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We have used a low-cost, rapid, and direct imprint-in-metal method to prepare incident angle—tuned,
broadband, ultrahigh-sensitivity plasmonic antennas from nanoparticles (NPs) and imprinted metal
mirrors. By changing the angle of incidence, the nanoparticle-imprinted mirror antennas (NIMAS)
exhibited broadband electromagnetic enhancement from the visible to the near-infrared (NIR) regime,
making them suitable for use as surface-enhanced Raman scattering (SERS)-active substrates. Unlike
other SERS-active substrates that feature various structures with different periods or morphologies, the

NIMAs achieved broadband electromagnetic enhancement from single configurations. The enhancement
of the electric field intensity in the NIMAs originated from coupling between the localized surface
plasmon resonance of the NPs and the periodic structure—excited surface plasmon resonance (SPR) of the
imprinted mirror. Moreover, the coupling wavelengths could be modulated because the SPR wavelength
was readily tuned by changing the angle of the incident light. Herein, we demonstrate that such NIMAs
are robust substrates for visible and NIR surface-enhanced resonance Raman scattering under multiple
laser lines (532, 633, and 785 nm) of excitation. In addition, we have found that NIMAs are ultrasensitive
SERS-active substrates that can detect analytes (e.g., rhodamine 6G) at concentrations as low as 10™° M.

Introduction

Plasmonic antennas prepared from metallic nanoparticles (NPs)
and metal mirrors have attracted great interest for their potential
applications in surface-enhanced Raman spectroscopy (SERS),* 2
chemical and biological sensors,®# and atomic scale rulers.® The
collective oscillation of free electrons in metallic NPs is
influenced largely by their nearby environment. An NP can be
regarded as a resonant dipole that will induce an image dipole on
the underlying metallic mirror. Permittivity is a factor that defines
the extent to which a material can be polarized; materials
possessing higher permittivity are much more polarizable in the
presence of external electrostatics. Therefore, the permittivity of
the underlying substrate determines the strength of the induced
image dipole.

Knight et al. demonstrated that the presence of a nearby
dielectric substrate influences the frequency of the plasmon
modes of metallic NPs.® When the permittivity of a dielectric
substrate increases, the split in plasmon frequency becomes more
obvious under both transverse electric (TE) and transverse
magnetic (TM) polarization incidence. In addition, the dark-field
scattering images and spectra of Au NPs immobilized on quartz,
Si, and Au film are quite different: the dark-field scattering
images of Au NPs immobilized on quartz substrates are solid
whereas those for Au NPs immobilized on Si and Au films are
donut-shaped.” These observations indicate that the scattering on
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high-permittivity substrates is dominated by dipoles oscillating in
the vertical direction. Furthermore, NP—Au film systems exhibit
the most obvious shifting of the plasmon wavelength under TM
polarization incidence, suggesting strong interplay between the
NPs and their image dipoles.?”

Typically, materials possessing high permittivity lead to more
intense reflection of incident light. In visible and IR regimes,
metals have high permittivity and high reflectance; as a result,
their structures are applied widely in plasmonic antennas.** & °
As mentioned above, a metal mirror will induce the most intense
coupling between an NP and its image dipole, contributing to a
dramatic enhancement in the strength of the electromagnetic field
between them. The interaction between an NP and a metal mirror
can also be explained in terms of plasmon hybridization of the
localized plasmon in the NPs and the continuous surface plasmon
supported by the metal mirror.X° Therefore, metal mirrors are far
more useful than other substrates in plamonic antennas—not only
for their high permittivity but also because they support surface
plasmon enhancement.

We suspected that imprinted metal mirrors possessing periodic
structures would induce much stronger coupling to NPs as a
result of periodic structure—excited surface plasmon resonance
(SPR). Many studies have indicated that periodic metallic
nanostructures—including nanohole arrays,"*™** one-dimensional
(1D) nanoslits,** and corrugated films'® *—induce strong SPR in
the visible and near-infrared (NIR) regimes and contribute to the
extraordinary transmission (EOT).'**® Only a few such studies,
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however, have concerned compound structures comprising
metallic NPs and periodic structures. He et al. investigated the

with the broadband properties arising from overlapping of various
s dipole resonances excited across the nanoantenna;®® 2 the
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effect of localized surface plasmon resonance (LSPR) of metal
NPs on EOT phenomena of nanohole arrays.'” They found that
changes in longitudinal and lateral displacement between the
metal NPs and the nanohole arrays led to shifting and splitting of
the EOT peak as a result of variations in the coupling strength
and manner of the LSPR modes. In addition, the Wang group
observed multiple SPR modes in a compound structure
comprising NPs and nanohole arrays.’* Moreover, Chen et al.
revealed that the EOT of higher-order modes could be enhanced
through the random embedding of Au NPs in periodic nanohole
arrays.'® Furthermore, Kofke et al. demonstrated that the size and
orientation of the NPs and the period of nanoslit arrays all
influenced the transmission wavelength, intensity, and bandwidth
of composite NP/nanoslit arrays.”® Notably, all previous studies
have focused on the far-field EOT properties of the compound
structures. To the best of our knowledge, there have been no
investigations of the near-field electromagnetic enhancement
induced by coupling between the LSPR of the NPs and the
periodic structure-excited SPR.

SERS is a technique that enhances the Raman signals of
analytes; such signals provide information about the chemical
bonding and symmetry of a molecule because every molecule has
its own specific Raman fingerprint. The mechanism of SERS is
dependent on two effects: chemical enhancement and
electromagnetic enhancement.?! Chemical enhancement is based
on charge transfer between the analyte and the SERS-active
substrate; it can enhance the Raman signals by one or two orders
of magnitude. Electromagnetic enhancement is a more dominant
effect when the analyte is adsorbed on plasmonic nanostructures.
The strong local electric field around the plasmonic
nanostructures leads to a dramatic enhancement in the intensity of
the Raman signals of the analyte. Accordingly, SERS-active
substrates possessing large electric field intensities are preferred,
as are those exhibiting broadband plasmonic enhancement.
Multiple excitation laser lines can be employed in SERS
measurements. For example, resonance Raman spectroscopy
typically uses laser lines in the visible regime, because most dye
materials absorb visible light.>>** NIR laser lines can be used to
suppress the background fluorescence of analytes that can occur
when illuminating with visible light?® UV laser lines are
commonly applied to excite the Raman signals of biomolecules
(e.g., proteins, DNA) and suppress their background
fluorescence.® ' Therefore, the laser line is often chosen
judiciously according to the analyte in question. Accordingly, a
SERS-active  substrate  exhibiting  broadband  plasmonic
enhancement would be more suitable for applications requiring
excitation from multiple laser lines than would one responding to
only a single resonance wavelength. Pasquale et al. demonstrated
that broadband plasmonic enhancement in metal NP necklaces
occurred as a result of a strong photonic—plasmonic coupling
effect;”® 2° the diameter and number of particles in the necklace
had great influence on the plasmonic properties, with the
necklace’s structure being optimized when the particle diameter
was an integer multiple of the wavelength. In addition, the
Aouani and Navarro-Cia group has reported multiresonant
broadband optical antennas having a trapezoidal configuration,
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operation of these antennas was, however, focused on the electric
field enhancement in the IR regime, making them not suitable for
SERS. Multiresonant antennas can be achieved by embedding
conventional dimer gap or bow-tie nanoantennas into multiple-
periodic gratings allowing broadband plasmonic enhancement in
the visible and NIR regimes.®®* A serious drawback of this
configuration is, however, that the positions of the
electromagnetic hot spots would change in response to the
resonance wavelength, thereby limiting its applications on SERS-
active substrates. Moreover, although these optical antennas are
claimed to exhibit broadband enhancement, comparisons of
SERS measurements performed with excitation from different
laser lines have not been reported. Furthermore, these broadband
antennas have all been designed with complicated configurations.

Focused ion beam (FIB) and electron beam lithographies are
generally adopted when fabricating metallic substrates possessing
periodic structures with well-defined diameters and spacings.
These methods are, however, very expensive and provide low
throughput. On the other hand, nanoimprint lithography has the
attractive  properties of allowing high-throughput, rapid
fabrication of structures over large areas;>*® as a result, it can be
used to fabricate a variety of metallic nanostructures. Many
groups have employed nanoimprint lithography to shape
photoresists or polymers; subsequent reactive ion etching (RIE),
deposition of metal films, and lift-off processes can then be used
to obtain the metallic nanostructures. Because of plasmon
resonance, such metallic nanostructures might act as SERS-active
substrates. For example, Li et al. used nanoimprint lithography to
fabricate SiO, pillars, with deposition of metal films and self-
assembly of NPs leading to unique disk-coupled dots-on-pillar
antenna array (D2PA) plasmonic structures;¥’ these three-
dimensional (3D) antenna arrays provided large electromagnetic
enhancement as a result of coupling between the nanodots and the
3D cavities. Alvarez-Puebla et al. used nanoimprint lithography
to pattern and fabricate silicon gratings and pillars of various
diameters; subsequent deposition of Ag island films covering the
gratings or pillars resulted in SERS-active substrates.®® Because
of differences in the morphologies and diameters of these
plasmonic gratings or pillars, the plasmon wavelength could be
shifted for a particular SERS application. Broadband properties
could be achieved, however, only when preparing various
plasmonic structures with different morphologies and diameters;
that is, a single structure could not be used for different laser
lines.

In this study, we applied a one-step direct nanoimprint-in-
metal method to rapidly fabricate periodic structures on Ag
mirrors. Without requiring a photoresist, RIE, or lift-off
processing of conventional nanoimprint lithography, we could
obtain large-area imprinted mirrors with well-defined periods and
morphologies in a single step. We fabricated broadband
plasmonic antennas featuring a simple configuration: metal NPs
on an imprinted mirror. The broadband plasmonic enhancement
of the NP-imprinted mirror antennas (NIMASs) originated from
coupling between the LSPR of the NPs and the periodic metallic

us structure—exited SPR. The resonance wavelength of a periodic

structure—excited SPR depends on the metal material, the
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environmental dielectric, the period of the nanostructure, and the
angle of the incident light. Therefore, its SPR wavelength is
broadband-tunable by controlling the excitation conditions.
Typically, the gap spacing and the refractive index of the
dielectric spacing will determine the plasmon wavelength of an
NP-mirror antenna (NMA).Y % 9 Here, we found that the
plasmonic coupling wavelength of a NIMA with a fixed gap
spacing and dielectric spacer could be finely tuned only by
varying the oblique incidence, due to shifting of the periodic
structure—excited SPR. This observation implies that a single NP-
imprinted mirror structure can be used as a broadband-tunable
antenna suitable for surface-enhanced resonance Raman
spectroscopy (SERRS) with high sensitivity.

Results and discussion

Fig. 1 provides a schematic illustration of the fabrication
processes of the imprinted Ag mirror and a NIMA. We employed
nanoimprint in metal lithography to texture the Ag mirrors. Using
electron beam lithography, we fabricated a Si mold having 1D
gratings with a period of 400 nm. We then used DC sputtering at
a rate of 3 A/s to deposit 50-nm-thick Ag mirrors on
polycarbonate (PC) substrates. Next, we imprinted Si molds on
the Ag mirrors under various pressures at 150 °C (the glass
transition temperature of PC). After the first imprinting step, we
rotated the Si mold by 90° (i.e., perpendicular to the first grating)
and imprinted the textured mirror again. Using this two-time
nanoimprint-in-metal method, we fabricated two-dimensional
(2D) periodic nanostructures on the Ag mirrors. The period of the
Si mold defined the period of the grating structures on the
textured Ag mirror; the imprint pressure influence the depth of
the structures. We obtained NIMAs by self-assembling Ag NPs
onto the imprinted Ag mirrors (Fig. 1b and 1c). The NPs are
randomly distributed on the imprinted Ag mirror. Some 2D
nanoclusters were observed on the imprinted Ag mirror, and these
nanoclusters would increase the number of hot spots that
enhanced the Raman signals. Notably, in NIMA and NMA
system, the main electromagnetic enhancement came from the
out-of-plane coupling between the NPs and the underlying
mirror, but the 2D nanoclusters would demonstrate both in-plane
and out-of-plane plasmonic coupling. Therefore, the SERS
performance of the NIMA or NMA would not be reduced when
some nanoclusters are present. The overall average density of
NPs by our self-assembling process was ca. 6 particles/um? And
the 3D configuration of a NIMA could be observed from the
tilted SEM images in the lower inset of Fig. 1c.By changing the
angle of incidence, the NIMAs were potential broadband SERS-
active substrates for various laser line excitation lines (see Fig. 1b
and following discussion).

We compared the morphologies of the imprinted mirrors
prepared using different imprinting pressures. The imprinted
mirror featured an irregular, rough surface when the imprinting
pressure was relatively low (ca. 1 MPa; Fig. 2a). This low imprint
pressure induced plastic deformation of the metal surface, but the
extent of deformation was not sufficiently large to replicate the
morphology of the Si mold, resulting in the irregular, roughen
surface. When we increased the imprinting pressure, the metal
surface displayed the periodic structure copied from the mold and
the structures became deeper (Fig. 2b and 2c). For the imprinted
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mirror prepared at 3 MPa, the depth of the structure was
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Fig. 1 (a, b) Schematic representations of (a) the fabrication of an
imprinted Ag mirror using a two-step imprint-in-metal method and (b) a
NIMA; by changing the angles of incidence, the NIMA behaved as a
broadband SERS-active substrate for excitation using different laser lines.
(c) SEM image of a NIMA; some isolated Ag NPs and Ag nanoclusters
are decorated on the imprinted Ag mirror. Inset: tilted SEM image of an
isolated Ag NP on the imprinted Ag mirror. The scale bars are 500nm.

approximately 70 nm; when we increased the imprinting pressure
to 5 MPa, the structure depth increased to approximately 100 nm
and the structure had much steeper sidewalls. Although a higher
imprinting pressure increased the structure depth, more
importantly it also provided more-accurate mold-copied
structures. Notably, we found that a 100-nm-deep structure could
excite the SPR efficiently.

Our imprinted mirrors with 2D periodic structures exhibited
SPR phenomena in the visible and NIR regimes. We investigated
the SPR modes of the imprinted mirror under an imprinting
pressure of 5 MPa. We collected zero-order transmission spectra
of the imprinted mirror, measured with incident angles ranging
from 0 to 65° at an increment of 5°, to form the SPR dispersion
diagram. The corresponding angle-dependent  zero-order
transmission spectra were provided in supplementary information
(Fig. S1). Fig. 3 displays the measured SPR dispersion diagram,
and the yellow dash lines indicated the shifting and splitting of

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Top-view and 3D AFM images of imprinted Ag mirrors (period: 400 nm) prepared using imprinting pressures of (a) 1, (b) 3, and (c) 5 MPa.

SP modes. Generally, the wavevector of surface plasmon (kgp )
can be expressed as:*

()

Kep =k, NG, £ MG,

where the k, =(27/4)sin@ is the component of the incident

photon’s wavevector in the plane of the grating, and

Gy =G, =(27/ay) are the grating momentum wavevectors for a

square array. The n, m are the order numbers of the grating
momentum wavevectors, and (n, m) are generally assigned as the
SP mode indices. Therefore, if the incident angle (6) is varied, the
incident light excites different SP modes. The SP modes [(1, 0),
(1, 1), (2, 0), etc.] would split into positive and negative modes
under oblique incidence. Accordingly, we plotted the yellow dash
lines on the dispersion diagram to indicate the shifting and
splitting of the corresponding SP modes. When under normal
incidence, the (1, 0) mode was excited at a wavelength of 630
nm, whereas the (1, 1) mode was induced at a wavelength of 450
nm. The imprinted mirror had the attractive feature of a
broadband-tunable SPR mode under oblique incidence. The —(1,
0) mode shifted from 630 to 950 nm, whereas the +(1, 0) mode
shifted from 630 to 450 nm, when we changed the angle of
incidence from 0 to 60°. On the other hand, the —(1, 1) mode
covered the wavelength regime from 450 to 750 nm and the +(1,
1) mode was located in the wavelength regime of less than 450
nm. For SERS applications, the SPR wavelength should coincide
with the wavelength of the excitation laser. For SERS
measurements through laser excitation at 532 nm, the SPR could
be induced at an angle of incidence of 15° [-(1, 1) mode] or 25°
[+(1, 0) mode]. Besides, to match the laser excitation at 633 nm,
the SPR could be excited at 0° [(1, 0) mode] or 35° [-(1, 1)
mode]. Moreover, for laser excitation at 785 nm, the angle of
incidence could be approximately 23° [-(1, 0) mode]. Therefore,

the imprinted mirror could be utilized in SERS measurements
under various laser lines of excitation.
Previously, NMAs have been used in SERS measurements

a0 under oblique incidence. Mubeen et al. proved that the SERS

efficiency was enhanced upon increasing the angle of incidence.*
They changed the plasmon wavelength of the antenna by using
gap spacers with different refractive indices; nevertheless, the
wavelength regime was confined between only 550 and 700 nm.

s Typically, the plasmon wavelength of an NMA is determined by

the refractive index and the thickness of the spacer. It is very
difficult to achieve a broadband working antenna using just a
single NMA structure. Antennas with different gap spacers or
dielectrics must be employed to match the excitation laser

so wavelength. Therefore, our NIMA was superior to the NMA in

terms of its additional SPR enhancement and broadband
tunability. We could use a single NIMA (i.e., refractive index and
thickness of the spacer both fixed) to achieve a broadband SERS-
active substrate by simply changing the angle of incidence.

ss Moreover, the electromagnetic enhancement of the NIMA

covered wavelengths from the visible to the NIR regime (Fig. 3).
Next, we compared the SERS performances of the NMA and

NIMA using different laser lines for excitation. First, we tested

the two distinct antennas under laser excitation at 532 nm to

s compare their SERS performances. Fig. 4a and 4b display the

measured SERS spectra of 10° M rhodamine 6G (R6G) on both
the NMA and NIMA excited under TM-polarized light at a
wavelength of 532 nm at angles of incidence of 15 and 25°,
respectively. On the imprinted mirror, these two angles of

es incidence, 15 and 25°, corresponded to the excitation conditions

of the —(1, 1) and +(1, 0) SPR modes, respectively, at 532 nm.
Therefore, we expected that the coupling between the LSPR of
the NPs and the SPR on the imprinted mirror would greatly
enhance the SERS performance. In addition to dipole and image

70 dipole coupling, as in the case of the NMA, the imprinted mirror
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T (%) wavelengths at 50°. When the angle of incidence mismatched the
50.00 4 excitation conditions for SPR, the coupling between the NPs and
40.00 the imprinted mirror was similar to that in the NMA. Therefore,
30.00 the SERS signals obtained from the NIMA were only very

20.00
10.00

Wavelength (nm)

Incident angle (degree)

Fig. 3 SPR dispersion diagram of an imprinted Ag mirror having a period
of 400 nm. The dispersion diagram was the collection of zero-order
transmission spectra of the imprinted mirror, measured with incident
angles ranging from 0 to 65° at an increment of 5°.

also introduced SPR enhancement; thus, the electric field
intensity was larger in the NIMA than that in the NMA. As
revealed in Fig. 4a and 4b, the intensity of the signals in the
SERS spectra of R6G adsorbed on the NIMA were higher than
those on the NMA.

Next, we tested the SERS measurements with laser excitation
at 633 nm. Based on the SPR dispersion diagram in Fig. 3, a
single imprinted mirror would induce the (1, 0) SPR mode at 0°
and the —(1, 1) SPR mode at 35° incidence under excitation at
633 nm. Therefore, if we wished to obtain SERS spectra of R6G
under excitation at 633 nm, we could simply change the angle of
incidence to 0 or 35°. Fig. 4c and 4d compare the SERS spectra
of R6G adsorbed on the NMA and NIMA under excitation at 633
nm with angles of incidence of 0 and 35°, respectively; clearly,
the SERS performance of the NIMA was better than that of the
NMA under these conditions. Because the excitation wavelength
(633 nm) was far from the plasmon wavelength of the NMA, the
electric field intensity on the NMA decreased, as did the SERS
performance. On the other hand, because of the periodic
structure—excited SPR, electromagnetic coupling between the
NPs and the imprinted-mirror remained intense; therefore, the
NIMA functioned well under excitation at 633 nm. The working
spectral range of the NIMA was not only in the visible regime but
also in the NIR regime. By changing the angle of incidence to
25°, the —(1, 0) SPR mode of the imprinted mirror was excited at
785 nm. As displayed in Fig. 4e, the signals in the SERS
spectrum of R6G had high intensity when using the NIMA as the
SERS-active substrate. Therefore, the NIMA is a broadband-
tunable SERS-active substrate that possesses high electric field
intensity over the visible and NIR regime.

To verify the influence of the periodic structure—excited SPR,
we measured the SERS spectra of R6G adsorbed on the NIMA
and NMA under different excitation wavelengths at an angle of
incidence of 50°. We chose this angle based on the SPR
dispersion diagram in Fig. 3; the periodic structure—excited SPR
in this study would not be induced at 50° for any laser source
(532, 633, or 785 nm). Fig. 4f-h display the SERS spectra of
R6G adsorbed on the NIMA and NMA under different excitation
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slightly greater than those of the NMA (Fig. 4f-h). These
findings confirmed that the periodic structure—excited SPR
played an important role in the electromagnetic enhancement in
the NIMA. When the angle of incidence was mismatched, the
SPR could not be induced at any of the laser wavelengths, leading
to lower degrees of enhancement of the SERS signals.
Nonetheless, even under mismatched conditions, the NIMA
exhibited SERS performance that was comparable to or slightly
greater than that of the NMA. We provided the angle-dependent
SERS intensity ratio (Iymwa/lnma) Of 1360 cm™ R6G fingerprints
in Fig.S2. The excitation wavelength was 532nm. Here we did
not provide the angle-dependent SERS spectra due to the
following reasons. First of all, in addition to the SPR
enhancement, the intensity of the electric field normal to the
NMA or NIMA surface (Ez) would increase upon increasing the
angle of incidence due to the different LSPR coupling strengths.
Second, the input excitation power density on the sample surface
would decrease under large incident angles due to the broadened
illumination area. The two reasons mentioned above would both
influence the SERS intensity of NIMA and NMA. Therefore, we
proposed the SERS intensity ratio between NIMA and NMA
under the same incident angles would be much more proper to
indicate the SPR effect. The ratio of 1360 cm™ R6G fingerprint
revealed an obvious enhancement in the resonance angles, which
clearly showed that the plasmonic coupling between Ag NPs and
the underlying imprinted Ag mirrors greatly enhanced the SERS
performance.

The outstanding SERS performance of the NIMA originated
from the great electromagnetic enhancement provided by
coupling between the LSPR of the NPs and the SPR of the
imprinted mirror. Here, we used the three-dimensional finite
difference time domain (3D-FDTD) method to simulate the
electric field intensities in both the NMAs and NIMAs. Fig. 5a
displays the simulation model that we employed in this study. We
assumed a random distribution of the NPs on both the textured
mirror and the flat mirror. The simulation volume (a unit cell)
was 1200x1200x800 nm®. The grid sizes were 8 nm in the x, y
direction and 1nm in the z direction. The unit cell was repeated
periodically in the x and y direction, and perfect matched layer
(PML) was adopted in the boundary of z direction. A TM-
polarized plane wave was assumed in the simulation. The
incident angles were dependent on the incident wavelengths
[based on the SPR dispersion diagram (Fig. 3)]—15° and 25° for
532nm, 0° and 35° for 633nm, and 25° for 785nm. We calculated

the Raman signal enhancement (|EZ/E0|4) on the antenna

surface in the simulation domain (enclosed by the dashed red
line). Fig. 5b provides the averaged Raman signal enhancement.
The Raman signal enhancements of the NIMA were stronger than
those of the NMA under excitation wavelengths of 532, 633, and
785 nm at the proposed angles of incidence. The strongest Raman
signal enhancement (ca. 6 x 10°%) for the NIMA occurred when
the frequencies of the LSPR of the NP dimer (the NP and its

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 SERS spectra of 10-6 M R6G adsorbed on NP-mirror and NP-imprinted mirror antennas under excitation at (a, b, f) 532 nm with angles of
incidence of (a) 15, (b) 25, and (f) 50°; (c, d, g) 633 nm with angles of incidence of (c) 0, (d) 35, and (g) 50°; and (e, h) 785 nm with angles of incidence of
(e) 25 and (h) 50°. The arrows in (d) and (e) indicate the missing Raman lines of R6G.

image dipole) and the periodic structure—excited SPR of the
imprinted mirror were coincident (ca. 532 nm). Electromagnetic
coupling between the two surface plasmons resulted in great
enhancement of the electric field intensity and, thus, the Raman
signal enhancement. Although wavelengths of 633 and 785 nm
were far from the LSPR regime of the NP dimer, the periodic
structure—excited SPR still featured intense electromagnetic
coupling between the NPs and the imprinted mirror. The Raman
signal enhancement was more obvious at larger angles of
incidence. Because electromagnetic coupling was induced in a
direction normal to the mirror surface, the electric field
oscillating in this direction dominated the Raman signal
enhancement. Under oblique incidence, the incident TM-
polarized light would contribute more to the electric field

component normal to the mirror surface; therefore, plasmonic

20 coupling became more apparent and led to a greater enhancement

of the Raman signals. For example, the Raman signal
enhancement was greater at 25° than at 15° under excitation at
532 nm; in addition, the enhancement was greater at 35° than at
0° under excitation at 633 nm. Notably, in the NMA system, there

25 was negligible coupling between the NPs and the underlying flat

mirror at normal incidence with excitation of 633 nm because
there was no normal component of the incoming electric field. On
the other hand, in the NIMA system, the imprinted mirror would
induce a surface plasmon polariton propagating along the surface

30 and possessing an electric field oscillating in the direction normal

to the surface. Therefore, plasmonic coupling was possible even
when the system was under excitation at normal incidence; this

This journal is © The Royal Society of Chemistry [year]
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feature was absent in the NMA system.

We have demonstrated that the SERS performance of our
NIMA was much better than that of the previously reported
NMA. This improved performance originated from plasmonic

s coupling between the NPs and the underlying imprinted mirror.
The periodic metal structures on the imprinted mirror excited the
SPR.

The structural depth would have a large influence on the coupling
efficiency of the incoming light into surface plasmon polariton;
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Fig. 5 (a) Schematic 3D-FDTD simulation models of the NMA and
NIMA. The dashed red line encloses the simulation domain: a 1200 nm x

45 1200 nm x 800 nm unit cell that periodically repeated in x-y plane. (b)
Average electric field enhancement in the NMA and NIMA.

therefore, it would influence the Raman signal enhancement. Fig.
6 compares the SERS performances (excitation at 633 nm; 0 and
35° incidence) of the NIMASs prepared under imprinting pressures
soof 1, 3, and 5 MPa; Fig. 2 presents the corresponding
morphologies. When we increased the imprinting pressure, the
consistency of the textured structures and the deeper trenches
resulted in significant coupling of the incoming light into the
surface plasmon polariton, leading to more intense SPR. The
ss SERS spectra reveal that the intensity of the Raman signals
increased when using the NIMAs prepared at higher imprinting
pressures. This observation implies that the SPR from the
imprinted mirror did indeed contribute to the SERS enhancement,

as proposed.

e In addition to the trench depth, the plasmonic modes also
influenced the coupling efficiency and strength between the NPs
and the imprinted mirror. Typically, the resonance intensities of
lower-order plasmonic modes are greater than those of higher-
order ones. Therefore, using a lower plasmonic mode to the

es Working wavelength regime is preferred. Here, we prepared two
different NIMAs having periods of 400 and 800 nm, respectively.
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Fig. 6 SERS spectra of 10° M R6G adsorbed on NIMAs prepared using
various imprinting pressures, under excitation at 633 nm with angles of
incidence of (a) 0 and (b) 35°.

Fig. 7a displays top-view and 3D AFM images of the imprinted
100 Ag mirror having a period of 800 nm. Fig. 3 and 7b present SPR
dispersion diagrams of the NIMAs having periods of 400 and 800
nm, respectively. As the SPR dispersion diagram indicates, the
fundamental SPR mode of the NIMA having a period of 800 nm
was excited in the NIR regime, whereas that of the NIMA having
10s & period of 400 nm was induced in the visible regime. We
obtained SERS measurements under excitation at 633 nm at an
angle of incidence of 35°, where the —(1, 1) and —(2, 0) modes for
the NIMAs were located for the structures having periods of 400
and 800 nm, respectively. Fig. 7c presents SERS spectra of 1 uM
R6G adsorbed on the two NIMAs. The NIMA having a period of
400 nm enhanced the intensity of the Raman signals to a greater
extent than did the NIMA having a period of 800 nm. As
described above, the electric field enhancement of the NIMA
came from electromagnetic coupling between the LSPR of the
us NPs and the SPR of the underlying imprinted mirror; therefore,
the intense SPR would contribute to stronger coupling. By

11
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changing the period of the metallic structures on the imprinted
mirror as well as the angle of incidence, we could obtain
broadband antennas for SERS and SERRS.
SERRS is a technique that enhances the Raman signals of
s analytes adsorbed on metallic nanostructures by matching the
excitation laser wavelength to both the absorbance regime of the
analytes and the plasmon wavelength of the metallic
nanostructures.?22* % 2" Matching the excitation laser wavelength
to the absorption band of the analytes can contribute additional
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Fig. 7 (a) Top-view and 3D AFM images and (b) SPR dispersion diagram
of an imprinted Ag mirror having a period of 800 nm. (c) SERS spectra of

55 10°° M R6G adsorbed on NP-imprinted mirrors having periods of 400 and
800 nm, respectively.

resonance enhancement to the SERS. Previously, NP-based
SERS substrates have been synthesized with NPs featuring

various complicated morphologies, including nanorods,*
o0 nanostars,*! nanobranches,”> and nanoshells,** for operation at
different working wavelengths. These NPs did not, however,
function over a broadband working regime because their LSPRs
could be excited at only specific wavelengths. In the NMA or
other SERS structures, it is very difficult to achieve broadband
es plasmon wavelengths when using only a single antenna structure.
Thus, antennas with different sizes, gap spacings, or dielectric
spacers would have to be applied according to the excitation laser
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us Fig. 8 (a) Absorbance spectra of R6G, MG, and CF790. (b, c) SERRS
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at 633 nm with angles of incidence of (b) 0 and (c) 35°. (d) SERRS
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spectra of 10° M CF790 adsorbed on the NMA and NIMA under
excitation at 785 nm with an angle of incidence of 25°.

wavelength and the absorbance regime of the various analytes. As
described above, the NIMA would be a versatile substrate for
s SERRS applications because of wide-ranged coupling between
the LSPR of the NPs and the periodic structure—excited SPR of
the imprinted mirror.
We used the NMA and NIMA to detect three analytes
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10 Fig. 9 SERS spectra of (a) 10 M and (b) 10** M R6G adsorbed on the

NIMA, the NMA, NPs-on-glass substrates, an imprinted mirror, and a flat

mirror (i: NIMA; ii: NMA,; iii: NPs on glass; iv: imprinted mirror; v: flat
mirror).

possessing distinct absorbance regimes (Fig. 8a)—R6G (A =
15 525 nm), malachite green (MG; A, = 615 nm), and CF790 dye
(Aaps = 783 nm). Due to the distinct absorbance regime of the

analytes, we used different excitation wavelengths to measure
their SERRS signals. Here, we applied three different excitation
wavelengths—532, 633, and 785 nm—that were close to the
20 absorption wavelengths of the analytes, allowing the resonance
Raman signals to be obtained. Fig. 4 displays the SERS spectra of
R6G recorded at various excitation wavelengths and angles of
incidence. The SERS spectra recorded under excitation at 532 nm
exhibited most of the characteristic Raman lines of R6G—at
25 1273, 1311, 1360, 1507, 1573, 1607, and 1647 cm™. We assign
the signal at 1273 cm™ to the C—O—C stretching mode and the
other lines to aromatic C—C stretching modes.** Unlike the SERS
spectra obtained with excitation of the NMA structure at other

wavelengths, excitation at 532 nm provided additional resonance
30 enhancement, leading to the most characteristic Raman spectrum

of R6G. For example, Fig. 4d and 4e display the SERS spectra of

R6G adsorbed on the NMA upon excitation at 633 nm (the signal

at 1273 cm* is almost absent) and 785 nm (additional signals

became very weak), respectively. On the other hand, because the
35 absorbance regime of MG was located near 633 nm, the SERS
substrate having its plasmon wavelength at 633 nm was the most
suitable for detecting this analyte; conveniently, we could
enhance the electric field intensity of the NIMA at 633 nm by
simply changing the angle of incidence to 35°. Fig. 8b and 8c
display the SERRS spectra of MG adsorbed on the NMA and the
NIMA with excitation at 633 nm at angles of incidence of 0 and
35°, respectively. Because of strong electromagnetic coupling,
the NIMA enhanced the Raman signals of MG to a greater extent
than did the NMA. Compared with the SERS spectra obtained
with excitation at other wavelengths, the SERRS spectra excited
at 633 nm featured the most characteristic Raman lines of MG
(1184, 1225, 1299, 1374, 1398, 1490, 1588, and 1612 cm™), due
to the additional resonance enhancement. On the other hand,
many characteristic lines were almost absent in the SERS spectra
so of MG adsorbed on the NMA structure under excitation at 532 or

785 nm (Fig. S3). Although the NMA experienced

electromagnetic enhancement at 532 nm, it could not induce all

of the Raman signals. In comparison, the stronger

electromagnetic enhancement of the NIMA induced all of the
ss Raman signals at the resonance excitation wavelength—and most
of them even at non-resonance wavelengths (Fig. S3). Therefore,
the SERS and SERRS performances of the NIMA were superior
to those of the NMA. Similarly, we readily obtained the NIR-
SERRS spectra of the dye CF790 when using the NIMA with
excitation at 785 nm (Fig. 8d and S4). Notably, we attribute the
stronger Raman scattering intensity to the resonance
enhancement.

In this study we did not, however, compare the intensities of
the signals in the SERS spectra under different excitation
es wavelengths or angles of incidence, for the following reasons.

First, the Raman scattering cross-section of the analytes was

inversely proportional to the excitation wavelength to the power

of four. Second, the laser light sources (as described in the

Methods) that we used in these experiments had different input
70 powers, which would also influence the SERS intensity. Third,
the intensity of the electric field normal to the NMA or NIMA
surface would increase upon increasing the angle of incidence,
resulting in different coupling strengths. For these reasons, any
comparisons of the intensities after excitation at different
wavelengths or angles of incidence would give no additional
information about the resonance enhancement. Nevertheless, we
could still observe resonance enhancement for the most-
characteristic Raman lines when excited by the resonance
wavelengths. Therefore, the NIMA possessed a wide working
spectral regime, from the visible to the NIR; such a broadband
operating range in a single structure is very difficult to achieve
when using an NMA or another type of SERS substrate, as
mentioned above.

Finally, we compared the SERS performance of the NIMA
85 With those of other SERS-active substrates. Here, we prepared a
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NIMA, an NMA, three NPs-on-glass substrates (with the same
number density of NPs on each surface), and an imprinted mirror
and a flat mirror (both without NPs). The corresponding angle-
dependent transmission or reflection spectra of these substrates
were provided in the supplementary information, and the
plasmonic properties of these substrates could be readily
observed (Fig. S1 and S5). We measured the SERS spectra of 1
pM (1072 M) and 1 fM (107*® M) R6G adsorbed on these SERS-
active substrates at an angle of incidence of 35° under excitation
at 633 nm—far from the LSPR wavelength of an isolated Ag NP.
The SERS spectra in Fig. 9a and 9b reveal that the NIMA
enhanced the Raman signals dramatically when compared with
other substrates. Because of weaker coupling between the NPs
and the underlying flat mirror at a wavelength of 633 nm, the
Raman signals of the NMA were much less intense than those of
the NIMA. In addition, the Ag NPs on glass contributed little
SERS enhancement to the Raman signals. Because of the
mismatch between the LSPR wavelength of the Ag NPs (ca. 430
nm) and the excitation wavelength (633 nm), the Ag NPs on glass
were less-efficient SERS-active substrates when compared with
the NIMA. Finally, the SERS performance of the imprinted
mirror lacking Ag NPs was better than that of the flat mirror, but
worse than that of the NIMA, the NMA, or the NPs on glass.
Therefore, we can confirm that coupling between the LSPR and
the periodic structure—excited SPR was responsible for the largest
electromagnetic enhancement, and that our NIMAs are more
robust, broadband, SERS-active substrates than are other
common SERS-active substrates. In addition, their limits of
detection could reach less than 107*° M.

Conclusions

In summary, we have used a direct nanoimprint-in-metal method
to prepare incident angle-tunable, broadband, ultrahigh-
sensitivity NIMAs. Without the need for developing or etching
processes, we obtained 2D periodic structures on mirror surfaces.
The strong electric field intensity of the NIMA arose from
electromagnetic coupling between the LSPR of the NPs and the
periodic structure—excited SPR on the imprinted mirror. Notably,
the electric field intensity in the NIMA was enhanced to a greater
degree than those in the conventional NMA or other NP-based
SERS-active substrates. Moreover, the period of the textured
structure of the NIMA and the angle of incidence could be varied
to modulate the SPR wavelength. Our NIMAs are broadband
SERS-active substrates possessing working regime from the
visible to the NIR. Compared with other SERS-active substrates,
the NIMAs achieved their broadband enhancement from single
structures, rather than the application of various substrates having
different periods or morphologies. In addition, the SERS
performance of a NIMA increased when it featured a deeper,
more consistent structure. On the other hand, the SPR modes also
influenced the SERS performance. A lower-order SPR mode
provided stronger intensities; therefore, the greatest electric field
intensity occurred after coupling the LSPR with the lower SPR
mode. In conventional NP-based SERS-active substrates and the
NMA, it can be difficult to achieve a wide working regime using
a single type of structure; therefore, the NIMAS are more suitable
for SERRS applications. By changing the angles of incidence, we
could obtain the SERRS spectra of analytes (e.g., R6G, MG,
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CF790) that absorb over ranges from the visible to the NIR. We
have also demonstrated that the NIMA is superior to other
common SERS-active substrates, with the detection of R6G
possible at a concentration as low as 107 M.

Methods
Imprinted Ag Mirrors: Fabrication and Characterization

A 50-nm-thick Ag film was first deposited on a 365-pum-thick PC
substrate by operating a sputtering system at a rate of 3 A/s. The
Si master mold was fabricated using electron beam lithography.
The nanoimprint-in-metal method was performed by imprinting
the Si master mold onto the Ag film at various pressures. The
system was maintained at 150 °C during the imprinting process.
After imprinting, the Ag film/Si master mold was cooled to room
temperature and then demolded. The morphologies and depths of
the imprinted mirrors were measured using a scanning electron
microscopy (JEOL, JSM-6700F) atomic force microscopy
(Veeco, D5000); Angle-dependent zero-oprder transmission and
reflection  spectra were measured using an optical
spectrophotometer (Hitachi, U4100) with TM-polarized incident
light. Angle-dependent zero-order transmission spectra of
imprinted mirrors was measured in order to obtain the SPR
dispersion diagram.

NP-imprinted mirror antennas (NIMAs)

The NIMA was fabricated by self-assembling Ag NPs (diameter:
100 nm) onto the imprinted mirror. First, the imprinted Ag mirror
was immersed in 1 mM (3-aminopropyl)trimethoxysilane
(APTMS, Sigma—Aldrich) in EtOH and incubated for 12 h. After
a self-assembled monolayer (SAM) of APTMS had formed on
the imprinted Ag mirror surface, the imprinted mirror was rinsed
sequentially with EtOH and deionized water to remove any non-
bound APTMS. An aliquot (400 puL) of a Ag NP suspension (Ted
Pella) was placed on the imprinted Ag mirror for 1 h. After the
Ag NPs had immobilized on the imprinted mirror surface, the
samples were rinsed with deionized water and dried under a flow
of N,. The SAM of APTMS acted as a spacer that helped to bind
the Ag NPs while separating them from the underlying mirror.
The NMAs and the NPs-on-glass substrates were also fabricated
using this self-assembly process.

Surface-enhanced Raman scattering (SERS) measurement

The NMAs and NIMAs were incubated in analyte solutions of
R6G (Sigma—Aldrich), MG (Sigma—Aldrich), and the laser dye
CF790 (Sigma—Aldrich) for 12 h, all at a concentration of 10°M.
All materials were used as received. For measurements at
ultralow concentrations, the NIMA, the NMA, the NPs-on-glass
substrates, the imprinted mirror, and the flat mirror were
incubated in 1 pM (102 M) and 1 fM (10*® M) R6G solutions
for 12 h to determine the limits of detection. Raman spectra were
recorded using a commercial Raman microscope (Protrustech,
BWII) equipped with a monochromator having a focal length of
75 cm. The excitation laser lines were 532 nm (diode laser), 633
nm (He-Ne laser), and 785 nm (diode laser). The incident powers
on the samples were 2 mW (532 nm), 1.7 mW (633 nm), and 7.3
mW (785 nm) when the analytes were R6G and MG; because of
its high fluorescence, the incident powers on the samples were
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attenuated to 0.52 mW (532 nm), 0.17 mW (633 nm), and 0.73
mW (785 nm) when measuring the SERS spectra of CF790. In all
measurements, the incident light was TM-polarized, a 100x
objective lens was used, and the signal integration time was 1 s

s under excitation at 532 nm and 10 s under excitation at 633 or
785 nm. The samples were positioned on a rotation stage so that
the angles of incidence could be tuned throughout the SERS
measurement process.
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