of
the interconnected half-shell arrays is not yet possible. How-
ever, a qualitative explanation can be made by considering
the unique feature of the metal film (Fig. 4a). Due to the
quasi-3D property of the gold film, linearly polarized inci-
dent light always has an electric-field component that is
somewhere perpendicular to the gold film surface, regardless
of its polarization (Fig. 4b). It is expected that the strong
corrugation in the metal film could lead to a dramatic modi-
fication of the properties of the SPP eigenmodes from those
in a flat metal film for both s- and p-polarized incident light.
We suggest that sophisticated numerical calculations be im-
plemented to simulate the surface plasmonic properties of
this new kind of metal microstructure, by taking into ac-
count the 3D distribution of metal on the highly curved CC
substrate.

An important issue in the study of plasmonics is the transi-
tion from a localized SPP to an extended SPP when the metal-
lic nanoparticles merge to form a periodic hole array.”” Here,
the conducting metal network on a 2D CC is formed via gold
nanobridges at the touching points of neighboring spheres,
which can be established only after a certain amount of gold
deposition.[m In this case, a geometrical transition from iso-
lated hemispherical metal shells to an interconnected periodic
metal network occurs. This provides us with a convenient and
novel route to study the transition from local SPPs on isolated
metal shells and triangular islands to extended SPPs propagat-
ing along the metal network. Figure 5 shows the transmission
spectra under normal incidence of a series of samples with dif-
ferent gold thicknesses, which were prepared by increasing
the amount of gold deposit on a 2D silica CC supported on a
quartz substrate. The thickness of the gold layer was varied
from O (curve A) to 48 nm (curve N).

Curve A in Figure 5 corresponds to a 2D CC of bare silica
spheres. The minimum transmittance at 1810 nm is due to the
excitation of a surface eigenmode of the 2D dielectric CC.5**!
For a sufficiently low thin metal layer (curve B with =5 nm

(@)

>

Figure 4. a) SEM image of a textured gold film after removal of the silica cores, showing that the
metal film is composed of interconnected metal half shells. b) Representations of p- and s-polar-

ized radiation incident upon the textured gold film at an angle 6.
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Figure 5. In situ transmission spectra of a series of gold-deposited 2D
silica CCs. These samples were prepared by sequentially increasing the
gold thickness on a silica CC (dsijica=1.58 m). The gold-shell thickness
was increased from 0 (curve A) up to 48 nm (curve N). The dotted lines
in the bottom plane are the corresponding projections of the transmis-
sion spectra, whose intersections with the shell-thickness axis show the
thickness of the corresponding gold layer.

and curve C with =8 nm), the sputtered gold forms isolated
aggregates on the microspheres and in the triangular gaps. In
such cases, light scattering by the 2D dielectric periodic struc-
ture dominates the transmission spectra, which are similar to
that of the bare silica template (curve A).

When the gold deposit is increased from 8 (curve C) to
11 nm (curve D), a large decrease in the overall transmittance
is observed over the whole spectrum with the greatest de-
crease occurring in the long-wavelength region. Electrical-re-
sistance measurements show that the template surface is still
non-conducting, which indicates that a metal network has not
yet formed. However, a continuous layer (nanocaps) may al-
ready be formed on each silica sphere[zl] as well as in the tri-
angular gaps between the spheres. In such cases, localized
SPPs can be excited*>*!] and, as a consequence, the formation
of these separated gold particles leads to the first strong redis-
tribution of the photonic modes of the 2D dielectric photonic
crystal (see curve E with t=14 nm).

When the gold thickness is further in-
creased up to about 25 nm, a conduct-
ing metallic network is created on the
2D CC surface. In this case, an abrupt
decrease in transmittance in the long
wavelength limit is observed and a
sharp transmission peak with a high in-
tensity is established simultaneously
(compare spectra J and I in Fig. 5). We
suggest that, upon the formation of gold
nanobridges between touching silica
spheres, a transition from localized
SPPs to extended SPPs occurs. Large
optical electric fields are then estab-
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lished via excitation of SPPs that assist light tunneling through
the nanopore array, giving rise to very high transmittance at
specific wavelengths.

In summary, we demonstrate a new avenue for tuning SPP
properties by depositing metal films on a monolayer CC sub-
strate. Extraordinary transmission resonances through the
metal film are demonstrated with unique dispersion proper-
ties that depend on both s- and p-polarizations of the incident
light. Furthermore, a clear transition from localized SPPs to
extended SPPs is observed that leads to a sudden attenuation
of transmittance in the low-energy limit. These findings will
stimulate further theoretical and experimental efforts in engi-
neering the optical properties of these 2D ordered metallodi-
electric microstructures and exploit their potential applica-
tions in the near-infrared spectral region. The relative ease of
growing high-quality CCs with a high ordering and large sin-
gle domain, and the low cost of fabricating such plasmonic
crystals with submicrometer periodicity promise applicability
in areas ranging from biotechnology to optoelectronics.

Experimental

The monodisperse silica microspheres (size dispersion 1.9 %) and
PS microspheres (size dispersion 1%) used in the work were pur-
chased from Duke Scientific Corps. The 2D silica and PS CCs were
prepared by injecting an aqueous solution of colloidal dispersion with
a suitable concentration into a channel that was formed from two par-
allel quartz slides separated by a U-shaped spacer. The quartz slides
had been pretreated to render their surface hydrophilic by soaking in
a solution of 30 % hydrogen peroxide at 80 °C for 30 min. After dry-
ing in air, highly ordered CCs were grown within the channel under
capillary force. The prepared 2D CCs acted as a topographic pattern
and gold was then sputtered on the top of the microspheres in a vacu-
um of 5x 107 Torr (1 Torr=133 Pa) at a rate of 1.2 As™ to the de-
sired thickness by an ion-beam coater (IBC Model 682, Gatan Corp.).
Through this process, ordered 2D arrays of metallodielectric beads
with a hemispherical metal coverage were fabricated. The dielectric
spheres could be removed, if needed, via suitable chemical etching by
using toluene to remove the PS and HF to remove the silica spheres.

Sample structures were characterized by scanning electron micros-
copy (FEI Philips XL-30). Transmission spectra were obtained using a
far-field FTIR spectrometer (Nicolet 5700). The optical spot size of
the incident beam on the samples was about 0.8 mm. The numerical
aperture set for the transmission was estimated to be less than 0.01.
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