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Hexagonally arranged plasmonic dot arrays were fabricated using
simplified holographic lithography, electron-beam evaporation and
lift-off processes. In our strategy, we used face-centered cubic
structures as metal deposition masks which were created by prism
holographic lithography. The features of plasmonic dot arrays such
as arrangements, shapes, and sizes depended on the number of face-
centered cubic structure layers and the laser exposure dose. The
arrays showed tunable optical properties and were useful for
surface-enhanced Raman scattering.

In recent years, periodic metallic nanostructure arrays with tunable
optical properties have been widely studied for their potential use in
a variety of fascinating applications. Localized surface plasmon
resonance (LSPR), observed in metal nanoparticle arrays interacting
with an incident light field,' is an emerging research area for
biochemical sensors and precisely designed nanoantennas.** The
properties of an LSPR depend strongly on nanostructure geometry
and small changes in the local environment; hence the plasmonic
properties can be easily tuned by varying the type, size, shape and
arrangement of metal nanoparticles and the local array environ-
ment.>* Various techniques have been developed to fabricate tunable
plasmonic structures, such as electron-beam lithography>* or nano-
sphere lithography.® However, electron-beam lithography is a time-
consuming technique because of the demanding precisions and serial
nature of the fabrication procedure; in the case of nanosphere
lithography it is difficult to fabricate nanostructures over large areas
without defects.

Holographic lithography (HL) provides a facile route to fabri-
cating 1D, 2D, and 3D periodic structures using optical interference
among two or more beams.’ This strategy can be used to rapidly
fabricate defect-free submicrometre-scale structures over a large area.
Recently, specially designed prisms have been introduced to create
multiple beams from a single laser beam through refraction® or total
internal reflection’ to overcome the disadvantages of the multi-beam
HL, which are the complexities of aligning an optical setup and
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controlling the optical path lengths. These HL-derived inter-con-
nected nanostructures have been used for various applications,
including photonic applications,”” microfluidic sensing and mixing
applications,® and micro- or nanoporous templates for infiltration of
polymer, metal, or self-assembled colloidal nanoparticles.’

Here, we demonstrate a unique method for fabricating uniformly
ordered plasmonic arrays over a large area using prism HL-featured
face-centered cubic (FCC) structures as masks for directional metal
deposition. The arrangements, geometrical features, and optical
properties of the metallic nanostructures resulting from the lift-off
process strongly depended on the fabrication conditions of the
polymeric masks: (1) the number of FCC hexagonal layers, which is
determined by the thickness of the photoresist (PR) and (2) the laser
exposure time during the prism HL process. A variety of metallic dot
arrays with tunable plasmonic resonances in the near-infrared (NIR)
region were fabricated; moreover, unique 3-split ring arrays
composed of 3 elliptical dots demonstrated potential for highly
sensitive molecular detection based on strong local electromagnetic
(EM) field enhancement in the interparticle region.

Scheme 1 shows the fabrication procedure, consisting of five steps.
An SU-8 PR was spin-coated onto the glass wafer with a pre-coated
Omni-coat as a sacrificial layer. The thickness of the PR could be
controlled by the epoxy-based PR resin concentration and the spin
speed. The polymeric FCC structures were fabricated using HL with
a single top-cut prism, which generated four beams from a single
beam (see Fig. S1, ESIt). The number of FCC structure layers could
be varied according to the PR thickness. SF¢ reactive ion etching
(RIE) was performed to remove the sacrificial layer from the vacant
spaces. After deposition of a 60 nm thick gold (Au) film using elec-
tron-beam evaporation, the polymeric masks could be released from
the glass substrate by dissolving the pre-coated sacrificial layer using
a developer under ultra-sonication.

Fig. 1 shows scanning electron microscopy (SEM) images of the
polymeric FCC structures after RIE and the resulting plasmonic Au
dot large-area arrays after the deposition and lift-off processes for the
1-layered and 2-layered cases. The electron micrograph in Fig. la
shows a hexagonal array of circular holes with a 705 nm periodicity
and a hole diameter of 450 nm. A hexagonal array of three elliptical
holes with 710 nm periodicity is shown in Fig. 1b. The minor axis ()
of each hole was 161 nm and the major axis (b) was 320 nm. SEM
images permitted measurement of the heights of the PR layers: 210
nm for the 1-layered and 960 nm for 2-layered FCC structures,
respectively (see Fig. S2, ESIT). The resulting FCC structures, which
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Scheme 1 Schematic diagram illustrating the fabrication of uniformly ordered tunable plasmonic arrays using HL-derived FCC structures as depo-
sition masks, produced by the 1-layered (first row) and 2-layered (second row) cases. (a) Spin-coating of the SU-8 PR on a substrate with a pre-coated
sacrificial layer. (b) SU-8 structures resulting from HL using a single top-cut prism. (c) RIE to remove the sacrificial layer. (d) Deposition of the Au thin
film via electron-beam evaporation. (¢) Plasmonic nanodot arrays resulting from the lift-off process.

Fig. 1 Large area SEM images of the fabricated (a) 1-layered and (b)
2-layered polymeric FCC structures used as masks and plasmonic arrays
prepared from (c) 1-layered and (d) 2-layered masks, respectively. The
insets of (c) and (d) show magnified 40° tilted views of the SEM images of
Au nanostructures.

were used as deposition masks for Au deposition, have quite a large
uniform area of an equilateral triangle with 0.4 cm side length within
a second of laser exposure.® The Au deposition and mask removal
steps produced Au nanodot arrays with different shapes and
arrangements, determined by the geometries of the patterned masks
(Fig. 1c and d). The average diameter of the circular Au dots was 454
nm and the periodicity was 705 nm (Fig. 1c). As shown in Fig. 1d,
a 3-split ring array composed of elliptical dots (¢ = 165 nm, b = 323
nm) was prepared with 710 nm periodicity over a large area (see
Fig. S3, ESI}).

The main advantage of using HL for plasmonic array fabrication is
that geometric features can be easily controlled by varying the laser
exposure dose, compared to other techniques such as electron-beam
lithography and nanosphere lithography.® In this manner, the hole
size of the FCC structures, which determines the size of the resulting
Au dots, could be tuned. Fig. 2 shows the FCC structure mask hole
size as a function of laser exposure dose. The diameters of the holes
were measured from the SEM images. As the laser exposure time
increased from 0.4 s to 0.6 s in 0.1 s increments, the diameters of the
circular holes decreased from 491 nm to 450 nm, and 403 nm for
1-layered FCC masks (Fig. 2a—). The elliptical holes in the 2-layered

FCC structure also became smaller from ¢ = 174 nm, b = 369 nm to
a=161 nm, b = 320, and a = 136 nm, » = 294 nm at 0.21 s, 0.23 s,
and 0.25 s of laser exposure, respectively (Fig. 2d-f).

The tunable holes of the polymeric FCC structures in Fig. 2 were
used for directional Au deposition. The deposition and lift-off
processes yielded various Au dot patterns on the substrate, depending
on the shapes and sizes of the polymeric masks. Fig. 3 shows SEM
images of two types of plasmonic dot arrays fabricated from the
circular or elliptical hole arrays for the 1-layered (Fig. 3a—c) or
2-layered masks (Fig. 3d-f), respectively. The hexagonally ordered
circular dot arrays of diameter 486 nm, 454 nm, and 415 nm were
obtained by using the structures shown in Fig. 2a—c as deposition
masks (Fig. 3a—). The 2-layered FCC structure masks (Fig. 2d-f)
yielded hexagonal arrays consisting of 3 elliptical dots, which
resembled 3-split ring arrays,* with « = 180 nm, » = 362 nm (Fig. 3d),
a=165nm, b = 323 (Fig. 3e), and @ = 141 nm, b = 304 nm (Fig. 3f).
The feature dimensions of the masks and the resulting dots were well
matched.

Plasmonic dot arrays formed under longer exposure times were
prepared to determine the tunability limits. The exposure conditions
were 0.7 s and 0.27 s for the 1-layered and 2-layered masks, respec-
tively (see Fig. S4, ESIt). Further increases in the laser exposure time
yielded Au deposition holes that were too small to permit Au thin
film deposition through the holes. Even if the Au was deposited

Fig. 2 SEM images of polymeric masks after RIE with various laser
exposure times for 1-layered structures with (a) 0.4 s, (b) 0.5 s and (c) 0.6
s, and for 2-layered structures with (d) 0.21 s, (e) 0.23 s and (f) 0.25 s,
respectively. The insets of (a)—(f) show magnified views of the SEM
images.
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Fig. 3 SEM images of the tunable plasmonic arrays after the lift-off
process developed from 1-layered masks with (a) 0.4 s, (b) 0.5 s and (c) 0.6
s, and 2-layered masks with (d) 0.21 s, (e) 0.23 s and (f) 0.25 s of laser
exposure times, respectively. The insets of (a)—(f) show magnified views of
the SEM images.

through the masks, the resulting small Au nanostructures detached
irregularly from the glass substrate during the lift-off process with
ultra-sonication due to weak adhesion to the substrate.

Although we thought it might be possible to fabricate a hexagonal
array consisting of 6 triangular dots using a 3-layered FCC structure
deposition mask, unfortunately, this was experimentally difficult to
achieve due to size limitations on directional metal deposition (see
Fig. S5, ESIY).

The optical properties of the Au nanodot arrays were investigated
using a home-built visible-to-near-infrared spectroscopy.}®* The
absorbance spectra of the nanostructures shown in Fig. 3 were
recorded under white light illumination with normal incidence
(Fig. 4). Absorbance peaks were observed in the NIR region,
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Fig. 4 Measured absorbance spectra obtained from hexagonally
ordered tunable plasmonic nanodot arrays for the (a) 1-layered and (b) 2-
layered cases, as a function of the laser exposure time.

indicating the presence of a resonance due to the hexagonally
arranged Au dot arrays. The absorbance peak was blue-shifted at
higher exposure doses, which reduced the diameter of the segments
without affecting the periodicity (705 nm) for the 1-layered mask
(Fig. 4a). The circular Au dot arrays 486 nm in diameter (0.4 s)
exhibited an extinction at 1270 nm. Plasmonic arrays 454 nm (0.5 s)
or 415 nm in diameter (0.6 s) showed resonances at 1170 nm or 1080
nm, respectively. The same tendency was observed for the 2-layered
cases (Fig. 4b). The absorbance peaks were blue-shifted (from 1192
nm to 1064 nm, and 968 nm) at longer laser exposure times (from
0.21 s t0 0.23 s, and 0.25 s). The lengths of the major and minor axes
of the elliptical segments changed with the exposure time without
affecting the periodicity (710 nm) or elliptical ratio (b/a, 2.0). The
structural features of the nanostructures, including the size, shape,
and arrangement, were responsible for certain spectral positions of
the plasmonic resonance."™ The peak intensities at higher exposure
doses decreased due to reduced nanostructure coverage over the
substrate. We suggested that differences in the optical properties
based on geometric effects could be applied to plasmonic sensing
applications.>*

The utility of the prepared plasmonic structures as sensors was
tested in the context of surface-enhanced Raman scattering (SERS).
Target molecules were adsorbed onto the surfaces of the Au nano-
structures by immersing the samples in ethanolic solutions of 2 mM
benzenethiol (BT) for 8 h. After washing with ethanol several times,
Raman spectra were collected over 10 s using a high-resolution
dispersive Raman microscope.} Fig. 5 shows the SERS spectra of BT
adsorbed onto four different plasmonic substrates, and the spectrum
was compared with that from a smooth flat Au film as a reference.
The characteristic peaks of BT, at 994, 1017, 1071, and 1571 cm™',
were not observed for the smooth Au thin film. Interparticle coupling
can enhance the magnitude of an EM field due to the plasmonic
resonance;"* hence variations in the separation distance (d) among
adjacent particles can strongly affect the local EM field enhance-
ment.' It was difficult to achieve strong Raman signals from the Au
dot arrays prepared from 1-layered masks. A representative spectrum
(0.4 s exposure and d = 221 nm) is plotted in cyan in Fig. 5. The
samples developed from 2-layered masks yielded SERS peak inten-
sities that were much stronger due to coupling effects originating
from closely spaced structures. Strong enhancements were observed
from the nanostructures with small interparticle distances (¢ = 90 nm,
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Fig.5 SERS spectra of BT-adsorbed tunable plasmonic nanodot arrays

under various experimental conditions. Data acquisition involved a 10 s
accumulation, repeated ten times, and the laser power was 1.7 mW.
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0.21 s exposure), in contrast with the structures having d = 110 and
146 nm (developed from 0.23 s and 0.25 s exposures, respectively).
The plasmonic structures prepared by HL may potentially be used as
microfluidic sensor devices by integrating the structures into micro-
fluidic chips in combination with conventional photolithographic
techniques.®

In conclusion, we report a novel method for fabricating tunable
plasmonic dot arrays over a large area using HL to produce 1- and
2-layered FCC structures as masks for metal deposition. The
arrangements, shapes, and sizes of the resulting dot arrays could be
precisely controlled by changing the thickness of the PR and the laser
exposure dose during prism HL. A variety of Au dot arrays with
different plasmonic resonances in the NIR were fabricated by
controlling the laser exposure time. Furthermore, 3-split ring arrays
composed of 3 elliptical dots demonstrated utility for highly sensitive
molecular recognition based on strong local EM field enhancement in
the interparticle region. Such plasmonic structures were expected to
be useful for a wide range of applications, especially in chemical and
biomolecular sensing micro-devices based on LSPR.
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Notes and references
i Characterization: The morphologies of the surface and cross-section of

the samples were investigated by field emission-scanning electron
microscopy (Hitachi S-4800). The optical properties of the resulting

plasmonic arrays were analyzed using a home-built visible-to-near-
infrared spectroscopy setup over the range 400-1600 nm with a beam
diameter of 100 pm. The Raman spectra were measured using a high-
resolution dispersive Raman microscope (Horiba Jobin Yvon, LabRAM
HR UV/Vis/NIR), in which a 633 nm laser with a power of 1.7 mW was
focused on the sample surface with a beam diameter of 1 um.
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