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ABSTRACT: Pairs of metal nanoparticles with a sub-10 nm gap are an
efficient way to achieve extreme near-field enhancement for sensing
applications. We demonstrate an attractive alternative based on Fabry—
Perot type nanogap resonators, where the resonance is defined by the gap
width and vertical elongation instead of the particle geometry. We discuss
the crucial design parameters for such gap plasmons to produce maximum
near-field enhancement for surface-enhanced Raman scattering and show
compatibility of the pattern processing with low-cost and low-resolution

excitation excitation
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lithography. We find a minimum critical metal thickness of 80 nm and
observe that the mode coupling from the far field increases by tapering the gap opening. We also show the saturation of the
Raman signal for nanogap periodicities below 1 pm, demonstrating efficient funneling of light into such nanogap arrays.
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he generation of electromagnetic hot spots with extreme
near-field enhancement is the prerequisite for plasmonic
sensing applications, especially for detection down to the single
molecule level.'™® Few nanometer separations between noble
metal nanoparticles are known to produce such extreme near-
field enhancements and are thus often used to design
nanostructures for practical applications.®”"* Commonly, the
near-field is enhanced with decreasing gap size, with an ultimate
limit of roughly 0.5 nm before charge recombination occurs
through electron tunneling.">"¢
However, an effective sensing platform should not only aim
at strong near-field localization but also provide efficient
coupling to the incident field, good reproducibility of the
nanostructures, and a high density of the hot spots. For
nanoantenna patterns, such as arrays of closely spaced bowtie
antenna, the coupling efficiency is primarily defined by the
individual antenna plasmon resonance which can be slightly
shifted by the coupling to the neighboring structures.'
Nanoantenna have been studied extensively and can be
fabricated cost-effectively,'””'® but control over few-nanometer
gap separations was so far only realized by electron beam
lithography (EBL),”'*'® electromigration,"* spacing layers,® or
shadow evaporation.'>"* Such nanometer-precise lithographic
processes are extremely challenging and cost-intensive, while
offering only low throughput and are limited to a small sensing
area with only a few nanogaps (ie., a low filling factor). A
notable exception is nanosphere lithography offering wafer-size
arrays of nanoparticles by direct assembly or angular
evaporation;' " the tuning of the particle shape, metal layer
thickness, and gap size is however limited.
Recently, strong near-field enhancement from nanometer slit
arrays was demonstrated over large areas using scalable
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processes such as atomic layer deposition'"*® (ALD) or
glancing angular deposition® (GLAD). Such slits support gap
plasmons which are created by lateral electromagnetic coupling
between two opposing metallic surfaces. The upper and lower
boundary of the slit can lead to Fabry—Perot interferences
similar to a metal—insulator—metal (MIM) waveguide.”*~**

Here, we present a comprehensive study of the geometry
required to obtain nanogap resonators which exhibit strong
near-field enhancement. In particular, we study the role of the
gap size and gap elongation on the gap plasmon mode. We
show that surface-enhanced Raman scattering (SERS) critically
depends on the resonance matching of the incident field with
the gap plasmon mode. Furthermore, increased coupling
efficiency by funneling of the incident light through a tapered
geometry is demonstrated. We finally show saturation of the
SERS signal for nanogap densities higher than 1 ym™.

The periodic nanogap arrays in our study were fabricated in a
simple one-step process combining EUV interference lithog-
raphy*>* and angular evaporation.”” Precise control of gap
sizes even below 10 nm was obtained for both 1D and 2D
periodic arrays of different thicknesses, without the need of
further fabrication steps such as lift-off and etching which would
jeopardize sub-10 nm accuracy.”’ The Au is evaporated at
grazing angles onto a grating pattern of transparent HSQ
photoresist, such that by shadowing the opposite grating
sidewall an elongated vertical channel with nanometric width is
obtained (schematic and details in Figure S1 of the Supporting
Information).”" The gap size is primarily defined by the resist
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mask dimensions, the angle of incidence, and the deposition
thickness. For a given metal thickness, the gap size is varied by
changing the duty cycle of the resist pattern with the exposure
and development time. The resulting gap size can be predicted
with a geometric model combined with an analytic factor and is
additionally determined by the analysis of several top and cross
sectional scanning electron microscope (SEM) images.
Evaporating multiple substrates simultaneously, we find similar
gap sizes deviating by only few nanometers and also that the
measured SERS signal intensity does not vary by more than
15%. Although we use high-resolution lithography in this work,
it should be emphasized that our approach only depends on the
abrupt vertical sidewalls which can also be well-produced by
low-cost nanosphere, nanoimprint, or laser interference
lithography.'”*® A l-nm-thick Cr layer evaporated under
normal incidence forms an effective adhesion layer which
does not affect the plasmonic performance of the system.>” The
cross-section and top-view SEM images of the obtained sub-10
nm gap arrays are shown in Figure la and b.
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Figure 1. Gap plasmon modes and SERS intensity for varying nanogap
sizes. Experimental SERS intensities for (a) 1D gratings with a period
of 250 nm and (c) 2D nanodot arrays with a period of 280 nm. SEM
micrographs of (b) the cross section of a 1D grating and (d) the top
view of the 2D nanodot array with a Au thickness of the 95 nm and a
gap size of roughly 10 nm. (e) Calculated gap plasmon modes for a 1D
grating with varying gap sizes. The Raman excitation and detection
wavelength are marked in the spectrum. (f) SERS intensity at
excitation wavelengths of 633 and 785 nm for a 1D grating with
varying gap sizes. The intensities correspond to the 1008 cm™ peak of
a self-assembled benzene-ethane-thiol monolayer. Error bars represent
the standard deviation of 16 spatially separated SERS measurements
and the analysis of multiple SEM images.

For nanogap sizes below 30 nm, the measured SERS
intensity increases strongly for both 1D and 2D nanogap arrays,
shown in Figure lc and d, respectively. The SERS intensity for
the 1D case is polarization-dependent with maximal intensity
for the electric field aligned perpendicular (TM) to the gap.”!
We find larger SERS signals from the 2D gap resonators, which
could be attributed to better coupling efficiency of the 2D
pattern mediated by the large hole in the crossing of two gaps
(Figure 1d), compared to a 1D grating. Additionally, the 2D
pattern is insensitive to the polarization, and the angular
evaporation process is simplified by a continuous substrate
rotation, while the 1D pattern requires frequent substrate
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tilting. Gap plasmon modes are calculated with a full-field
numerical method based on a surface integral formulation of
Maxwell’s equations.”® Computed reflectance for nanogap
resonators with varying gap sizes is shown in Figure le. The
resonant plasmonic modes appear in reflection as a dip and are
found to red-shift from 570 to 710 nm when the gap size is
reduced from 30 to 7 nm. The SERS enhancement is found to
peak at gap sizes for which the nanogap resonance overlaps
with the excitation and detection wavelengths.’' In our
experiments, this optimal gap size is at around 10 nm for an
excitation wavelength of 633 nm. Interestingly, this optimal gap
size shifts to S nm, when the same pattern is excited at 785 nm,
as shown in Figure 1f and in good agreement with the
calculated red-shift of the gap plasmon resonance for smaller
gap sizes. Additionally, we observe a quenching of the
resonance for gap sizes below 5 nm, when Au crystallites on
opposing sidewalls start to intersect. Nanogap resonators are
therefore prone to resonance matching since varying only the
gap size controls the resonance wavelength. In contrast, the
resonance of dipole antennas with nanometric gaps is mostly
affected by the antenna size, but also by the gap size, which
leads under resonance matching conditions to highest near-field
enhancement where the antenna patterns are operated at the
smallest gap.'®

Let us now study the influence of the gap sidewall length on
SERS by varying the Au layer thickness between 30 and 100
nm, Figure 2a and b, for a given nanogap size. Remarkably, with
10 nm gap arrays strong SERS signals appear only when the Au
layer thickness is above 60 nm, Figure 2e. After a steep rise, the
SERS intensity levels off around a thickness of 100 nm,
suggesting that a minimum cavity length is required to allow for
Fabry—Perot type gap plasmons. Indeed, we obtain by
calculation that, for a 10 nm gap with 100 nm long sidewalls,
the fundamental, lowest order Fabry—Perot mode is an
antisymmetric MIM plasmon, Figure 2d. The fundamental
mode of such a gap plasmon corresponds to a dipolar charge
distribution at each metal sidewall with one node correspond-
ing to a phase change of 7.°**> The longitudinal modal size of
the fundamental MIM gap plasmon mode has been shown to
range between 80 and 110 nm,*>**3% in good agreement with
the metal layer thickness onset for which we measure strong
SERS enhancement. Below 80 nm metal thickness, gap
plasmon modes cannot exist, and thus the observed near-field
intensity in the gap region, Figure 2c, and the SERS signal are
minimal.

During the angular evaporation, metal is also deposited onto
the sidewall of the photoresist, producing the sharp metal apex
visible in Figure 2b. For thin metal layers, this apex forms a
crescent-like nano structure. Its resonance is found to be
extremely sensitive to sub-Angstrdm changes of the gap
opening and thus is a measure of the plasmon radiance.”
For our case, the metal tapering enables an efficient coupling of
the external field to the plasmon mode. It has been previously
shown that gap plasmon modes can lead to highly localized
near-field hotspots, but to achieve strong SERS enhancement
this plasmonic mode must also be efficiently coupled to the
incident field** and scatter back into the far-field>® For
nanogap resonator arrays, the top surface consists mostly of a
flat metal film with high reflectivity and therefore a low
coupling efficiency. By tapering the opening of the nanogap
region, the coupling of the incident field to the gap plasmon
mode is enhanced and the incoming energy guided to the
nanogap mode by adiabatic compression.**™* To explore this
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Figure 2. Gap plasmon modes at varying metal layer thickness. (a and
b) Cross section SEM images; (c and d) simulated near-field maps at a
wavelength of 650 nm for two different Au thicknesses of 30 and 100
nm. (e) SERS enhancement of a 10 nm gap arrays with varying Au
metal thicknesses. The intensities correspond to the 1008 cm™' Raman
shift peak of a self-assembled benzene-ethane-thiol monolayer. Error
bars represent the standard deviation of 16 spatially separated SERS
measurements.

coupling effect, we compare in Figure 3 the SERS enhancement
and visible to near-infrared reflection for a 100 nm thick pattern
with 10 nm gaps that are excited either from the flat top or the
tapered bottom side. We observe a 7-fold increase in the SERS
intensity for excitation from the bottom side, compared to the
top side, in Figure 3a. This increase of SERS enhancement is
assigned to an improved coupling efficiency. The latter we
estimate from the plasmonic radiance® obtained from the
comparison of the top and bottom reflection as compared to a
continuous Au film from an unpatterned area, Figure 3b. While
we observe for the 10 nm gap structure a broadband absorption
with 6% magnitude for top side excitation, a distinct resonance
dip in reflection with 30% magnitude is observed when the
pattern is excited from the bottom side. We cannot discuss the
resonance position due to the broadband effect under top side
excitation, but from the resonance magnitude we estimate a S-
fold increase in the coupling efficiency- This could ideally lead
to a 25X increase in SERS intensity, while we only observe a
gain of 7X. In comparison with the far-field simulations from
Figure 1 the observed resonances are much broader and smaller
in magnitude. We attribute this to gap size dispersions and
roughness of the investigated structure. In agreement with the
coupling model, the SERS intensity dependence on the gap size
of the 100 nm thick pattern follows the same trend for either
excitation side, with an optimum gap at about 10 nm. Hence,
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Figure 3. Influence of the excitation side of a 100 nm thick gap array
on a glass substrate with excitation either from the top (green) or the
bottom (red). (a) The SERS intensity of the 1008 cm™ peak of a self-
assembled benzene-ethane-thiol monolayer with varying gap sizes and
(b) the pattern reflection of a 10 nm gap array. Error bars represent
the standard deviation of 16 spatially separated SERS measurements
and the analysis of multiple SEM images. The excitation, polarization,
and integration times were kept constant for all measurements.

the same gap plasmon mode is excited from both sides,
although more efficiently from the bottom side.

In the following, we compare the top with bottom side
excitation scheme to a nanopattern enclosed in a liquid cell
filled with ethanol. In this case, not only is the SERS intensity
from the analyte monolayer for bottom side excitation
improved by a factor of 10 compared to top side excitation,
but also the background signal from the ethanol is suppressed
by a factor of 2, as shown in Figure S3 of the Supporting
Information. Taking into account that the optical path for
bottom side excitation does not cross the analyte solution
flowing on the top side of the structure, we can conclude that
the SERS background is dominantly generated by molecules
near or in the nanogap opening.

So far, we have discussed the enhancement factor of a slit
array with 250 nm periodicity averaged over the excitation spot
which is expected to be about 1.5 ym from 1.224,,.,/NA. The
thus-obtained SERS intensities show a standard deviation
below 4% across a patterned area of 0.5 mm?” with a histogram
given in Figure S2 of the Supporting Information. We calculate
a surface averaged SERS enhancement factor of 10° for a 10 nm
gap array under backside excitation, assuming that all molecules
on the surface and in the focal spot contribute to the signal
(details in the Supporting Information). This conservative
enhancement factor is similar to values reported for nanogap
resonators, although the local enhancement factor can be
assumed larger,'! whereby we do not know the exact number of
molecules contributing to SERS. To investigate the SERS signal
dependence associated with the number of illuminated slits,
nanogap resonators are prepared with gap periodicities between

dx.doi.org/10.1021/nl403030g | Nano Lett. 2013, 13, 5449-5453



Nano Letters

1S pum and 250 nm using electron-beam lithography. By
scanning the laser excitation spot across the gap, we can resolve
the Raman signal from individual nanogaps, once the slits are
well-separated; see inset in Figure 4. The average SERS signal is
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Figure 4. SERS intensity related to varying the nanogap periodicity.
The gap arrays were fabricated with electron-beam lithography and
angular evaporation. The SERS signal corresponds to the 1008 cm™
Raman shift of a self-assembled benzene-ethane-thiol monolayer and
was normalized to the intensity at a period of 8 ym. The periodicity is
expressed as the number of gaps per micrometers. For the average
SERS signal, the focal spot was continuously deflected within a field of
20 X 20 pm during the SERS signal integration of 5 s. The inlet shows
a SERS scan across four nanogaps with a period of 15 pm, recorded
without the laser focal spot deflection.

taken by integrating the Raman signal while scanning the laser
beam over an area of 20 X 20 ym?. We obtain a linear increase
of the SERS intensity when plotted against the gap density up
to a gap packing of almost 1 gap per pm that originates from
the linear increase of molecules contributing to the SERS signal.
Above 1 gap per pm, the average SERS intensity deviates from
the linear trend and saturates for densities higher than about 2
um™, as seen in Figure 4. For high gap densities, the individual
gap plasmon modes might interfere which decreases the
optimal coupling efficiency of each individual gap plasmon. We
assume that the SERS saturation results from inefficient
coupling to the gap plasmon modes leading to a reduced
near field intensity. From this we can immediately conclude
that such nanogap arrays do not need to be denser than 1-2
slits per ym, which makes it possible to produce such structures
by cheaper mass fabrication methods.”® Disregarding the
detailed mechanism leading to the funneling of light into the
nanogaps, we like to mention that in extraordinary optical
transmission (EOT) efficient funneling is observed up to the
propagation length of surface plasmons of roughly 3 ym for Au
at a wavelength of 633 nm.**~* Interestingly, the width of the
SERS signal recorded when scanning normal to the vertical
direction of the slit is considerably larger (+ factor of 2) than
the expected 1.5 um, Figure 4; this could either be related to
the above-mentioned collection mechanism or to the recently
introduced magnetoelectric interference effect.”® The latter
model predicts that the energy flow, that is, the funneling of
light, is described as the interference between evanescent and
propagating fields. This effect thus predicts collection diameters
related to the amplitude decay length of involved fields, which
is larger than the intensity decay length typically by 2'/%

In summary, nanogap resonator arrays enable strong near-
field enhancement for SERS measurements and can be
fabricated over large arrays with a scalable technique based
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on interference lithography and angular evaporation, enabling
accurate gap sizes below 10 nm. Such arrays represent an
inexpensive alternative to nanoparticle based gap arrays
requiring high-resolution lithography. Resonance matching
with the excitation wavelength is shown to be crucial, as the
resonance strongly depends on the gap size, the optimum gap
being not necessarily the smallest one. Most importantly, gap
plasmon modes require a minimal cavity length defined by the
metal layer thickness (about 80 nm in our experiments) in
order to allow for a standing wave Fabry—Perot mode. Another
limitation comes from the coupling requirement to gap
plasmon modes, as flat nanogap arrays can be highly reflective.
We have measured a 10X increase of the SERS intensity by
tapering the backside of the array with a conical gap opening
obtained as a byproduct of the angular evaporation. Addition-
ally, suppression of solvent background signals is achieved
under backside excitation. Finally, we observed saturation of the
SERS intensity for nanogap periods below 1 um because the
incident field is distributed to multiple gap modes. We pinpoint
the trade-off between highest average SERS enhancement and
the demand for higher resolution lithography, at a period of
about 500 nm, which is well achievable by low-cost
lithography.”®

To conclude, nanogap resonator arrays offer substantial
advantages for sensitive and reproducible sensing experiments
and can be fabricated without high-resolution and cost-
intensive lithography steps over wafer scale dimensions. The
presented angular evaporation scheme is broadly applicable and
leads to a self-limiting sub-10 nm gap precision used for
maximum near-field enhancement. Combined with a fiber-
based SERS probe, molecules could be analyzed remotely,
while background signals from surrounding molecules in
solution are suppressed. Together with a sensor cleaning
method, such a sensor probe can be made reusable without
losing the signal enhancement factor.**
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Schematic and fabrication details leading to sub-10 nm gap
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