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Here we show how surface-enhanced Raman spectroscopy (SERS)
features can be fine-tuned in optically active substrates made of
layered materials. To demonstrate this, we used DNA-assisted
lithography (DALI) to create substrates with silver bowtie nano-
particle—aperture pairs and then coated the samples with rhoda-
mine 6G (R6G) molecules. By varying the spacing between the
aperture and particle layer, we were able to control the strength of
the interlayer coupling between the plasmon resonances of the
apertures and those of the underlying bowtie particles. The
changes in the resulting field enhancements were confirmed by
recording the Raman spectra of R6G from the substrates, and the
experimental findings were supported with finite difference time
domain (FDTD) simulations including reflection/extinction and
near-field profiles.

1. Introduction

Metallic nanostructures support surface plasmon resonances
with characteristic high near field enhancements that can be
utilized, for instance, in establishing strong coupling between
plasmons and nano-emitters, lasing, and sensing.'”
Plasmonic resonators can be coupled by placing two or more
nanostructures into close proximity to each other, resulting in
a further enhancement of the near fields and significant reso-
nance wavelength shifts due to normal mode coupling.®
Plasmonic nanostructures are typically fabricated using
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common solid-state lithographic techniques, but during the
past decade, self-assembled DNA nanostructures have been
widely employed as an alternative route to create nanopho-
tonic systems.”''  Especiall, modular DNA origami
objects’'® have been increasingly utilized as templates in
developing plasmonic nanoparticle assemblies, optically active
substrates, single-molecule tracking and sensing devices,
nanoantennas, metasurfaces, and photonic crystals.'*">?
Versatile DNA nanostructures have also been used in litho-
graphic settings as masks in pattern transfer®* and in fabricat-
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33-35

ing accurate inorganic
with intriguing optical properties.

In this article we use a DNA-assisted lithography (DALI)-
based strategy’>® to create optically active substrates with
aligned bowtie-shaped silver particle-aperture pairs in a
layered configuration of materials (Fig. 1a). The substrate with
hybrid nanostructures is covered with rhodamine 6G (R6G)
molecules that serve as Raman-active reporters of the achieved
field enhancement (Fig. 1b). The optical substrates are similar
to what we have presented recently,>® but here we systemati-
cally vary the interlayer spacing between the aperture and par-
ticle layers (Fig. 1c and d) in order to precisely tune and opti-
mize the optical response of the system.

We hypothesize that since both the particles and apertures
have plasmonic properties, the strength of the interlayer coup-
ling between their resonances could be fine-tuned by varying
their distance, i.e., the thickness of an a-Si spacer film that
separates the layers. Furthermore, the changes in the interlayer
coupling strength could then be observed as differences in
R6G Raman intensities as schematically shown in Fig. 1b. To
test and verify this hypothesis, we used four different spacer
layer thicknesses and measured the Raman intensities from
the R6G-coated substrates. We also performed detailed finite
difference time domain (FDTD) simulations that fully sup-
ported the experimentally obtained results. The results show
that it is indeed possible to find an optimal interlayer spacing
that maximizes the field enhancement within the wavelength
range of interest, i.e., within the range of the Raman excitation
laser and the most prominent Raman transitions of R6G. We
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Fig. 1 (a) Schematic view of the DALI-fabricated substrate showing the
layered geometry and typical lateral dimensions of the aligned particle
and aperture. (b) Top panel: The substrate is spin-coated with a 120 nm
thick poly(methyl methacrylate) (PMMA)-film that contains Raman-
active rhodamine 6G (R6G) reporter molecules. Bottom panel:
Schematic Raman spectra of R6G (inset)-coated hybrid nanostructures.
The intensity of the Raman signal can be controlled by tuning the inter-
layer spacing between the particles and apertures (here the green
sample shows stronger interlayer coupling than the blue one at the
Raman relevant wavelength range). The arrow indicates the Raman shift
of interest (at 877 nm with Raman excitation of 785 nm). (c and d)
Schematic cross-sectional view and the SEM image of the ready sub-
strate with 50 nm or 12 nm a-Si spacer layer, respectively. Dashed lines
(E1 and E2) indicate the horizontal planes at which the FDTD simulations
have been carried out. The coordination system corresponds to the one
used in Fig. 2. The scale bars in the SEM images are 200 nm.

therefore believe that by optimizing the geometry of such
DALI-fabricated hybrid nanostructures, it is possible to create
custom, highly efficient optically active substrates with fully
tailored surface-enhanced Raman spectroscopy (SERS)® fea-
tures. These samples could be further used as alternatives to
other layered and hybrid field-induced and tunable SERS sub-
strates that are based on e.g thermo- and ferroelectric
materials.*®™*°

2. Methods

2.1. Fabrication of particle-aperture nanostructures

The substrates containing particle-aperture pairs were fabri-
cated similarly as before.*® The fabrication scheme is based on
the DALI method,***® where DNA origami nanostructures are
used as templates/masks for pattern generation. Briefly, the
process starts with growing an a-Si layer (Fig. 1, yellow layer)
on top of a glass substrate. Here, the thickness of the de-
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posited a-Si layer was varied between 12 and 50 nm (thick-
nesses of 12, 32, 42, or 50 nm were selected) to modulate the
spacing between active layers (Fig. 1c and d). Then a 10 nm
thick SiO, layer (Fig. 1, white layer) was selectively grown onto
the a-Si surface with deposited DNA origami bowties, thus
creating origami-shaped openings in the SiO, layer. The grown
SiO, layer was used as a mask for etching the underlying a-Si,
thus resulting in 22-60 nm deep wells for the following metal
deposition. 20 nm of Ag with 2 nm of Ti as the adhesive layer
was used for the metallization, thus resulting in the 22 nm
thick metal layer (Fig. 1, grey layer). By omitting the final lift-
off processing steps from the original DALI method, gapped
bowtie antenna particles overlaid with a closely spaced metal
film dotted with similarly gapped and aligned bowtie aper-
tures were created.*® Following fabrication, the structures were
imaged using a scanning electron microscope (SEM) (Zeiss,
Sigma VP) (Fig. 1c and d additional SEM images in ESI
Fig. S1-S47).

2.2. Substrate preparation for Raman experiments

Post fabrication, samples were spin-coated with a poly(methyl
methacrylate) (PMMA) layer to reduce further oxidation of the
Ag film. Before Raman measurements, the PMMA layer was
first removed by immersing the substrates into acetone fol-
lowed by sonication for ~10 min. The samples were then
cleaned with isopropanol (IPA) for ~5 min to remove any resi-
dues and blow dried with a N, flow. Such ready hybrid struc-
tures may have the field enhancement “hot-spots” in the plane
of the particles, the plane of the apertures, or, due to the inter-
layer coupling, also in between the layers. Thus, to properly
probe the overall SERS signal, the structures were overlaid with
rhodamine 6G (R6G) doped PMMA that filled the entire cavity
and formed a layer of ~120 nm also above the apertures. This
was achieved by preparing a (R6G) solution in PMMA (PMMA
in anisole) as previously®® and by spin-coating it onto sub-
strates using a spin coater at 3000 rpm for 30 s resulting in a
desired 120 nm R6G layer thickness.

2.3. Raman measurement

Raman signals of R6G spin-coated on the structures were
measured using a commercial Renishaw Invia Reflex Raman
microscope with WiRE™ software. The Raman equipment was
first calibrated using the blank silicon wafer sample before
taking measurements. The sample was placed under the
microscope and focused using white light and a 50x objective
lens. The area of interest was selected using a live feed camera
in the software and microscope knobs before switching to the
laser source to allow illumination of 785 nm laser excitation
wavelength on the sample. To acquire spectrum, center wave-
length of 1500 cm ™", accumulation of 1, and exposure time of
10 s were set. Raman spectra were averaged from 9 measure-
ments covering an area of 50 x 50 pm” (3 x 3 measurement
grid with a 25 pm step size). The obtained Raman spectra were
normalized by subtracting the smallest possible signal value
from all data points in each spectrum.

This journal is © The Royal Society of Chemistry 2025
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2.4. Finite difference time domain (FDTD) simulations

The electric field intensity enhancements of the aperture-par-
ticle hybrid structures were simulated using the finite-differ-
ence time-domain (FDTD) technique in Lumerical simulation
software (Ansys). We used stabilized perfectly matched layers
(PML) as simulation boundaries to minimize reflections, guar-
anteeing better simulation stability and more accurate results.
The electric field of the incident light was set to 1 V. m™". The
simulation waveband was chosen to be 450-1500 nm to cover
potential Raman resonant wavelengths.

3. Results

In Fig. 2 we show the FDTD simulated electric field enhance-
ments for three different a-Si spacer layer thicknesses
(50 nm, 32 nm and 12 nm; 42 nm sample is shown for sim-
plicity in ESI Fig. S5t). For each spacer layer thickness, we
have plotted the enhancements at two planes of interest,
namely at the midway of the bowtie particles and at the
midway of the aperture layer (E1 and E2 planes indicated in
Fig. 1). Additionally, we have presented the enhancements at
two different wavelengths, 785 nm and 877 nm, which corres-
pond to the wavelengths of the Raman laser and the most
prominent Raman peak of R6G, respectively. The simulations
were carried out using two different polarizations corres-
ponding to the long (y) and short (x) axes of the bowties,
respectively.

In Fig. 2a (50 nm a-Si), it can be seen that the (maximum)
enhancements were approximately 400 for both polarizations
at the center plane of the bowtie particles (E1) and on the
order of 50-120 at the plane of the apertures (E2). Thus one
may conclude that in this case the overall field enhancement
was primarily contributed by the particle resonances.
Reducing the spacer layer thickness to 32 nm led to drastic
changes in the field enhancements, as seen in Fig. 2b. The
longitudinal (y-) polarization showed intensity enhancements
on the order of 1200, and the x-polarization of approximately
600 at the plane of the particles (E1). Notably, also aperture
layer (E2) enhancement for both polarizations had increased
by a factor of 2.5. Thus, one can conclude that the interlayer
coupling profoundly affects the overall enhancement of the
hybrid structure. A natural question then is, whether
additional reduction of the spacer layer thickness would result
in even higher enhancements. In Fig. 2c we have plotted the
enhancements for the 12 nm spacer layer. Perhaps counter-
intuitively, the observed enhancements were the lowest of all
three cases. Next, we attempt to clarify the reason for this
behavior.

In Fig. 3 we present the extinction cross-sections and the
reflectivity as a function of the wavelength for the aforemen-
tioned structures (including 42 nm a-Si spacer layer thickness).
The analysis was carried out for both longitudinal and trans-
verse polarizations, and their average is shown as well. For the
50 nm a-Si layer, rather low values for both extinction and
reflectivity were observed throughout the wavelength range.

This journal is © The Royal Society of Chemistry 2025
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Reducing the layer thickness to 42 nm resulted in a significant
increase in both quantities, with a clear resonant peak in the
wavelength range of 750-1000 nm. For the 32 nm thick layer,
the overall values for both extinction and reflectivity were
similar to 42 nm case, but clear spectral changes could never-
theless be observed due to the increased interlayer coupling.
Importantly, while the extinction and reflectivity were still
fairly large for the 12 nm a-Si thickness, the spectral positions
of the maxima had shifted to a wavelength range that no
longer overlaps with the Raman laser (785 nm) or the Raman
transitions of R6G (873-890 nm). Such wavelength shifts are
typical in various systems, where two or more resonances
couple strongly with each other.*"**> We thus conclude that the
low field enhancement values for the 12 nm spacer layer
observed in Fig. 2¢ occur due to strong (also known as normal
mode) coupling between the particle and aperture resonances,
which shifts the resonances away from the wavelength range of
the Raman laser and transitions.

In Fig. 4 we summarize the findings from the FDTD simu-
lations and compare them with the experimentally obtained
Raman signals from the samples with four different spacer
layer thicknesses. Fig. 4a shows electric field intensities at the
Raman laser wavelength at specific positions of the sample.
We chose the positions that provided the maximum field
enhancement based on Fig. 2 results. For the longitudinal
polarization and the bowtie particles (plane E1), this position
lies right in the gap of the bowtie (see Fig. 2a, top left corner).
For the transverse polarization, the other four remaining
corners of the bowtie provided the highest enhancement. For
the apertures (plane E2), the four outermost corners gave the
highest enhancement for the longitudinal polarization, and
for the transverse polarization, the corners closest to each
other had the highest enhancement (see Fig. 2a, right
column). Summing the enhancements for both polarizations
thus gives an approximate measure of the overall enhancement
at the Raman laser wavelength, as seen in Fig. 4a. From this, it
could be observed that, indeed, the 32 nm spacer layer pro-
vided the highest enhancement for both the particles and
apertures. In Fig. 4b, we then show the sum of the intensities
from both particle (E1) and aperture layers (E2). In addition,
we noticed that the overall behaviour is very similar for both
the Raman laser and the Raman transition wavelengths (785
and 877 nm).

Finally, the experimentally obtained Raman intensities
from the four R6G coated samples are presented in Fig. 4c.
Notably, the 12 nm a-Si thickness resulted in the lowest overall
Raman signal. The highest signal, on the other hand, was
recorded from the sample with a 32 nm thick spacer layer. The
obtained Raman intensities as a function of spacer layer thick-
ness at the wavelength of 877 nm (which corresponds to the
most prominent Raman peak in Fig. 4c) have been plotted in
Fig. 4d. The order of samples with increasing Raman signal
was as follows: 12, 50, 42 and 32 nm a-Si thickness.
Comparing Fig. 4b and d, we observed a clear correlation
between the simulated field enhancements and the intensities
of the measured Raman signals.
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Fig. 2 FDTD simulations showing electric field intensity profiles for samples with (a) 50 nm, (b) 32 nm, and (c) 12 nm a-Si spacer thickness at
different polarization directions. E1 and E2 correspond to the planes indicated in Fig. 1. Top row shows the field enhancements with y-polarization
and the bottom row with x-polarization. Left column corresponds to the wavelength of 785 nm (Raman laser wavelength) and the right column to
877 nm (the most prominent Raman transition of the R6G). The dashed lines indicate the outlines of the bowties and the apertures.
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Fig. 4 (a) The FDTD simulated electric field intensity maxima (sum of

the maxima from two polarization directions) (V> m~2) at E1 (green) and
at E2 (purple) at the Raman excitation wavelength (785 nm). (b) The sum
of the FDTD simulated electric field intensity maxima at E1 and E2 (V2
m~2) at the Raman excitation wavelength 785 nm (blue) and at the
Raman transition wavelength 877 nm (red). (c) Measured Raman spectra
of the particle—aperture hybrid structures with interlayer spacings
varying from 50 nm to 12 nm. (d) Measured Raman intensities at 877 nm
as a function of a-Si spacer layer thickness.

While reducing the spacer layer thickness results in a stron-
ger interlayer coupling, a too thin spacer layer induces reso-
nance wavelength shifts that lie outside the spectral window of
the Raman laser and the Raman transitions. We thus conclude
that there exists an optimal spacing for a selected layer confor-
mation/geometry that gives the highest field enhancement and
the strongest Raman signal, which in our geometry is achieved
using a 32 nm spacer layer thickness.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusions

To conclude, we have presented a DNA-assisted lithography
fabricated SERS substrate consisting of two-layer hybrid nano-
structures. One layer of the substrate included bowtie-shaped
silver nanoparticles and the other similarly shaped and
aligned apertures in a silver film. The effects of interlayer
spacing revealed that there is significant coupling between the
layers, which further enhanced the optical near fields as
implied by the FDTD simulations and the experimentally
observed Raman signals from R6G-coated substrates. Since the
aperture film is generated automatically during lithographic
processing, the approach may provide remarkable advantages
over common single-layer Raman substrates, without
additional fabrication cost. In our specific case, we found that
while the reduction of the interlayer spacing may increase the
near field enhancements, a too thin spacer results in too
strong spectral modifications of the resonances, such that they
shift beyond the wavelength range of interest for both the
Raman excitation laser and the Raman transitions. A natural
follow-up work would include a-priori design of the structure,
so that the normal mode coupling would result in both the
maximum field enhancement and the resonance wavelengths
that overlap with the Raman excitation as well as the tran-
sitions of the molecule of interest.
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