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Abstract

We demonstrate a surface-enhanced Raman scattering (SERS) substrate consisting of a closely
spaced metal nanodome array fabricated on flexible plastic film. We used a low-cost, large-area
replica molding process to produce a two-dimensional periodic array of cylinders that is
subsequently overcoated with SiO, and silver thin films to form dome-shaped structures. Finite
element modeling was used to investigate the electromagnetic field distribution of the nanodome
array structure and the effect of the nanodome separation distance on the electromagnetic field
enhancement. The SERS enhancement from the nanodome array substrates was experimentally
verified using rhodamine 6G as the analyte. With a separation distance of 17 nm achieved
between adjacent domes using a process that is precisely controlled during thin film deposition,
a reproducible SERS enhancement factor of 1.37 x 10® was demonstrated. The nanoreplica
molding process presented in this work allows for simple, low-cost, high-throughput fabrication
of uniform nanoscale SERS substrates over large surface areas without the requirement for high
resolution lithography or defect-free deposition of spherical microparticle monolayer templates.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Due to its capability for specific chemical identification
through measurement of vibrational energies associated with
chemical bonds in molecules, Raman spectroscopy is a
powerful and versatile method for label-free molecular
identification. As a general purpose analytical method, the
applications for Raman spectroscopy span a broad range
of fields that includes protein—protein interaction analysis,
DNA/RNA hybridization, aptamer conformational change,
viral particle detection, bacteria identification, and detection
of explosives [1-6]. As first observed and theoretically
understood, the extremely small Raman scattering cross
section may be enhanced when a molecule is in close
proximity to a roughened metal surface that supports regions
of heightened electromagnetic field intensity [7, 8]. The first
demonstrated surface-enhanced Raman spectroscopy (SERS)
substrates, providing enhancement factors of ~10°, were made
from electrochemically roughened silver electrodes produced
by repeated oxidation-reduction cycles [7-9]. The SERS
enhancement enables Raman scattering spectra to be gathered
rapidly with substantially less laser power, resulting in many
detection applications becoming more feasible, provided that
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the analytes have an opportunity to come into contact with the
SERS-active surface.

In recent years, with advancements in nanofabrication
technology and the broad availability of computer simulation
tools that enable investigation of the interactions of
metal/dielectric nanostructures with electromagnetic fields,
a wide variety of nanoparticle shapes and structures have
been demonstrated as SERS-active surfaces with greater
enhancement factors. For example, colloidal metal (silver or
gold) nanoparticle clusters of 100—150 nm diameter, dispersed
in solution have been used to achieve single-molecule SERS
detection, with reported enhancement factors as high as
~10" [10, 11]. Nanoparticles with sharp tips, such as metallic
‘nanocrescents’ have demonstrated enhancement factors of
>10' through the effects of electromagnetic field focusing
into a small volume when the particle couples with an
externally applied laser source through surface plasmons [12].
While SERS approaches using colloidal metal aggregates can
produce large enhancement factors, their use is limited due to
the lack of enhancement factor reproducibility and low overall
‘hot spot’ volume density stemming from their sensitivity to
random nanocluster morphology [13, 14].
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Compared to SERS-active nanoparticles suspended in
solution, SERS-active surfaces can be fabricated with
engineered three-dimensional topologies using a wide variety
of lithography approaches to precisely define desired features.
SERS surfaces are especially desirable in applications for
which one wishes to measure Raman spectra without adding
nanoparticles to a test sample, and for multiplexed arrays
of Raman measurements. For example, using electron-beam
lithography to fabricate uniform, closely spaced circular,
triangle, and square shaped metal nanoparticle arrays with
interparticle spacing of 75-250 nm, reproducible SERS
enhancement factors of ~10° have been demonstrated [15-18].
Recently, electron-beam lithography patterning of arrays of
200 nm diameter gold nanocylinders has been combined with
gold chemical reduction to create ‘plasmonic nanogalaxy’
substrates that exhibit a cascade enhancement effect to
generate a spatially averaged SERS enhancement factor up
to ~10% [19]. Although large enhancement factors can be
achieved using the high resolution capabilities of electron-
beam lithography, the applications of such devices are limited
due to the time (and associated cost) of producing such
structures over surface areas greater than a few square
millimeters. For this reason, there has been intense research
interest in the development of processes for creating SERS
substrates with a high density of electromagnetic hot spots
using procedures that are more amenable to low-cost and
large-area fabrication. For example, soft lithography has
been used to fabricate SERS plasmonic crystals with ~20 x
20 mm? area with an enhancement factor of 10°, and nanowell
structures on a 4 inch diameter wafer with an enhancement
factor of 107 [20, 21]. Likewise, nanosphere lithography
(NSL) and metal film over nanosphere (MFON) structures are
effective SERS substrates in which arrays of metal triangles
(for NSL) or metal domes in a periodic hexagonal lattice (for
MFON) are created by deposition of metal thin films over
a monolayer or multilayer of close-packed polymer or silica
spheres [22-24]. MFON structures have demonstrated SERS
enhancement factors of up to 107 on substrates with diameter
reported as large as 18 mm [25, 26]. Uniform patterning of
the MFON surface is dependent upon the ability to produce
a defect-free monolayer of ~500-600 nm diameter polymer
or silica spheres using processes such as drop coating, spin
casting or controlled withdrawal of the substrate from a liquid
bath.

Nanoreplica molding has been demonstrated as a low-
cost method for manufacturing periodic surface structures for
a variety of applications. The method is performed using
low force at room temperature to produce nanometer-scale
structures with high uniformity over a large surface area using
a patterned silicon wafer as a reusable molding template.
The area of nanoreplica molded surfaces is ultimately limited
only by the size of the silicon wafer. However, the process
has been adapted for fabrication upon continuous sheets of
flexible plastic film in a roll-to-roll process that is capable
of producing nanostructured surfaces on the scale of square
meters [27]. Nanoreplica molding has been demonstrated
for a variety of devices, including photonic crystal label-
free biosensor microplates [28, 29], photonic crystal enhanced
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Figure 1. Cross section diagram of the nanoreplica molding process.
(a) Fabrication of silicon master wafer template with 400 nm period
2D circular hole structure using nanoimprint lithography and reactive
ion etching to a depth of 130 nm. (b) Distribution of liquid-state UV
curable polymer between the silicon master wafer and the PET
substrate with subsequent solidification by UV light exposure. (c)
Release of the PET substrate, resulting in a polymer replica of the
silicon wafer structure adhered to the PET sheet. (d)—(e) Deposition
of SiO, followed by Ag on the replicated surface using
electron-beam evaporation.

fluorescence microscope slides [30, 31], distributed-feedback
laser biosensors [32], tunable optical filters [33], scaffolds
for cartilage engineering [34], microplasma displays [35], and
microfluidic channels [36-38]. In this work, we report on
the demonstration of a SERS-active substrate comprised of a
close-packed array of ~311-377 nm diameter dome structures,
fabricated by a process that combines nanoreplica molding
and unpatterned blanket deposition of SiO, and Ag thin films.
The thin film deposition process is used to control the spacing
between adjacent domes with nanometer-scale precision to
provide a uniformly distributed array of SERS hot spots that
can be produced over a large surface area. An enhancement
factor of 1.37 x 108 is demonstrated within the hot spot regions,
resulting in an enhancement factor of 3.16 x 10° when the
enhancement is averaged over the entire available surface area.

2. Nanoreplica molding process

A process flow diagram is shown in figure 1. First, nanoimprint
lithography (Molecular Imprints) and reactive ion etching were
used to pattern an 8 inch (200 mm) diameter silicon wafer with
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a two-dimensional array of 300 nm diameter holes (period =
400 nm, depth = 130 nm), in 8 x 8 mm? dies to produce
a mold template with overall feature dimensions of 120 x
120 mm? (figure 1(a)). The completed silicon mold template
was subsequently immersed in dimethyl dichlorosilane (GE
Healthcare) solution for 5 min followed by ethanol and DI
water rinse. This treatment creates a hydrophobic silane
layer on the silicon template surface which prevents cured
polymer replica from adhering and therefore promotes clean
release of the replica. Next, a negative volume image of
the silicon surface structure was formed by pipetting liquid
UV curable acrylate modified silicone polymer droplets with
curing spectral range of 250-364 nm (Gelest Inc.) on the
silicon wafer, placing a 250 pum thick flexible polyethylene
terephthalate (PET) sheet on top, and using a Teflon roller to
distribute the liquid polymer layer between the silicon wafer
and the PET substrate. The liquid polymer which conformed
to the shape of the features on the wafer was subsequently
cured to a solid state by scanning UV light exposure throughout
the entire surface for 90 s using a linear motion stage to
translate the wafer. A high intensity pulsed UV curing system
(Xenon Inc.) with spectral cutoff at 240 nm, peak power
density of 405 W cm™2, pulse repetition rate of 120 Hz,
and pulse width of 25 pus was used (figure 1(b)). After
curing, the molded structure was released from the wafer by
peeling away the PET, resulting in a polymer replica of the
silicon wafer structure adhered to the PET sheet (figure 1(c)).
The replica molding process results in the formation of a
rectangular array of ~130 nm tall polymer cylinders that are
separated by ~100 nm at their outer perimeters. In order
to produce a SERS-active surface with metal nanostructures
that are separated by distances smaller than 100 nm, SiO,
was applied over the polymer cylinders by electron-beam
evaporation (figure 1(d)). Through control of the deposited
Si0; thickness (SiO; films of 0, 50, 75, 100, and 125 nm were
investigated), the cylindrical polymer surface evolves into a
dome structure with a radius that increases with SiO, thickness.
Si0; deposition is followed by application of a 200 nm silver
thin film by electron-beam evaporation to complete the device
(figure 1(e)). Figure 2 shows the image of the completed SERS
nanodome array substrates fabricated on flexible PET sheets,
cut into 70 x 100 mm? area. The nanoreplica molding process
was performed over an area of 120 x 120 mm?.

The SiO, thickness was used to control the nanodome
separation distance, which is the most important variable for
determination of the SERS enhancement factor. Scanning
electron microscope (SEM) images of the fabricated SERS
substrates are shown in figure 3. The SEM images (top
view) were used to measure the minimum separation distance
between adjacent domes from the base, resulting in the
relationship shown in figure 4. For SiO, thicknesses of 0, 50,
75, and 100 nm, the separation distances for the nanodome
arrays were 84, 59, 33, and 17 nm with the nanodome base
diameters of 311, 344, 363, and 377 nm, respectively. We
found that when the SiO, thickness exceeded 100 nm, the
dome spacing reduced to zero, resulting in domes that touch
each other, as shown in figure 3(e). SEM measurements
confirmed that the replica molded structures have a period of

Figure 2. Image of the completed SERS nanodome array substrates
fabricated on flexible PET sheets, cut into 70 x 100 mm? area. The
nanoreplica molding process was performed over an area of

120 x 120 mm?.

~400 nm, as would be predicted by the period of the silicon
mold template.

3. Computational analysis of field distribution and
Raman enhancement

Since the discovery of the SERS phenomenon, the main
enhancement mechanisms which have been proposed are the
electromagnetic enhancement effect, the chemical enhance-
ment effect, and enhancement of the photonic density of
states [9, 39, 40]. It is generally agreed that the SERS enhance-
ment can be approximated by the electromagnetic mechanism
due to the enhanced electromagnetic fields originating from
the localized surface plasmon resonance (LSPR) effect on both
the incident laser and the Raman scattered radiation frequency
from the analyte molecules on metal nanostructures. Such
theoretical SERS enhancement has been described by the
following expression [17, 41, 42]

| Eloc (wex) |2 |Eloc(ws)|2

EFsgrs
|Eo(wex) | | Eo(ws)]?

D

where Ejo(wex) is the amplitude of the enhanced local electric
field at the laser excitation frequency, Eo(wex) is the amplitude
of the incident electric field (provided by the laser) at the
laser excitation frequency, Ejo.(ws) is the amplitude of the
enhanced local electric field at the Raman scattered frequency,
and Ey(ws) is the amplitude of the electric field at the Raman
scattered frequency (radiated by the analyte molecules).

In order to investigate the characteristics of the nanodome
array structure as a SERS substrate and to study the effect
of inter-dome separation distance on the SERS enhancement
described by equation (1), finite element method (FEM)
modeling using a commercially available software package
(COMSOL Multiphysics) was utilized to map the electric
field distribution around the nanodomes. The result of the
3D simulation of the electric field distribution between two
adjacent nanodomes within the array is shown in figure 5(a)
with the scale bar on the right side representing the normalized
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Figure 3. SEM images of nanodome array substrates. (a) Ag coated nanodome array substrate with measured dome separation distance of
17 nm. (b) Close-up view of the nanodome array in (a). (c) Tilted view of nanodome array substrate in (a) and (b). (d) Ag coated nanodome
array substrate with measured dome separation distance of 84 nm. (e) Ag coated nanodome array substrate with domes touching each other.

(f) UV cured polymer replica before SiO, and Ag deposition.
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Figure 4. Plot of the measured nanodome separation distance (red
squares, left axis) and diameter (blue circles, right axis) as a function
of SiO, thickness deposited on the replica.

amplitude of the scattered electric field with respect to the
incident electric field amplitude. The regions of enhanced
electric field are clearly visible in the area between adjacent
nanodomes where the separation distance is minimum, as
expected due to the coupling effect of LSPR field enhancement.
To approximate the conditions in our measurement apparatus,
the nanodome arrays in the simulation were excited with a
normally incident plane wave at A = 785 nm, propagating in
the —z direction with linear polarization in the x direction. The

simulation was performed by approximating the metal-coated
nanodome structure as a hemisphere. The nanodome array
was modeled as a dimer structure with symmetric boundary
conditions on the sidewalls of the simulation boundary, in
order to reduce the computational load. Figure 5(b) shows
the maximum values of Raman enhancement calculated using
equation (1) from the FEM modeled electric field distribution
for the laser excitation and the Raman scattered wavelength
corresponding to a wavenumber shift of ~1370 cm~' for
nanodome arrays of inter-dome separation distances of 17,
33, 59, and 84 nm, to match the spacings measured by
SEM.

4. Experimental SERS measurement

In order to experimentally verify the effect of nanodome
spacing on SERS intensity, 1 uM rhodamine 6G (R6G)
solution was applied to each substrate. The Raman
measurement was performed using a 30 mW laser operating
at A = 785 nm, which was focused on the substrate surface
by a 10x objective lens (NA = 0.28), resulting in a
probe spot radius of 10 um. SERS photons were collected
by the same objective lens, into a spectrometer (Princeton
Instruments) comprised of a SP2300i monochromator and
a PIXIS 400 CCD (1340 x 400 pixel array) using an
integration time of 1 s. The collected SERS signals were
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Figure 5. (a) 3D FEM simulation of the electric field distribution
around the Ag nanodomes. The scale bar on the right side represents
the normalized amplitude of the scattered electric field with respect
to the incident electric field amplitude. The nanodome arrays were
excited with an incident plane wave at 785 nm, propagating in the —z
direction with linear polarization in the x direction. The nanodome
array was modeled as a dimer structure with symmetric boundary
conditions on the sidewalls of the simulation boundary. (b)
Maximum Raman enhancement calculated from the FEM simulation
of electric field distribution around the nanodome array for the laser
excitation (A = 785 nm) and the Raman scattered wavelength
corresponding to wavenumber shift of ~1370 cm™! for inter-dome
separation distances of 17, 33, 59, and 84 nm.

processed using a multi-polynomial fitting method to remove
background, and a Butterworth low-pass filter to remove
noise [43]. Figure 6 shows the experimentally measured
relative SERS intensity, defined as I (d) /I (dmax) Where diax =
84 nm, of the substrates as a function of nanodome separation
distance d plotted as black hollow dots. The SERS intensity
values were measured at a Raman peak corresponding to
a wavenumber shift of 1370 cm~!. The error bars in
the figure represent 1 standard deviation of the relative
intensity obtained for five measurement locations throughout
the nanodome array substrates for each inter-dome separation
distance. Figure 6 also shows the FEM-simulated relative
SERS enhancement values with respect to the nanodome
spacing marked as red squares. As shown in figure 6, SERS
intensity/enhancement dependence on inter-dome spacing
shows a very good agreement between the experimentally
measured and simulated values. The inset in the figure
shows example SERS spectra for devices with different
separation distances ranging from 17 to 84 nm. The SERS
intensity observed from the experiment demonstrates that
SERS enhancement is very sensitive to inter-dome spacing,
and suggests that even higher enhancements may be achievable
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Figure 6. Plot of relative SERS intensity (I (d)/I (dm.x = 84 nm)) as
a function of nanodome separation distance, d, for 1 uM R6G,
measured at the Raman peak corresponding to a 1370 cm™!
wavenumber shift. Experimentally measured relative SERS
intensities are marked as black hollow dots with error bars
representing 1 standard deviation for five measurement locations
throughout the nanodome array substrates for each dome separation
distance (n = 5). Relative SERS enhancement values obtained from
the FEM simulation are plotted as red squares. The inset shows
example SERS spectra for the nanodome array substrates with
nanodome spacings ranging from 17 to 84 nm.

by controlling the spacing below 17 nm. Interestingly, when
adjacent nanodomes are allowed to touch each other (d =
0 nm), the enhancement abruptly drops down to the same value
obtained when the inter-dome spacing is large. This suggests
that the majority of the enhancement comes from the ‘hot spot’
region located in the volume between adjacent nanodomes with
enhanced electromagnetic field intensity from inter-dome near-
field interaction, consistent with the electric field distribution
obtained from the FEM model.

5. SERS enhancement factor measurement

In order to experimentally measure the SERS enhancement
factor for the nanodome array substrates, a concentration series
of R6G molecules (1 nM—-10 uM) were deposited on a SERS
sensor surface with an inter-dome separation distance of d =
17 nm. 1 mM R6G was also deposited on the same substrate in
the area outside of the nanodome region to serve as a reference.
Using the same detection instrumentation and measurement
parameters outlined previously, the SERS spectra shown in
figure 7 were obtained.

The experimentally measured enhancement factor (EF) for
a SERS system is given as [42]

I N,
EFSERS _ SERS/ surf (2)

I ref / N bulk

where Isgrs is the surface-enhanced Raman intensity, Nyt
is the number of molecules within the enhanced field (hot
spot) region of the metallic substrate contributing to the
measured SERS signal, I is the Raman intensity from the
reference region, and Nyyk is the number of molecules within
the excitation volume of the laser spot for the analyte on
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Figure 7. SERS spectra of R6G molecules ranging from 1 nM to
10 uM on the nanodome array substrate with d = 17 nm and 1 mM
R6G on the reference surface without the nanodome array (the
reference spectrum was multiplied by a factor of five in the plot).

the reference region. Ny, was calculated by the following
equation
Nouix = r2heNy 3)

where r is the radius of the excitation laser spot (10 pm),
h is the thickness of the R6G spot on the reference region
(0.72 pum), c is the molar concentration of the R6G analyte on
the reference region (I mM), and N, is Avogadro’s number.
Nt Was defined to be the number of molecules occupying
the volume of the hot spot region with high enhancement of
the local electric field. The volume of the hot spot region for
calculation of Ng,r was determined from the FEM simulation
of the electric field distribution around the nanodomes. The
hot spot region was assumed to be bounded by the distance
to which the exponentially decaying enhanced electric field in
the hot spot region is reduced by a factor of 1/e. The electric
field amplitude plots along the y and z directions through
the maximum were fitted to an exponential decay function
to obtain the 1/e distance along the y and z directions. For
the distance in the x direction, the average distance between
adjacent domes at 1/e values in the z direction was used,
approximating the curvature of the dome to be linear. Using
the volume fraction of the hot spot and the SERS intensity from
the 1370 cm ™! peaks of 1 nM R6G on the SERS-active region
and 1 mM R6G on the reference region for Isgrs and I,
respectively, the SERS EF was calculated to be 1.37 x 103, The
preceding calculation of enhancement factor describes only the
enhancement that occurs within the region of highest electric
field, and does not account for the fact that only a portion
of the available surface area of the substrate is supporting an
elevated electric field. To take into account the volume density
of hot spots, the spatially averaged EF can also be calculated.
For spatially averaged EF, all analyte molecules within the
excitation laser spot volume are assumed to contribute equally
to the measured SERS signal, so the volume fraction of the
enhanced field region is not considered for the calculation. The
spatially averaged EF, which represents an underestimation of
the local EF from equation (2), provides a more practical,
experimentally measured value of the SERS enhancement. The

spatially averaged EF of the Ag nanodome array substrate was
calculated to be 3.16 x 10°.

6. Conclusion

In this paper, we have demonstrated a SERS substrate
consisting of a closely spaced array of metal-coated
dielectric nanodomes fabricated utilizing a low-cost, large-
area nanoreplica molding method, in which the inter-dome
spacing is precisely controlled through the thickness of
SiO; and Ag thin films deposited over a replica molded
array of polymer cylinders. FEM simulation was used
to investigate the electromagnetic field distribution between
adjacent nanodomes, where excellent agreement between
the experimentally measured and simulated values for the
intensity/enhancement dependence on inter-dome spacing was
obtained. An experimentally measured SERS enhancement
factor of 1.37 x 10® was demonstrated for the SERS substrate
presented in this work. The nanoreplica molding process
allows simple, low-cost fabrication of the required surface
features over a large area, providing a path towards mass
production of SERS substrates with high enhancement factors.
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