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he plasmonic local enhancement of

an electromagnetic (EM) field into

nanoscale “hotspots” that exceeds
the diffraction limit (or its wavelength scale)
is of dramatic technological importance ow-
ing to their potential applications in
surface-enhanced Raman scattering
(SERS),'"8 near-field imaging,®'® subwave-
length scale laser,'"'? and energy devices
(solar cells).’>~ "¢ One particular challenge in
realizing EM field enhancement at hotspots
is the ability to generate metallic nanostruc-
tures in a simple and reproducible manner.
In particular, recent studies on the fabrica-
tion of plasmonic structures have focused
on metallic nanostructures with sharp
edges, since the EM fields near the sharp
edges of metallic nanostructures are found
to increase dramatically with increasing tip
sharpness (or reducing the radius of curva-
ture of metallic tips) (i.e., due to an optical
lightning rod effect).'””'® To this end, various
metallic nanostructures with sharp edges
including nanoscale tips,>'°~2! tapers,?
trenches, nanocrescent,®* nanobowtie,
hole/disk,26~28 and junctions with a gap*’
have been actually fabricated in efforts to
address the challenges related to nanoscale
enhancement of EM fields: a number of ap-
proaches for the fabrication of those metal-
lic nanostructures have been proposed to
date, including the metallization of readily
prepared fiber tips,” complex multistep pro-
cesses,?® integration of metallic nano-
spheres,® electron beam lithography,?
colloidal-templated metal deposition,? soft
imprint lithography,?°~28 and controlled
metal deposition and subsequent selective
removing (e.g., on-wire lithography).*’
However, fabrication methods that simulta-
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ABSTRACT Plasmonics allow localization of an electromagnetic (EM) field into nanoscale “hotspots”, a feature
that is of technological significance due to potential applications related to spectroscopic sensing and
nanofocusing. In relation to this, many researchers have sought to fabricate metallic nanostructures with sharp
edges, as they provide much higher EM field enhancement compared with rounded structures. However, a
fabrication method satisfying stringent requirements for the efficient EM field enhancement including three-
dimensionality, vertical orientation, large-area fabrication, and tunability of structural features, which are of
practical importance for efficient plasmonic light enhancement at hotspots, has yet to be achieved. Herein, we
fabricate large-area, vertically aligned three-dimensional plasmonic tip (i.e., nanofunnel) arrays with
unprecedented flexibility in the control of the structural features by directional photofluidization lithography.
Using this approach, the structural features of nanofunnel tips including the sharpness, shape, and orientation
were precisely controlled in a scalable and deterministic manner. The effects of the structural features of the
nanofunnel on the EM field enhancement were systematically investigated and analyzed, and the optimum tip
features for maximum EM field enhancement were thereupon identified. The suggested nanofabrication
technique and resulting structures will be of practical importance in spectroscopic and nanophotonic applications.

KEYWORDS: directional photofluidization lithography - plasmonic tips -
azopolymer - nanofunnel - electromagnetic field enhancement

neously meet stringent requirements such
as three-dimensionality, vertical orienta-
tions, large-area fabrication with uniformity,
and tunability of structural features, which
are of practical importance for efficient plas-
monic light enhancement at hotspots, have
yet to be achieved.

Directional photofluidization lithogra-
phy (DPL) makes it possible to generate di-
verse nanostructural motifs with precisely
controlled sizes, shapes, and orientations in
a very unique manner.>® The success of DPL
stems from the photoreconfiguration of
pristine polymer arrays by means of direc-
tional photofluidization, a unique feature of
azobenzene polymer (abbreviated as
azopolymer).3°~3% In particular, in contrast
with thermal-induced isotropic fluidization
(or melting) of a thermoplastic polymer,3%37
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Figure 1. Schematic diagram of the working principle of directional photofluidic fabrication of plasmonic nanofunnel ar-

rays (following the arrows from top right): radial photoreconfiguration of a pristine azopolymer hole array fabricated by mi-
cromolding in capillaries (MIMIC) using a solvent; molding transfer technique for the reproduction of the nanofunnel array
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onto photocurable materials; gold deposition onto the reproduced nanofunnel array.

photofluidization of azopolymer occurs only along the
light polarization (directional photofluidization), and
thus pristine arrays of azopolymer can be arbitrarily re-
configured in a parallel and scalable manner.3°~3> This
impressive nature of azopolymer is produced by re-
peated photoisomerization of azobenzene molecules
covalently attached to the polymeric main chain and
their resulting anisotropic alignment in the direction
perpendicular to the light polarization.3" Importantly,
greater flexibility in control over the structural features
of the polymer array to be molded into metals or other
materials makes it possible to fabricate unique struc-
tural motifs that would be very difficult to produce via
other lithographic methods. For example, we reported
that metallic nanostructures containing streamlined
sharp edges or tips with nanoscale radius of curvature
can be generated by DPL.*° This unprecendented con-
trol over structural features enables the exploration of a
variety of chemical and physical phenomena, such as
surface plasmons, occurring in metallic nanostructures.
Herein, by taking the advantages of DPL, we have
sought to generate large-area, vertically aligned three-
dimensional plasmonic tip arrays that are similar in ap-
pearance to a funnel; thus the name “nanofunnel”.
These procedures could provide unprecedented flex-
ibility in the control of the structural features, includ-
ing the sharpness, shape, and orientation of plasmonic
tips. The effects of structural features of nanofunnel on
nanoscale light enhancement were systematically in-
vestigated by experimental (i.e., dark-field optical mi-
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croscope, surface plasmonic extinction spectra, and Ra-
man spectra) and theoretical (i.e., finite-difference time-
domain, FDTD) methods, and we thus identified the
optimum tip diameter for maximum EM-field enhance-
ment. We begin by describing the directional photoflu-
idic fabrication procedures and then outlining the ex-
perimental and theoretical studies of the plasmonics.
Finally, we examine the plasmonic EM field enhance-
ment dependence on the geometry of nanofunnel tips.

RESULTS AND DISCUSSION

Fabrication of Gold-Coated Nanofunnel Arrays. The overall
procedure for fabricating three-dimensional plasmonic
nanofunnel arrays is summarized in Figure 1. Especially,
we employed isotropic photofluidization of pristine
azopolymer holes arranged in a tetragonal lattice. Mi-
cromolding in capillaries (MIMIC) with the use of a sol-
vent was employed to fabricate pristine azopolymer
hole arrays, as we previously reported;* polydisperse
orange 3 was used as an azopolymer in this study.*® The
initial diameter and periodicity of the obtained pristine
hole arrays (see Figure 2a) were 2 and 4 pum, respec-
tively, and the thickness was 1.3 pwm. The intensity and
wavelength of the incident light were 23.0 mW/cm? and
488 nm, respectively. After photofluidization of the ini-
tial hole arrays, photoreconfigured nanofunnel arrays
were reproduced by using a transfer molding tech-
nique: inversely replicated hard-polydimethylsiloxane
(PDMS, ref 38) was soft-imprinted onto a photocurable
material (NOA 65, Norland); photopolymerization and
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the subsequent peel-off of hard-PDMS gave rise to the
reproduced nanofunnel arrays with high fidelity (the
contraction ratio was below 2%); gold was finally de-
posited onto the reproduced nanofunnel arrays by
e-beam evaporation (the thickness of Au was con-
trolled to be 20 nm).

The directional photofluidization, a key part of our
proposed strategy, is the light-induced softening of
solid azopolymer film at temperatures well below the
glass transition temperature (T,): recently, Karageorgiev
et al. demonstrated that under light irradiation, the ini-
tial elastic solid of azopolymer thin film actually be-
comes a viscous fluid well below Ty, as evidenced from
decreases in the slopes of load-penetration curves.?'
More importantly, this photosoftening of the azopoly-
mer shows the polarization dependence in that the
photofluidic movement occurs only in the direction par-
allel to the light polarization,3**' contrary to the previ-
ously reported thermal-induced liquefaction (SPEL)
approaches,**” where the thermally heated polymer
exhibits isotropic flow. Understanding this directional
photofluidization mechanism is a prerequisite for the
broad subject of its practical application in nanofabrica-
tion. While this is being currently researched,*® the re-
sulting anisotropic alignment of azobenzene molecules
after light irradiation likely gives rise to the anisotropic
intermolecular interaction; thus anisotropic stress and
consequent anisotropic photofluidization may occur in
the polymer.3%3" However, for a better understanding,
the underlying mechanism of the directional photoflu-
idization of azopolymers has to be further studied.

In this study, when circularly polarized light (right-
handed circular polarization in this study) was irradi-
ated for 6 min, the pristine cylindrical holes of azopoly-
mer array were actually transformed into the inverted
focal conic-shaped holes (nanofunnel) as a result of iso-
tropic photofluidic movement (photofluidization) of
the azopolymer (Figure 2a,b). Several interesting fea-
tures observed with this photoreconfiguration of cylin-
drical holes into nanofunnel by using circularly polar-
ized light are noteworthy: (i) Isotropic photofluidization
was induced rather than anisotropic photofluidization
by circularly polarized light irradiation. This is because
linear polarization rotates clockwise, as the right-
handed circularly polarized wave advances. Figure 3
panels a and b show the irradiation time evolution of
photoreconfigured azopolymer hole arrays and their
corresponding cross-sectional profiles measured by
atomic force microscope (AFM). Indeed, the diameter
of the initial holes (or tip diameter of nanofunnel) was
isotropically reduced after radial photofluidization (see
Figure 3a). Additionally, the modulation height of holes
was spontaneously decreased with irradiation time
(see Figure 3b), because the azopolymer moves to-
ward vacancy areas (holes) during circularly polarized
light irradiation. These observations clearly indicate that
the photofluidic movement of the azopolymer took

www.acsnano.org

Photo-reconfigured
arrays ( 6 min)

Figure 2. (a) SEM images of pristine hole array (left panel) and pho-
toreconfigured nanofunnel array (6 min irradiated, right panel). (b)
SEM images of azopolymer nanofunnel arrays taken at a tilted angle
(40 degrees) (a close-up of nanofunnels marked by the yellow box,
right panel).

place radially along the rotating linear polarization. (ii)
The photofluidization caused the vertical walls of the
pristine holes to become rounded, thus resulting in
nanofunnel-shaped (or inverted focal conic-shaped)
hole arrays as shown in Figure 2b (also see cross-
sectional profile shown in Figure 3b). Additionally, the
PDMS molds replicating the morphology of photore-
configured azopolymer hole arrays clearly exhibited the
focal conic-like morphology (Figure 3c), thus further
supporting how the funnel is shaped. These obtained
rounded walls after light irradiation can be attributed to
interfacial energy minimization through a reduction of
the surface area between air and polymer, as photoflu-
idization might be also influenced by surface energy
similar to thermal-induced smoothening of thermoplas-
tic polymer.3%%” Recently, we and Karageorgiev et dl. re-
ported that the rough edges or craves of pristine
azopolymer films could be smoothed significantly by
photofluidic surface energy minimization.3*3' Our ob-
servations of this transition from vertical walls to
rounded walls of azopolymer arrays further support
that the azopolymer can become fluid under light irra-
diation. However, unfortunately, the theoretical mecha-
nism for the fluidic motion of azopolymer under light ir-
radiation has not yet been established completely.
Therefore, we proposed qualitative explanation of the
rounded wall on the basis of interfacial energy minimi-
zation to support experimental findings. (iii) When we
used cylinder-shaped holes (punched holes in the
azopolymer thin film) as pristine azopolymer arrays for
the photofluidization process, three-dimensionally ta-
pered focal cones or funnel can be oriented in the ver-
tical direction with respect to the substrate. Therefore,
efficient optical coupling by the normal irradiation of
light, which is essential for high-quality nanofocusing
or confocal Raman measurements,*® should also be pos-
sible. (iv) The photofluidic reconfiguration of hole ar-
rays ensures scalable and parallel processing; thus ho-
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Figure 3. Irradiation time evolution of nanofunnel array with varying tip diameter. (a) SEM images of nanofunnel array with
varying tip diameter. (b) Cross-sectional profile of nanofunnel measured by AFM. (c) SEM images of the PDMS molds repli-
cating nanofunnel array with varying tip diameter. Scale bars are 2.5 pum (SEM image in panel c of 10 min, scale bar = 2.0

m).

mogeneous EM field enhancement at a nanoscale,
which is of technological significance for reproducible
plasmonic enhanced spectroscopy (e.g., SERS), can be
achieved, in a simple and reliable manner. The excellent
uniformity of photoreconfigured arrays over large ar-
eas is actually evidenced by the moiré fringe of the low-
magnification SEM image (Supporting Information, Fig-
ure S1). (v) The diameter of tips of the nanofunnel can
be precisely tuned between zero and several hundred
nanometers merely by adjusting the irradiation time of
circularly polarized light: a tip diameter of zero physi-
cally means that the radius of curvature of the tip was
nearly zero. Indeed, decreases in the diameter of tips
were observed with circularly polarized light irradiation,
as shown in Figure 3a—c. This ability of precise control
of the tip features allows one to study the effect of the
tip sharpness on light enhancement in a systematic
manner; the optimum tip diameter of nanofunnel for
maximum EM field enhancement can be thus identified.
EM Field Enhancement near Plasmonic Nanofunnel Arrays.
Figure 4a shows dark-field optical microscope (OM) im-
ages of 8 min irradiated nanofunnel arrays (having a
tip diameter of around 110 nm) as a representative ex-
ample: we illuminated the plasmonic nanofunnel arrays
with unpolarized, spatially filtered, white light from a
high-intensity fiber light source, and the scattered light
was collected in the normal direction by using a micro-
scopic objective lens (20X, Mitutoyo NIR M plan APO,
numerical aperture (NA) = 0.42). To maximize the scat-
tering from the obtained nanofunnel arrays, the source
light was irradiated at a tilted angle (70°) with respect
to the normal direction. The results presented in Figure
4a show that EM field-enhanced hotspots were clearly
observed in the plasmonic nanofunnel arrays, whereas
a flat gold surface prepared by deposition of gold (20
nm) onto a flat NOA layer exhibited an almost black im-
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age as will be shown later. Additionally, the observed
hotspots were arranged in a tetragonal lattice corre-
sponding to the configuration of the nanofunnel. Thus,
we established that the EM field enhancements ob-
served in Figure 4a occurred at the plasmonic nanofun-
nel. Some background hotspots in addition to the
hotspots at the plasmonic nanofunnel were also par-
tially observed; these are attributed to the Au rough-
ness inherently caused by the e-beam evaporation pro-
cess. Note that the ring shaped-EM field enhancement
profiles were observed at the same regions, when the
focal plane of the dark-field OM was located at around
500 nm height with respect to the end of tip (Figure 4b).
This additional EM field enhancement resulted from
constructive interference between the reflected and ir-
radiated light. To rationalize the results of observed EM
field enhancement in terms of the plasmonic electro-
magnetic mechanisms, we have calculated the electric
field near the 20-nm thickness Au-coated nanofunnel
arrays (8 min irradiated) using the finite-difference time-
domain (FDTD) method with Yee's discretization
scheme: details of the FDTD simulation are described
in the Supporting Information, Figure S2.4'#? Figure 4
panels c—e show the FDTD analysis results of the near-
field profile at the surface of plasmonic nanofunnel. It
is noteworthy that these calculated electric field distri-
butions near the nanofunnel are in excellent agreement
with the experimental measurements (dark-field OM
images); from both the side-view (Figure 4c) and top-
view with different heights (Figures 4d,e) of the near-
field electric field profiles, it can be concluded that the
bright spot distributions of dark-field OM images are re-
sponsible for the surface plasmon resonance (SPR) and
resulting EM field enhancement near the tips.

Next, to demonstrate the effect of tip diameter on
the EM field enhancement, we studied the dark-field
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Figure 4. (a,b) Dark-field optical microscope (OM) images taken at different focal planes: at the tips (a); above the tips (b).
Finite-difference time-domain (FDTD) simulation of the electric field enhancement at the surface of plasmonic nanofunnel
(8 min irradiated, 110-nm diameter tip): (c) cross-sectional view of electric field enhancement profile; (d) top-view of the elec-
tric field enhancement profile taken at the tips; (e) top-view of the electric field enhancement profile taken above the tips.

Scale bars are 40 pm (magnification dark-field OM, 16 pm).

OM images (Figure 5a) and corresponding extinction
spectra (Figure 5b) of a series of Au-coated (20 nm
thickness) nanofunnel arrays with varying tip diam-
eters: dark-field OM images were taken at almost the
same focal plane across the samples studied here; tip di-
ameters ranging from zero to 550 nm were investi-
gated, and the integration time was 20 s. The series of
dark-field OM images and corresponding extinction
spectra indicates that EM field extinctions gradually in-
creased with decreasing tip diameters (in turn, increas-
ing tip sharpness) due to a triggered optical lightning
rod effect. Note, however, that, below 110 nm tip diam-
eter (zero), a decrease in dark-field extinction was ap-
parent even with decreasing tip diameter (Figure 5b).
The electric-field enhancement in the results of the
FDTD simulations approximately matched those of the
measured spectra (Figure 5a,b), as shown in Figure 5¢,d
(0 and 110 nm tip diameter nanofunnel). This decrease
in dark-field extinction at the sharpest tip is mainly due
to intrinsic destructive interference at the tip apex, as
reported previously: when linearly polarized light is irra-
diated, the destructive interference occurring at the tip
apex leads to a reduction in the light focusing and con-
centration.® Furthermore, a lowered height of nanofun-
nel as a result of radial photofluidization may partially
contribute to decreased dark-field extinction: during ra-
dial photofluidization, the flatness of the arrays in-
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creases due to the lowered height of nanofunnel as
mentioned above; the amount of light that can be
coupled with surface plasmons is spontaneously de-
creased. From the dark-field analysis results, it is con-
cluded that the optimum tip diameter of plasmonic
nanofunnel arrays for maximum EM field enhancement
is 110 nm.

The prepared plasmonic nanofunnel arrays can be,
of course, used for the measurements of SERS tunabil-
ity. To do this, each array was adsorbed by methylene
blue (MB) which is widely used as a SERS probe material,
and the spectra were obtained by using a linearly polar-
ized 632.8 nm, 50 pW diode laser (Melles Griot) imple-
mented in a micro-Raman system (Ramboss, Dongwoo
Optron Co., Ltd.). Specifically, the use of MB as a SERS
probe material in our studies using a 632.8 nm laser can
enhance the SERS signal due to the strong absorption
band around 655 nm.* The dark-field OM image of MB
adsorbed nanofunnel arrays is presented in Supporting
Information, Figure S3. In particular, to clearly illustrate
the issue of homogeneity of hotspots through a com-
parison, we also prepared an Au-coated (20-nm thick-
ness) organized silica colloidal cluster (400-nm diam-
eter, a) which is widely used as a SERS substrate (see the
morphology shown in Figure 6a).*°~#? Whereas a colloi-
dal cluster conventionally used as a SERS substrate
was generally deposited by the thick metal (~200 nm)
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Figure 5. SPR mode characterization by using dark-field OM images and their extinction spectra: (a) a series of dark-field
OM images for a flat Au surface (20-nm thickness), an Au-coated cylinder-shaped hole array (nonirradiated one), and plas-
monic nanofunnel arrays with varying tip diameter. (b) Dark-field extinction spectra of corresponding dark-field OM images:
the integration time was 20 s. FDTD simulation of the electric field enhancement associated with the resonance at 633 nm
(cross-sectional view); (c) 0 nm diameter tip (8 min irradiated); (d) 110 nm diameter tip (10 min irradiated).

to increase the surface roughness and resulting EM
field enhancement, we herein used a thin metal (20
nm) coated colloidal cluster to remove the roughness
effect. This is because the goal of this study is to inves-
tigate the geometrical effect of a funnel-shaped plas-
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Figure 6. (a) SEM image of the obtained organized silica colloidal cluster
after Au-deposition with 20-nm thickness (Au film over nanosphere, Au
FON); (b) dark-field OM image corresponding to the SEM image in Support-
ing Information, Figure S9; (c) dark-field extinction spectra: Au-coated flat
surface (black line); Au-coated colloidal cluster (Au FON, red line); plas-
monic nanofunnel array (green line). Scale bars are (a) 5 and (b) 40 pm.
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monic structure on the EM field enhancement. As
shown in Figure 6b, the dark-field OM image of the Au-
coated colloidal cluster shows that hotspots are hetero-
geneously distributed over the sample. Furthermore,
the brightness of hotspots was found to be much lower
than that of the plasmonic nanofunnel arrays (8 min ir-
radiated, 110-nm tip diameter). Indeed, the dark-field
extinction spectra corresponding to the dark-field OM
image (Figure 6c) showed much lower SPR resonance
compared with the plasmonic nanofunnel arrays (see
Figure 4a, 8 min irradiated, 110-nm tip diameter): the in-
tegration time was 20 s. Accordingly, confocal Raman
microscope images (Figure 7a) clearly indicated that the
plasmonic nanofunnel arrays (110-nm tip diameter, 8
min irradiated) showed homogeneous, well-ordered,
and much brighter hotspots, whereas the hotspots
from the Au-coated colloidal cluster were heteroge-
neously distributed together with much lower bright-
ness. Figure 7b shows the measured Raman spectra of
MB from a series of prepared nanofunnel arrays with
varying tip diameter: for a careful analysis of the SERS
signals on the tip diameter, the intense mode of MB vi-
bration at 1628 cm ™' was investigated for comparison.
As shown in Figure 7b, the obtained signals for plas-
monic nanofunnel arrays were found to be increased
with the dark-field extinction: the broad and intense
SPR modes of nanofunnel arrays, as evidenced by the
results of dark-field extinction spectra, were in reso-
nance with 632.8 nm (see Figure 5b). A 110-nm-tip di-
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Figure 7. Confocal Raman microscopic analysis of plasmonic nanofunnel arrays: (a) confocal Raman microscope images of
an Au-coated colloidal cluster (20-nm thickness, left panel) and plasmonic nanofunnel arrays with 110-nm tip diameter (right
panel); (b) MB Raman spectra of an Au-coated flat surface, an Au-coated colloidal cluster, and plasmonic nanofunnel arrays
with varying tip diameter; (c) uniform Raman spectra from a plasmonic nanofunnel array with 110-nm tip diameter: varia-
tions in the SERS signals obtained from six different positions in an area of 1 cm? was less than 14%. Scale bars are 20 pm.

ameter plasmonic nanofunnel array yielded the largest
SERS response, 12 times higher than that of Au-flat film:
using a previously reported protocol,’ the enhance-
ment factor at the 110-nm diameter tip of the plas-
monic nanofunnel (intense band at 1628 cm™') was cal-
culated to be around 108—10°. To quantitatively
examine the homogeneity over large-area plasmonic
nanofunnel arrays in greater detail, we also checked
SERS spectra from six different positions in an area of 1
cm? (a 110-nm diameter tip was used as a representa-
tive example). As can be seen from the SERS spectra
from the six different positions (Figure 7c), the fabri-
cated plasmonic nanofunnel arrays showed excellent
uniformity and reproducibility of the SERS signals over
a large area: the variation was less than 14%.

Control of the Shapes of Nanofunnel Tip. In addition to tun-
ability of dimensions, we could precisely control the
shapes of the nanofunnel tip, by using anisotropic
photofluidization instead of isotropic photofluidiza-
tion. By way of demonstration, we employed right-
handed elliptically polarized light with an identical light
intensity: the ellipticity, defined as the ratio of the mi-
nor axis to the major axis, was 0.18 (see the schematic il-
lustration of Figure 8a); the irradiation time was 12
min. According to our previous report, the degree of di-
rectional photofluidization is also strongly influenced
by the intensity of light as well as the irradiation time.>
Therefore, the irradiation of elliptically polarized light
could lead to photoreconfiguration of pristine holes
into line-shaped tips as a result of anisotropic photoflu-
idization: in the direction of the major axis of elliptical
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polarization, photofluidization was facilitated much
more efficiently compared with that in the direction of
the minor axis, resulting in anisotropically photorecon-
figured line-shaped tips rather than circular tips, as
shown in the right panel of Figure 8a. The length in
the long axis was 1 pm. Furthermore, the use of ellipti-
cally polarized light endows the photofluidic fabrication
process with additional controllability over the struc-
tural orientation as well as shapes. For example, when
the major axis of elliptical polarization is tilted with re-
spect to the original lattice (tetragonal in this study)
(see the schematic illustration of Figure 8b), the struc-
tures of the obtained photoreconfigured arrays also can
be oriented according to the tilting angle of elliptically
polarized light: the tilt angle of elliptical polarization
and irradiation time were 45° and 12 min, respectively.
In fact, we obtained plasmonic nanofunnel arrays with a
line-shaped anisotropic tip and 45 °C orientation with
respect to the tetragonal lattice, as presented in the
right panel of Figure 8b: the ratio of long axis to short
axis was 0.2 (the length of line was 1 uwm), and the gap
between adjunct walls was zero. This anisotropically de-
fined tip exhibits polarization dependence on the SERS
signal sensitivity (see Figure 8c). In particular, the SERS
signal excited by perpedicular polarization to the long
axis of the line-shaped tip was maximized, whereas the
parallel polarization showed minimized SERS signal ex-
citation: the perpendicular polarization showed 4 times
larger excitation than the parallel polarization. In the
anisotropic plasmonic structures, when a parallel polar-
ized light with respect to the major axis of structure
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Figure 8. Anisotropic photofluidic reconfiguration of pristine azopolymer hole arrays: (a) schematic illustration (left panel)
of anisotropic photoreconfiguration by using elliptically polarized light with parallel orientation with respect to the struc-
tural lattice (tetragonal) and the SEM image of resulting plasmonic nanofunnel arrays with an anisotropic shape (line) of the
tip; (b) schematic illustration (left panel) of the anisotropic photoreconfiguration by using elliptically polarized light with a
45° tilted orientation with respect to the structural lattice (tetragonal) and a SEM image of the resulting plasmonic nanofun-
nel arrays with an anisotropic shape (line) of the tip and 45 deg tilted structural orientation; (c) polarization dependence of
MB Raman spectra for plasmonic nanofunnel arrays with line-shaped tips (Figure 8a). Scale bars are 2.5 pm.

was irradiated, the hotspots to be excited almost disap-
peared, resulting in polarization-selective SERS signal
sensitivity, as described above.** Therefore, direc-
tional photofluidic fabrication provides unprecedented
control of the plasmonic structures and their optical
properties.

CONCLUSION

We have prepared plasmonic nanofunnel arrays
with tunable tips by means of directional photofluidiza-
tion and analyzed EM field enhancement by experimen-
tal and theoretical methods. The experimental observa-
tions and related conclusions presented above are
fundamentally and technologically important for the
following reasons. First, directional photofluidization al-
lows the realization of plasmonic sharp edge struc-
tures with a very high flexibility in the control of struc-
tural features such as tip sharpness, shapes, and
orientations. This unique ability of directional photoflu-
idization enables the fabrication of metallic tip struc-
tures with tunable plasmonic properties in a scalable
and parallel manner. Second, precise control of the tip
sharpness via directional photofluidization provides im-
portant insights concerning the optimum tip diameter
associated with these types of plasmonic nanostruc-
tures. From systematic studies enabled by this fabrica-
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tion approach, we found that the least sharp tip, a
110-nm diameter tip in this study, can maximize the
EM field enhancement and also the SERS signal. In gen-
eral, at a metal-covered tip apex, the intrinsic destruc-
tive interference of surface plasmons, when linearly po-
larized light is irradiated, leads to a reduction in the
light focusing and concentration. To address this prob-
lem of EM field degradation at the tip region, irradiation
via the radially polarization propagating mode (also
called the radial doughnut mode) has been proposed
to allow surface plasmons to interfere constructively at
the tip apex.’ From our observations, we also can now
consider strategies for EM field enhancement within
sharp-edge structures with the vertically aligned nano-
funnel having controlled tip sharpness as well as by ad-
justing the light polarization. Finally, it has been dem-
onstrated that the DPL process provides a relatively
simple and reliable method to fabricate large-area me-
tallic nanostructures with sharp edges for reproducible
EM field enhancement.

However the directional photofluidic fabrication
of plasmonic structures described in this paper has
limitations. While the plasmonic nanofunnel can give
rise to efficient EM field enhancement, most of the
area is not effective and consequently wasted space.
This is because the fill factor of arrays is relatively
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low (~50%): the periodicity of the pattern is 4 pm.
In this study, as a proof of concept, we used the
large-spaced PDMS (~4 um) post arrays to fabri-
cate the large-area pristine azopolymer arrays by us-
ing the MIMIC method, because the penetration of
the polymer solution can be triggered as the dimen-
sion of microfluidic channel increases.*¢ It is, how-
ever, possible to generate highly dense pristine

METHODS

Preparation of PDMS Molds. The master of hole arrays was fabri-
cated by conventional photolithography. The height and diam-
eter of the fabricated circular hole arrays were 1.8 and 2 pm, re-
spectively. The periodicity was 4 .m. To obtain the PDMS mold, a
PDMS prepolymer and an initiator (Sylgard 184, Dow Corning,
Midland, MI) were mixed at a 7:1 ratio (by weight), and subse-
quently degassed by vacuum suction. The degassed solution of
PDMS was then poured against a prepared master carefully to
prevent the generation of bubbles. Finally, the PDMS solution
was cured at 70 °C in an oven for 30 min. After it was completely
cured, the PDMS mold was released from the master. Support-
ing Information, Figure S4 displays the obtained PDMS mold: the
structural features of the PDMS mold including the height, width,
and periodicity were comparable to those of the master.

Micromolding in Capillaries (MIMIC) with Solvent. Details of the
MIMIC process are as follows (also see Supporting Information,
Figure S5): The glass substrates used here were cleaned by soni-
cation in acetone, ethanol, and deionized water. After drying,
the PDMS mold was placed onto a cleaned glass substrate to
form the microcapillaries. The azopolymer solution (in NMP, 10
wt %) was then dropped into the entrance of the microcapillar-
ies. Once the capillaries were filled with the azopolymer solution,
the solvent was completely evaporated at 40 °C for 1 day. Fi-
nally, the PDMS mold was peeled-off from the substrate.
Azopolymer circular hole arrays replicating the molds were thus
obtained.

Preparation of Au-Coated Organized Silica Colloidal Clusters. Monodis-
perse silica colloidal particles of 400-nm diameter were synthe-
sized using the Stéber method.*” After rinsing, the obtained silica
powders were dispersed in ethanol (30 vol %). The resulting
silica colloidal suspension was dropped onto a precleaned sili-
con wafer and then spin-coated (1770 rpm, 30 s). Au with 20-nm
thickness was deposited onto silica colloidal clusters by e-beam
evaporation.

Characterization of Photofluidization. The structures of the
azopolymer arrays were investigated by means of scanning elec-
tron microscopy (SEM, FEl, Sirion), atomic force microscopy (AFM,
PSIA XEI-100 systems), and optical microscopy measurements
in transmission mode (OM, Olympus, BX51).

Optical Setup for Light Irradiation. The optical set up for light irra-
diation process is described in Supporting Information, Figure
S6. The intensity and polarization of the beams were controlled
using a neutral density (ND) filter and a wave plate, respectively.
The initial Gaussian laser beam was homogenized by using a spa-
tial filter, while its intensity and polarization were precisely con-
trolled by neutral density filter and wave plate, respectively. The
irradiation time was precisely controlled by using an electronic
shutter.

Transfer Molding Technique. Photoreconfigured nanofunnel ar-
rays were reproduced by using a transfer molding technique: in-
versely replicated hard-polydimethylsiloxane (PDMS, ref 38) was
soft-imprinted onto a photocurable material (NOA 65, Norland);
photopolymerization by UV irradiation (300 mW/cm?, 10 min)
and the subsequent peel-off of hard-PDMS gave rise to the re-
produced nanofunnel arrays.

Measurement of Dark-Field OM Images and Extinction Spectra. The mi-
croreflectance system was built on a standard optical micro-
scope (OM, Olympus, BX51): a thermo-electrically cooled CCD
detector (DV401A-BC, iDUS CCD detector, Andor technology)
was equipped. An unpolarized, spatially filtered 100 W halogen
light source (Fiber llluminator OSL1) was irradiated at an incident
angle of 70° (dark-field illumination). The scattered light was col-
lected by a 20X microscopic objective lens (Mitutoyo NIR M
plan APO, numerical aperture (NA) = 0.42) and analyzed by the
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azopolymer arrays, in the same way that nanoim-
print lithography and block copolymer lithography
enables the high density polymer patterning. This
work is now underway, and the details will be re-
ported in a forthcoming paper. We believe that the
unique ability of this nanofabrication approach and
the obtained structures are expected to be of signifi-
cant utility in spectroscopy and nanophotonics.

spectrometer. The schematic illustration of optical setup is de-
scribed in Supporting Information, Figure S7.

Measurement of Raman Spectra. The spectra were obtained by us-
ing a linearly polarized 632.8 nm, 50 uW diode laser (Melles
Griot) implemented in a home-built micro-Raman system (Ram-
boss, Dongwoo Optron Co., Ltd.) equipped with a thermo-
electrically cooled CCD detector: focused beam diameter was 1
wm; the integration time was 3 min. The schematic illustration of
experimental setup for Raman analysis is described in Support-
ing Information, Figure S8.
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