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ecently, there has been a great deal

of interest in plasmonic properties

of coupled gold nanostructures as
they possess unique electronic and mag-
netic properties and have potential for a
wide variety of applications such as biosens-
ing, diagnostics, band-pass filtering, imag-
ing beyond diffraction limit, etc.' > Plas-
monic nanostructures are very attractive
due to ability to tune their plasmonic re-
sponse by changing their geometry.® Due
to the anisotropy and susceptibility to the
local environment, investigations have
been recently extended to the interfacial
phenomena, giving rise to new variety of
applications such as fluorescence enhance-
ments, surface-enhanced Raman scattering
(SERS), etc.”® Gold—dielectric interfaces sup-
port coherent excitation of electron den-
sity oscillations in the metal and thus en-
hancing the local field strength.'69~11

In producing plasmonic nanostructures,

one has to have a precise control of size,
shape, and interparticle distance in order
to attain a specific plasmon mode because
it arises from the hybridization of primitive
plasmon modes.'>'* There have been at-
tempts to periodically arrange metal nano-
structures in order to achieve pronounced
localized surface plasmon resonances and
produce an intense electromagnetic field
extended well beyond their physical
dimensions.'2'4~17 By controlling the di-
electric environment around periodically ar-
ranged anisotropic metal nanostructures,
one can obtain even more dramatic plas-
monic properties and tunability.>' Top-
down approaches such as e-beam lithogra-
phy or focused ion beam lithography are
excellent in producing periodic nanostruc-
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ABSTRACT A facile, cost-effective, and manufacturable method to produce gold—polymer nanocomposite

plasmonic nanorod arrays in high-aspect-ratio nanoporous alumina templates is reported, where the formation

of gold nanoparticles and the polymerization of a photosensitive polymer by ultraviolet light are simultaneously

performed. Transverse mode coupling within a two-dimensional array of the nanocomposite rods results in a

progression of resonant modes in the visible and infrared spectral regions when illuminated at normal incidence,

a phenomenon previously observed in nanoarrays of solid gold rods in an alumina template. Finite element full-

wave analysis in a three-dimensional computational domain confirms our hypothesis that nanoparticles, arranged

in a columnar structure, will show a response similar to that of solid gold rods. These studies demonstrate a new

simple method of plasmonic nanoarray fabrication, apparently obviating the need for a cumbersome

electrochemical process to grow nanoarrays.
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tures, but the throughput is limited. A
bottom-up approach such as self-assembly
can produce closely packed two-
dimensional (2D) and three-dimensional
(3D) structures of nanoparticles, but peri-
odically arranging anisotropic particles is
still challenging.’?° There are reports on
the fabrication of ordered one-dimensional
(1D) plasmonic structures, but commercially
viable fabrication of ordered structures is
yet to come.'®?' In the meantime, template-
mediated fabrication is one of the effective
methods to produce ordered arrays. Anod-
ized aluminum oxide (AAO) templates have
been used as a direct route to produce or-
dered structures of various materials with
fine size controllability on large size scale.”®
By controlling the allowed oxidation time,
applied voltage, and different types of ac-
ids, the pore geometry of an AAO template
can be varied. An electrochemical deposi-
tion method to fill the AAO template is nor-
mally used to produce metallic nanorod ar-
rays in the template.2%?
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Figure 1. Schematic of the fabrication process.

However, during the electrodeposition process, vari-
able or poor ohmic contact is a challenge in the homo-
geneous growth of a nanostructure in the template.?

Keeping all of the above-mentioned factors in mind,
we developed a facile, cost-effective, and manufactura-
ble method for the template-directed synthesis of verti-
cally arranged gold—polymer composite plasmonic
nanostructures by in situ photoreduction of a gold pre-
cursor and simultaneous photopolymerization of the
polymer during ultraviolet (UV) light exposure. Tem-
plate pore dimension is varied to tune the aspect ratio
of plasmonic structures. Plasmonic responses of the as-
produced plasmonic nanoarray were studied and found
to be in good agreement with those of theoretical cal-
culation. We have successfully shown that the optical
response of the gold nanoparticle—polymer compos-
ite nanoarray in an AAO template is similar to the re-
sponse of a solid gold nanorod array in an AAO
template.

RESULTS AND CHARACTERIZATION

Figure 1 shows the schematic of the process for plas-
monic array fabrication in an AAO template. Figure
2a—c shows the different hole sizes in an AAO tem-
plate varying from 20 to 70 nm. Hole sizes were in-
creased by increasing the bias voltage and the pore
widening time in 5 weight % phosphoric acid.” The
AAO template filled with gold-nanoparticle-doped SU8
is shown in Figure 2d,e. The inset of Figure 2d is the sec-
ondary electron emission image of the same sample,
whereas Figure 2e shows the backscattered SEM of the
distant view of the gold-nanoparticle-doped SU8 in an
AAO template. The inset of Figure 2e shows a side view
of the fabricated bare AAO template. The size of the
gold nanoparticles in the array was found to be in the
range of 20—40 nm. When the sample was heated
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above the glass transition temperature (65 °C),> SU8
starts to flow; due to the capillary action, composite ma-
terial goes inside the holes of the AAO template filling
it completely. From the backscattered electron emission
images (Figure 2d,e), we confirmed that the spherical
structures were gold nanoparticles, with a thin layer of
composite material on the top of the AAO template.
This thin layer serves as a support base for the free-
standing composite nanorod array. Some big nanopar-
ticles (~100 nm) were also found in the top supporting
layer.?

The optical characterization of the plasmonic
nanoarray is shown in Figure 3. For the reference, we
made a thin film of the gold precursor—SU8 compos-
ites and recorded the reflectance spectra before UV ex-
posure and after UV exposure; the appearance of a dip
at 510 nm, which is a characteristic of the gold nanopar-
ticle plasmonic resonance, confirms in situ gold reduc-
tion (see the Supporting Information Figure S1). A bare
AAO template shows few peaks in reflectance depend-
ing on the size of the hole. We tentatively attribute
these spectral features to the photonic band gaps of
our quasi-periodic two-dimensional photonic crystal-
like structures.?> The broadening of the peaks can be re-
lated to poor long-range periodicity in this case. As the
aspect ratio (AR) was decreased from 20 to 4 (with hole
size variation = 20 = 5,40 £ 5,60 = 5,70 = 5,80 =
5,and 100 £ 5 nm with fixed height of 400 nm), the
peaks shift from the visible region to the NIR region,
with comparatively richer spectral features, as shown
in the top panel of Figure 3a,b. Optical response of the
composite nanoarrays highly depends on the hole sizes
of the template. Because it is very difficult to achieve
the same hole size after etching, optical response var-
ies a little from one batch to another batch but the
trend remains the same. Numerical simulations (see

Www.acsnano.org



SU70 20.0kV 14.8mm

30.0kV 13.4mm X6

d

V 13.4mm x60.0k YAGBSE 7/16/2009

500nm  SU70 30.0kV 12.9mm x12.0k YAGBSE 7/16/2009

Figure 2. (a—c) SEM images of the AAO template with three different hole sizes. (d) Backscattered emission SEM image of
an AAO template with a plasmonic array (inset: secondary emission SEM image of the same). (e) Distant view of backscat-
tered emission SEM image of a plasmonic array in an AAO template (inset: bare AAO template).

the Supporting Information Figure S5) showed that
multiple reflections from the dielectric interfaces result
in a rich pattern of interference fringes, something we
did not observe in our measurements. The roughness of
the surface could be the reason for the observed broad-
ening and wash-off of the fringes.

Vertically aligned composite nanoarrays show the
optical response (Figure 3, lower panels), similar to
that of solid gold rod nanoarrays in an AAO template,
as shown by Lyvers et al.?® Thus, our process obviates
the need for cumbersome processing to get plasmonic
nanoarrays. The composite plasmonic nanoarrays pro-
duced from a smaller hole size AAO template (high as-
pect ratio of the rods) show less resonant peaks as com-

pared to the ones made out of a template with bigger
hole sizes (lower panel of Figure 3a,b). This observation
is different from that of Lyvers et al.,* who showed
that gold nanorods, electrochemically grown in an AAO
template, will exhibit more resonances in reflection
with an increase in the aspect ratio (increasing height
of the plasmonic array keeping hole radius constant).
Because we varied the aspect ratio by increasing the
hole radius (keeping height constant), we got more
resonances at a low aspect ratio. To further bolster
these inferences, we performed numerical simulations
of reflectance.

Reflectance spectra of fabricated arrays were simu-
lated using finite element analysis (FEA) implemented
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Figure 3. Reflectance spectra of the plasmonic nanoarrays in the AAO template. Top part of a and b: aspect ratio (AR) of a
bare AAO template was decreased progressively from 20 to 4. Bottom part of a and b: (AR=20)Au to (AR=4)Au are the re-
flectance spectra with gold nanoparticle arrays in an AAO template with the corresponding aspect ratios (aspect ratio =
height/diameter).
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Figure 4. (a) Simulated reflectance spectra of the AAO template and different plasmonic arrays. The AAO hole radius is 50
nm in all cases. The gold NP radius is 30 nm in all cases. The rod aspect ratio is 6.7. (b) Simulated reflectance spectra of plas-

monic arrays with different aspect ratios of the rods.

in a COMSOL software package. The double periodic
boundary conditions ensured an infinite 2D array with
triangular lattice and the unit cell size of a(3/2 X a/2)'?,
where a = 130 nm is the lattice constant (center-to cen-
ter distance between the holes). The height of the ar-
ray was set to 400 nm. Far-field reflectance/transmit-
tance was estimated at a distance of 2 pm from the
confining surfaces of the array. The incident electric
field was x-polarized. The dielectric properties of gold
were described by the Drude function adjusted for the
visible—near-infrared region.?’?® The results of simula-
tions are presented in Figure 4. For the sake of clarity,
we performed the simulations without the glass sub-
strate. In this case, the number of interference fringes
is drastically reduced (see Figure 4a, black curve). It is
worthwhile to note that in the simulations the incident
field is propagating perpendicular to the air—AAO in-
terface (normal incidence). This allows elimination of
any photonic crystal effects and focuses our attention
on plasmonic coupling effects because the light does
not couple to the guided modes of the crystal. In the ex-
periment, however, there is a small angle of 2.5° be-
tween the normal to the interface and the wavevector
because of the setup configuration. This can contribute
to the difference between reflectance spectrum ob-
tained for empty AAO templates (Figures 3 and 4). Ly-
vers et al.?® reported that increasing the aspect ratio at
a given hole size results in multiplying the number of
resonances per wavelength interval. This trend is re-
versed in our case, where the aspect ratio is increased
at the expense of a smaller hole size at the given height
of an AAO template (we always keep the lattice con-
stant fixed in our simulations, thereby the volume frac-
tion of gold changes with a change in the hole size). In
this case, the smaller number of resonances in reflection
can be attributed to weaker coupling between the
transverse modes of individual nanorods. This observa-
tion is supported by our simulations. In Figure 4b, for
the sample with AR = 4, the resonances are red-shifted

VOL. 4 = NO.4 = SHUKLA ET AL.

with respect to AR = 6.7, and additional resonances
rise in the visible part of the spectrum. This shift/addi-
tional resonances can be attributed to a strong retarda-
tion effect, making better transverse mode coupling be-
tween the propagating modes. AR = 4 well represents
the graph corresponding to (AR=4)Au in Figure 3b, and
AR = 6.7 corresponds to graph (AR=6.7)Au in Figure 3a.

Comparison of simulated curves (Figure 4a) with ex-
perimental reflectance curves shown in Figure 3 sup-
ported our conclusion about the plasmonic rod-like na-
ture of the composite inside the AAO pores. Plasmonic
nanoparticles arranged into chain/columnar structures
inside AAO pores respond to the incident light in a
manner similar to that of solid gold rods due to evanes-
cent field coupling between the gold nanoparticles,
which makes the electron density within all of the nano-
particles oscillate in phase.?’ At the same time, the re-
sponse of a single gold sphere, equivalent to the re-
sponse of non-interacting particles inside AAO
channels, differs drastically, showing only one strong
resonance in the visible (Figure 4a). The prominent blue
shift (40 nm) of the first resonant peak in the case of
solid rods compared to the chain of spheres (AR = 4,
AR = 6.7) or a single sphere can probably be attributed
to the spectral shift between the primitive localized
transverse resonances of a sphere and a cylinder with
AR = 1. As we mentioned earlier, the multiple reso-
nances in reflectance are attributed to strongly coupled
transverse modes between closely spaced composite
nanorods, an effect analogous to photonic mode
waveguided in an anisotropic slab.® Each resonance cor-
responds to a longitudinal standing wave, excited and
confined between nanorods. Measurements with a bare
substrate, as a control sample, have also been performed
to confirm that optical responses from the nanoarray
arise essentially from resonant backscattering.

The AAO template-released plasmonic nanoarrays
are shown in Figure 5a,b. The inset shows a close up
view of the free-standing plasmonic array. It is very
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Figure 5. AAO template-dissolved free-standing plasmonic nanoarrays. (a) Secondary emission SEM image of the array. (b) Backscat-
tered SEM image of the same (inset: close up view of the same sample in secondary emission and backscattered emission SEM images).
(c) Optical response of the plasmonic array released from the alumina template. (d) EDS spectra of the plasmonic array. Scale bar in

aand b = 2 pm; scale bar in inset of a and b = 500 nm.

clear from the images that the template can be re-
moved fully without significantly affecting the plas-
monic array. We have recorded the reflectance spectra
after dissolving the template to see the effect on opti-
cal response (Figure 5c). It is evident from the reflec-
tance spectra that the optical response is practically un-
affected by the template removal. A moderate red
shift (around 70 nm) of the resonant peaks is the net ef-
fect of two competing phenomenon: reduced mean re-
fractive index leads to the blue shift in the spectrum,
while local aggregation of template-released rods leads
to the red shift.?%3 It should also be noted that disper-
sion of longer wavelength resonances is larger than
that at the shorter wavelength resonances,?® which can
in principle result in a red shift for longer wavelength
peaks and a blue shift or no shift for shorter wavelength
ones. In our case, the local aggregation effect is much
stronger (as evident from the SEM images), leading to
the red shift of the resonances; a small shift was ob-
served at shorter wavelengths and a comparatively
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large shift for longer wavelengths. EDS has also been
performed to cross check the presence of gold nano-
particles. Because the substrate is glass, many other
peaks other than gold are in the EDS spectra (Figure
5d).

CONCLUSION

Results presented here illustrate that the plasmonic
nanoarrays can be fabricated in alumina templates
without cumbersome preprocessing, and this method
obviates the need for having a conductive substrate
and using the complex chemistry. We have also shown
that a columnar arrangement of metal nanoparticles
produces the same optical response as that of the pure
metal nanorods. Plasmonic nanoarrays exhibit com-
plex response in the visible and the NIR due to the cou-
pling of transverse modes. We hope that this work will
open a new door for research and application in various
plasmon-based applications such as biosensing, band-
pass filtering, subwavelength integrated optical de-
vices, etc.
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FABRICATION PROCESS

Nonporous AAO templates were obtained by the anodiza-
tion of thin aluminum (Al) film on a glass substrate. The Al film
was formed by electron beam evaporation on the glass sub-
strate, and anodization was performed in a 0.3 M oxalic acid
(H,C,04) solution at various voltages between 40 and 100 V to
achieve different pore sizes with a two-step anodization tech-
nique.'® By increasing the applied voltage and etching time, hole
sizes of the AAO template can be varied from 20 to 120 nm,
keeping the lattice constant fixed. Lattice constant can be var-
ied from 100 to 400 nm by changing the etchant (phosphoric
acid, sulfuric acid). Small variation in the lattice constant is pos-
sible by changing etching temperature, applied voltage, and
etchant concentration. A negative photoresist, SU8 (Microchem
Inc. SU8-2025), was used as the host matrix for the gold precur-
sor. The gold precursor (Sigma-Aldrich, HAuCl,) was dissolved in
cyclopentanone. Ten milligrams of gold precursor was added to
100 mg of SU8 to get 10 weight % of metal nanoparticle for a
conducting path in the matrix. A gold precursor—SU8 compos-
ite was stirred and ultrasonicated for 15 and 30 min, respectively.
The composite was spin coated on an AAO template at 2000
rpm for 40 s. Spin coating speed was carefully adjusted to re-
move the excess composite material from the template. After
spin coating, the sample was irradiated with UV light (i-line, A
= 365 nm) for 15 min, and sample was baked at 200 °C for 30
min to complete the polymerization/photoreduction process. Af-
ter cooling, 2 M NaOH was used to dissolve the AAO template
to release the free-standing polymer—gold nanoparticle com-
posite. The sample was stored in a desiccator for further charac-
terization.

Composite nanostructures were structurally characterized
by scanning electron microscopy (SEM) in the backscattered re-
gime as well as in the secondary electron emission regime and
by the EDS (energy-dispersive X-ray system). Optical properties
of the sample were studied by measuring spectral reflectance us-
ing a UV—vis spectrophotometer in the wavelength range from
near-infrared to ultraviolet. The incidence angle was set to 2.5°
with respect to the normal to the patterned surface.
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