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We report on efficient surface-enhanced Raman spectroscopy
(SERS) supporting substrates, which are based on deoxyribonucleic
acid (DNA)-assisted lithography (DALI) and a layered configuration
of materials. In detail, we used nanoscopic DNA origami bowtie
templates to form hybrid nanostructures consisting of aligned
silver bowtie-shaped particles and apertures of similar shape in a
silver film. We hypothesized that this particular geometry could
facilitate a four-fold advantage in Raman enhancement compared
to common particle-based SERS substrates, and further, we
verified these hypotheses experimentally and by finite difference
time domain simulations. In summary, our DALI-fabricated hybrid
structures suppress the background emission, allow emission pre-
dominantly from the areas of high field enhancement, and support
additional resonances associated with the nanoscopic apertures.
Finally, these nanoapertures also enhance the fields associated
with the resonances of the underlying bowtie particles. The versa-
tility and parallel nature of our DNA origami-based nanofabrication
scheme and all of the above-mentioned features of the hybrid
structures therefore make our optically resonant substrates attrac-
tive for various SERS-based applications.

1 Introduction

Various metallic nanostructures have been intensively studied
owing to their ability to locally increase the incoming electro-
magnetic field intensity via plasmon resonances."” Single
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metal nanoparticles,’ metal particle arrangements with nano-
scale gaps between the objects,” as well as apertures in metal
films,*® have all been shown to exhibit optically intriguing
properties exploitable in applications such as sensing.” From
these examples, particularly structures with nanoscale gaps,
such as bowtie antennas™'®'" exhibiting intense plasmonic
hotspots,'” are attractive for surface-enhanced Raman spec-
troscopy (SERS)'*'* as the Raman enhancement factor scales
with the fourth power of the electric field enhancement.
However, for the Raman enhancement, also plasmonic
apertures, ie. metallic films perforated with nanoscopic
holes,*®'*' may become highly attractive options. The
reasoning is that the metal layer could potentially filter and
suppress the background signal of the Raman measurement,
consequently allowing the light to emanate only from the
regions of high field enhancement. This could be very ben-
eficial, as the Raman signal of interest may easily get obscured
by the high background emission intensity.**>*
Conventionally, metallic nanostructures have been fabri-
cated employing top-down approaches. Recently, however,
affordable and highly parallel bottom-up based methods have
become increasingly sophisticated. As a prime example, utiliz-
ing self-assembled deoxyribonucleic acid (DNA)-based tem-
plates has allowed fabrication of optically active materials by
precision-positioning of nano-particles**™* or by transferring
the spatial information of the DNA template to entirely in-
organic structures.**° Following these concepts, we have pre-
viously developed techniques that could take advantage of
both the bottom-up-based DNA nanotechnology and the top-
down approaches in fabrication of such optically resonant sub-
strates. For instance, we have combined DNA origami
nanostructures’® > as patterning templates with common
micro-/nanofabrication schemes (such as thin film deposition
and etching) to develop two techniques: DNA-assisted lithogra-
phy (DALI)** and the more versatile biotemplated lithography
of inorganic nanostructures (BLIN).** With these, we have pre-
viously patterned transparent substrates with e.g. bowtie-
shaped metal nanoparticles with well-defined nanogaps
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(<10 nm) and demonstrated their feasibility in Raman
enhancement.”*** Owing to their highly parallel and afford-
able fabrication processes, DALI and BLIN may, in general,
serve as intriguing alternatives to the more conventional nano-
patterning approaches. However, these methods do not
support aperture fabrication which could be beneficial in
developing even more efficient SERS substrates as discussed
above.

In this article, we show that we can modify the previous
DNA-assisted lithography scheme in a way that results in a
hybrid structure consisting of both aligned silver bowtie par-
ticles and nanoscale apertures of similar shape in a silver film
(see DALI-fabricated hybrid structure, DHS, in Fig. 1a). We
envision that this kind of a hybrid structure may exhibit very
strong Raman enhancement that emerges from the intense
plasmonic hotspots of the bowtie particles and the apertures
as well as from spatial filtering properties of the aperture layer,
allowing only the regions of high field enhancement to con-
tribute to Raman signal.

In detail, we present four hypotheses and further show
that our hybrid structure can significantly enhance Raman
signals via four separate mechanisms (four-fold advantage):
Hypothesis 1 (H1): The background emission can be sup-
pressed by the aperture-containing metal film. Hypothesis
2 (H2): The apertures allow light emission mainly from the
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areas of high field enhancement, a highly desirable
feature for any practical implementation of Raman sub-
strates. Hypothesis 3 (H3): The apertures also support
additional plasmonic effects that can result in significant
field enhancements as such. Hypothesis 4 (H4): The pres-
ence of nanoapertures can further enhance the fields
associated with the resonances of the underlying bowtie
particles.

To test and verify these hypotheses experimentally, we pre-
pared several control samples for DHS and compared their
performance in the detection of rhodamine 6G (R6G), a dye
commonly employed in SERS experiments. We used BLIN pro-
cessing to fabricate similar sandwich-like hybrid structures on
glass but with a sacrificial layer included (BLIN-fabricated
hybrid structures, BHS, see Fig. 1b). This also allows com-
pletion of a lift-off step to yield bare bowtie particles on the
substrate (BLIN-fabricated bowtie structures, BBS, see Fig. 1c).
In addition to these, we created unpatterned samples with the
same layer composition as in DHS, both with and without the
metal film, to study the role of the thin films in the reduction
of background emission (Fig. 1d). Furthermore, to separate the
contributions of the individual and combined effects emerged
from the bowtie particles and the apertures, we performed
detailed finite difference time domain (FDTD simulations) for
the DHS samples.
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Fig. 1 An overview of the optically resonant substrates used in this study. All fabrication processes start with a silicon-coated glass (or glass-PMMA)
substrate on which the DNA origami bowties have been deposited (middle left). The arrows indicate the fabrication processes used to achieve the
end products a, b, and c. (a) Left: A DALI-fabricated hybrid structure (DHS) with a zoomed-in part showing the aperture-particle pair dimensions and
positioning. Middle: Scanning electron microscope (SEM) image of the sample; the scale bar is 200 nm. Right: Cross-sectional model and dimen-
sions of the bowtie aperture and particle features. (b) Left: A BLIN-fabricated hybrid structure (BHS). Right: Cross-sectional model and dimensions of
the bowtie aperture and particle features. (c) BLIN-fabricated bowtie structures (BBS). (d) Comparison of the background intensities of the Raman
signal for the unpatterned samples with and without a silver layer when coated with poly(methyl methacrylate) (PMMA) laced with rhodamine 6G
(R6G) dye. These samples contain the same material layers and thicknesses as the DHS sample (subfigure a).
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2 Methods

2.1 Fabrication of bowtie-shaped apertures and particles

The aperture-particle hybrid structures (DHS and BHS) and
bowtie structures (BBS) were created using either BLIN** or
DALI techniques,”**® and by employing DNA origami bowties
as templates (designs, structural validation, and folding proto-
cols for the DNA origami bowties have been reported else-
where®®). In brief, the DHS structures were fabricated by adapt-
ing DALI on an ordinary glass substrate and omitting the final
lift-off process (Fig. 1a). To compare these DHS patterns to pre-
viously fabricated similar features,”> BHS samples were fabri-
cated with BLIN by also omitting the final lift-off step (Fig. 1b).
Conversely, the BBS structures were created by performing the
complete BLIN process on glass as shown earlier (Fig. 1c).*’
The full design, folding instructions and structural validation
for the used DNA origami bowties are available in previous
works.*>** All materials and their sources are listed in the ESI
Table S11 and employed tools in Table S2.1 The process para-
meters for all fabrication steps are given in Table S3.}

To begin processing of all samples, 0.5 mm thick boro-
silicate glass slides were first diced into ~10 x 10 mm? chips.
The chips were then cleaned by soaking in hot acetone (52 °C)
for 1.5 h followed by an acetone rinse and 1 min sonication in
room temperature acetone. After sonication, the chips were
rinsed once more with acetone, then submerged in and rinsed
with isopropanol (IPA) and, finally, immediately dried with a
N, flow. Next, in the case of DHS, a 50 nm a-Si layer was de-
posited on the cleaned glass using plasma-enhanced chemical
vapor deposition (PECVD). Meanwhile, to prepare the BHS and
BBS samples, instead of immediate a-Si PECVD, the chips were
first spin-coated with 40 nm of sacrificial poly(methyl meth-
acrylate) (PMMA), the PMMA was vacuum-cured, and finally,
100 nm of a-Si was deposited on the PMMA film. O, plasma
treatment was then performed with a reactive ion etching (RIE)
tool on all sample types to generate negative surface charges
on the deposited a-Si and thus enable attachment of DNA
origami templates in the next fabrication step.

Then, a solution of DNA origami in Mg>" supplemented
folding buffer (FOB) was prepared (5 nM bowtie DNA origami
in 1x TAE buffer (40 mM Tris, 19 mM acetic acid, 1 mM ethyl-
ene diaminetetraacetic acid (EDTA)) with 100 mM Mg>" at pH
~ 8.3) as shown earlier,** and 10 pl of the solution was drop
cast on the plasma-treated a-Si surfaces. The origami solution
was left to incubate, covered, in ambient conditions for 5 min
and then the surfaces were washed three times with 100 pl of
ddH,O0. After washing, the chips were dried under a N, flow.
The 5 nM DNA origami concentration was chosen to avoid
overcrowding and collapse of the template** and to enable
easier comparison to previously fabricated bowtie particles.*’
The surface-attached templates were then used in the selective
growth*>*7*° of a SiO, mask layer as detailed previously.** A
~20 h growth time was chosen to overgrow the thin waist
feature in the bowties and to thus form gapped bowtie shapes.

Next, RIE was used to pierce the SiO, and a-Si layers (as well
as the PMMA film in the BHS and BBS samples) to expose the

This journal is © The Royal Society of Chemistry 2023
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underlying glass substrate, followed by physical vapor depo-
sition (PVD) of Ti (2 nm) and Ag (20 nm) in ultra-high vacuum.
Unlike in the previous DALI** and BLIN** techniques, no lift-
off was performed after metal deposition for the DHS and BHS
chips, which resulted in a Ag film with gapped bowtie-shaped
apertures and correspondingly shaped self-aligned particles on
the initial substrate (see Fig. 1a and b). The fabricated features
were imaged with scanning electron microscopy (SEM)
(Fig. 1a).

2.2 Unpatterned control samples

Two unpatterned control samples shown in Fig. 1d were pre-
pared to investigate the optical responses of the used film con-
figuration and the filtering effect (background suppression) of
the employed Ag film (Fig. 1d). The samples were fabricated by
following the same protocol as in the DHS sample fabrication,
but the DNA origami template attachment and etching steps
were omitted from the process to yield an unpatterned, but
otherwise identical, stack of materials. One of the control
samples was coated with Ti and Ag, while the other one was
left without the metal films. After fabrication, the chips were
spin-coated with a vacuum cured, ~40 nm thick PMMA layer to
inhibit further oxidation of the Ag film prior to measurements.

2.3 Sample preparation for Raman experiments

The protecting PMMA layer (in case of BBS and control
samples) was first removed by immersing the samples into
acetone followed by a sonication step for ~10 min. Samples
were then cleaned by isopropanol (IPA) for ~5 min to remove
the remained PMMA residues and blow dried with a N, flow.
Then, 1 ml of rhodamine 6G (R6G) solution (5 mg of R6G
powder dissolved in 1 ml of ethanol) was mixed with 3.5 ml of
PMMA A3 (3% 950 K PMMA in anisole (w/v) prepared by dilut-
ing 1 ml of PMMA A11 with 2.5 ml of anisole), and finally, the
structures were spin-coated with this R6G solution using a
spin coater at 3000 rpm for 30 s to produce a PMMA layer
thickness of ~120 nm.*> The R6G was deposited in PMMA
instead of simply drop-casting and drying to both protect the
analyte from environmental decay and to ensure an even
analyte distribution across the samples, including any vertical
structural features like the resonant hybrid cavities.

2.4 Raman measurement

A commercial Renishaw Invia Reflex Raman microscope
accompanied with WiRE™ software was used to measure the
Raman signals of R6G spin-coated on the structures. The
sample was imaged using white light and a 50x objective lens.
After selecting the area of interest to measure, the laser source
was switched on to allow illumination of 785 nm laser exci-
tation wavelength on the sample. The centre wavelength of
1500 cm ™, diffraction grating of 1200 lines per mm, and 10 s
of exposure time were set, while constantly controlling the
laser power to achieve optimal conditions for taking the
measurements. All Raman spectra were averaged from
9 measurements covering an area of 50 x 50 pm®> (3 x
3 measurement grid with a 25 pm step size). The obtained
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Raman spectra were normalized by first subtracting the smal-
lest possible signal value from all data points in each spectrum
and then dividing the resulting spectra with the highest avail-
able value in them.

2.5 Finite difference time domain (FDTD) simulations

To investigate the electric field intensity enhancements (FEs)
of the proposed DHS structure, we performed full-wave simu-
lations using the finite-difference time domain (FDTD) tech-
nique in Lumerical simulation software (Ansys). We used
stabilized perfectly matched layer (PML) as simulation bound-
aries to minimize reflections, which guaranteed better stability
for the simulation and therefore more accurate results. The
electric field of the incident light was set to 1 V m™*. The simu-
lation waveband was chosen to be 100-1500 nm to cover poten-
tial Raman excitation wavelengths. The field intensity profiles
were resolved for both transversely and longitudinally polar-
ized light (x- and y-polarization, respectively; normal to the
incident light). The intensity distributions are shown separ-
ately in Fig. 2 and 3, based on their different monitor locations
(see also ESI Fig. S17).

3 Results

As described in the introduction, we hypothesized in total four
different mechanisms for Raman enhancement in our DHS-
based system. To verify the first one, H1, we compared the
Raman signals from the unpatterned samples with and
without the silver layer and showed that the layer indeed
blocks the background emission from the substrate effectively
(Fig. 1d). It is noteworthy that even though the silver layer
expectedly enhances the Raman signal of the R6G and the
characteristic peaks start to appear, the overall signal is signifi-
cantly reduced due to the filtering effect by the silver layer.

Further, to test the next hypotheses, we separated the indi-
vidual effects of the apertures and bowtie particles by perform-
ing FDTD simulations on three cases including the bowtie-
shaped apertures, the bowtie particles, and the full hybrid
structure (DHS) consisting of both. Fig. 2a shows the y- and
x-polarization resolved simulation results for the apertures in
the absence of bowtie particles. The simulations clearly show
field (intensity) hotspots on the order of 50 and 100 V> m~?,
for y- and x-polarized incident fields (1 V m™"), respectively. As
expected, the hotspots reside inside the aperture, which allows
the signal to propagate to the collection optics (residing in the
positive z-direction). One curiosity is the polarization depen-
dence of the FE. Apparently the y-polarized incident light pro-
duces four high field intensity spots away from the bowtie
center. Thus, these simulations confirm our first three hypoth-
eses H1-H3. Intriguingly, the complete hybrid structure in
Fig. 2b produces approximately similar field enhancements at
the aperture region, with the exception that the maximum
x-polarized enhancement at the gap of the bowtie-shaped aper-
ture is slightly higher (120 instead of 100 V> m~?), thus indicat-
ing that H4 might be valid as well.
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In Fig. 3 we compare the FEs associated with the bowtie
particles and the hybrid structure. Our structure is designed
such that the broad bowtie particle resonances overlap with
the excitation light (785 nm) and the Raman transitions of
R6G. In Fig. 3a the sample containing only bowtie particles
produces FEs on the order of 150-200 V> m~? for both polariz-
ations. Strikingly, the hybrid structure in Fig. 3b exhibits enor-
mous FEs of the order of 500-600 V> m~> at the gap region of
the bowtie particles. This shows that the presence of the aper-
ture layer in fact increases the FEs associated with the bowtie
particles, fully confirming H4. Further, we carried out simu-
lations at an x-y plane residing between the bowtie particles
and apertures as a control. These plots indicate that there
exists a significant interlayer coupling between plasmon reso-
nances of the bowtie particles and the apertures, see ESI
Fig. S1.T Notably, the sum of /FE (which is equal to the elec-
tric field enhancement) for the bowtie-only and the aperture-
only structures results in a smaller value than the v/FE of the
hybrid structure. This suggests that the interlayer coupling
could provide an additional enhancement for Raman signal
measurements.

To experimentally evaluate the role of the aperture layer, we
fabricated three sets of samples according to Fig. 1. Our pre-
viously introduced BLIN method** was used to make particle-
aperture hybrid structures (BHS, Fig. 1b) and plain bowtie par-
ticles (BBS, Fig. 1c). Importantly, these two control sample sets
allow a direct comparison between structures consisting of the
bowtie particles only and the hybrid structures. The third set
of samples was also comprised of hybrid structures, but they
were fabricated via a modified and optimized DALI process
(DHS, Fig. 1a). The advantage of DALI over the BLIN proces-
sing is the absence of thick PMMA and Si layers, which may
then enable a stronger interlayer coupling between the aper-
ture and the particles as shown in the simulations in Fig. 2
and 3 and ESI Fig. S1.}

In Fig. 4 we present the normalized Raman spectra for all
three samples (BBS, BHS and DHS) overlaid with a layer of
R6G-doped PMMA. From these three spectra we can dis-
tinguish very clear peaks at 1290, 1345, and 1490 cm ™" (corres-
ponding to the wavelengths of 873, 877, and 890 nm at the
785 nm excitation), which are associated with the prominent
R6G Raman transitions.’® Due to practical reasons, we base
our analysis here on normalized spectra, as the most relevant
quantity, namely the signal-to-background ratio becomes most
evident using this method. First, the BBS sample exhibits only
very moderate Raman enhancements (light blue). Despite the
significant background intensity, one can nevertheless dis-
tinguish the three relevant Raman peaks related to R6G. The
presence of the silver layer, however, significantly improves the
signal-to-background ratio as can be seen in the BHS sample
(blue). We associate this with the significant background sup-
pression (H1) and additional hotspots related to the plasmonic
enhancement in the aperture layer (H2,H3).

Finally, the optimized DHS sample starts to reveal less pro-
nounced background-obscured spectral features of R6G
around 1600 cm™" (dark blue) as it takes the full advantage of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 FDTD simulations showing the electric field intensity profiles (in V2 m~2) at the apertures. The monitored area is indicated in the inset. (a)
Aperture only (i.e. DHS without a bowtie particle) as a control. (b) DHS sample. The intensities are shown at the Raman excitation wavelength
(785 nm) as well as at the Raman transition wavelengths of Rhodamine 6G (873 nm, 877 nm, and 890 nm) for both longitudinal (top panel) and trans-

verse (bottom panel) polarizations.

all the four contributions of the new design, namely the sup-
pressed background due to silver layer (H1), selective aperture
transmission from the plasmonic hotspots (H2), plasmonic
resonances related to nanoscopic apertures (H3), and
additional FE stemming from the enhanced coupling of the
plasmonic resonances in the aperture and particle layer (H4).
This comparison of the spectra indeed manifests the outstand-
ing performance of DHS compared to the control samples,
especially to the commonly employed nanoparticle-based
Raman substrates. Further, the optimized DALI structure
clearly benefits from the increased interlayer coupling as com-
pared to the BLIN reference sample.

This journal is © The Royal Society of Chemistry 2023

4 Conclusions

In summary, we have shown that the presented hybrid struc-
turing of optically resonant substrates may have several
benefits compared to conventional nanoparticle-based SERS
surfaces. By using DALI-fabricated bowtie particles and bowtie-
shaped apertures, we were able to achieve a four-fold advan-
tage over particle-based substrates (in our case, BLIN-fabri-
cated bowtie particles). In addition, we observed that the DALI-
fabricated hybrid structures performed better than the BLIN-
fabricated hybrid ones, indicating that the interlayer coupling
strength between the particles and the apertures depends on

Nanoscale, 2023,15, 8589-8596 | 8593
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Fig. 3 FDTD simulations showing electric field intensity profiles (in V2 m™2) at the bowtie particles. The monitored area is indicated in the inset. (a)
Bowtie only (i.e. DHS without the aperture) as a control. (b) DHS sample. The intensities are shown at the Raman excitation wavelength (785 nm) as
well as at the Raman transition wavelengths of Rhodamine 6G (873 nm, 877 nm, and 890 nm) for both longitudinal (top panel) and transverse

(bottom panel) polarizations.

the distance between the layers. This provides yet another
degree of freedom in our system as it could allow tuning of the
interlayer coupling by design (in practice this is limited by the
thickness of the PVD-deposited metal layer and silicon etching
selectivity in RIE).

Commonly established methodology in SERS is based on
drop-casting and drying of analyte on the substrate, instead, in
our case the analyte molecules are homogeneously distributed
in the spin-coated PMMA layer. Thus, the results obtained
using these two different methods are not directly comparable.
However, it is expected that our presented approach should
produce high SERS enhancement also in the case of drop-

8594 | Nanoscale, 2023, 15, 8589-8596

casting and drying of the analyte molecules. This is due to the
fact that the field enhancements are significant in the immedi-
ate vicinity of the apertures and the highest at the surface of
the particles, i.e., at the locations where the molecules are sup-
posed to get attached. Moreover, the dielectric environment
can be made similar to the presented case by filling the cav-
ities with e.g. index-matching liquids. Pushing the method-
ology to its limits and quantifying the threshold of trace
amount detection remain interesting scopes for further
studies.

Currently, our method is based on single, discrete DNA
origami structures, however, it is noteworthy that modular

This journal is © The Royal Society of Chemistry 2023
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DNA origami units can also assemble into hierarchical arrays
and macroscopic lattices.”® Therefore, the presented parallel
and affordable®®>® DNA origami-based fabrication schemes
could potentially be extended to highly ordered hybrid struc-
tures with even more intriguing optical features.
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