'-) Check for updates

ADVANCED
MATERIALS
COMMUNICATION e MATERIALS
Sensors www.advmattechnol.de

Scalable High-Performance Nanolaminated SERS
Substrates Based on Multistack Vertically Oriented

Plasmonic Nanogaps

Junyeob Song, Wonil Nam, and Wei Zhou*

Metallic nanogap structures can support gap surface plasmon modes

and strongly concentrate optical fields to enable surface-enhanced Raman
spectroscopy (SERS) for label-free biochemical analysis down to single
molecule level. However, current scalable SERS substrates based on
horizontally oriented plasmonic nanogaps still face challenges for accurate
sub-10 nm control of in-plane nanostructures. Here, we report a new type
of scalable high-performance SERS substrate based on multistack vertically
oriented nanogap hotspots in metal-insulator-metal nanolaminated
plasmonic crystals. In contrast to horizontally oriented nanogaps, vertically
oriented plasmonic nanogaps can be controlled at subnanometer resolution
in the multilayered thin-film deposition process. After a partial etching

of dielectric layers, embedded nanogap hotspots in nanolaminated SERS

can support gap plasmon modes with
much tighter optical field confinement in
nanogaps,®! and thus can produce much
higher SERS EFs theoretically up to 10'°.[°
Experiments have demonstrated that plas-
monic nanogaps based on metal nanopar-
ticle aggregations possess single molecule
SERS detection capabilities.”l However,
the hotspots in bottom-up assembled
nanoparticle aggregations show a random
and uncontrollable distribution because of
the extremely sensitive dependence of gap
plasmon resonances on nanogap dimen-
sions. Calculations have illustrated that
SERS enhancement factors for coupled

substrates can be exposed to further increase SERS enhancement factors
(EFs) by over one order of magnitude from =1 X 107 to =1.6 X 10%. Moreover,
oxygen plasma can be used to regenerate clean nanogap hotspots for
repeated SERS measurements with maintained high SERS EFs (>1 x 10%).
Therefore, this work presents a novel out-of-plane plasmonic engineering
approach to design and manufacture scalable high-performance reusable
SERS substrates for various biochemical analysis applications that prefer high

spatial-temporal resolution and good hotspot uniformity.

Since its discovery in the 1970s,! surface-enhanced Raman
spectroscopy (SERS) has emerged as a promising label-free
analytical technique to provide chemical fingerprint informa-
tion for applications ranging from molecular detection and pro-
filing, to cellular identification and classification, and to food
and environmental monitoring.??! By surface plasmon enhance-
ment of both excitation and inelastic scattering processes of ana-
lyte molecules in hotspots, nanoplasmonic SERS substrates can
achieve the molecule ensemble average SERS enhancement fac-
tors (EFs) above 107, sufficient for single molecule detection.[>*
Compared to uncoupled plasmonic nanostructures, strongly
coupled plasmonic nanostructures with nanoscale separations
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metal nanostructures can change by five
orders of magnitude with a nanogap varia-
tion less than 10 nm.[®l

Toward controlled engineering of plas-
monic nanogap hotspots, significant
efforts have been made to create high-
performance uniform SERS substrates
using scalable nanofabrication strategies.
Based on the orientation of plasmonic
nanogaps, SERS substrates can be further
classified into two types: 1) horizontally
oriented nanogap structures where the
dominant electric field is parallel to the substrate surface and
2) vertically oriented nanogap structures where the dominant
electric field is perpendicular to the substrate surface. Since it is
more straightforward to create horizontally oriented plasmonic
nanogaps by modifying lithography defined in-plane nanopat-
terns, most top-down fabricated SERS substrates exploit hori-
zontally oriented nanogap hotspots typically with SERS EFs
on the order of 10°-107.°-131 However, for sub-10 nm control
of horizontally oriented plasmonic nanogaps, most of these
works require the use of nonstandard fabrication techniques to
go beyond the nanolithography resolution limit, such as micro-
capillary forces driven nanogap generation by self-coalescence
of nanopillar arrays,” ion-milling or adhesive-stripping assisted
exposure of atomic layer deposition defined nanogaps,!!%
self-aligned generation of nanogaps by off-angle shadow depo-
sition through nanomasks,!'!l and thermal annealing-assisted
nanogap generation by forming metal nanoislands between
nanopillar arrays.'2l Therefore, despite significant improve-
ment, current scalable SERS substrates by engineering hori-
zontally oriented plasmonic nanogaps still face challenges
in relatively high fabrication costs and limited spectral
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controllability of gap plasmon modes for SERS operation in
the near-infrared (NIR) biological window. On the other hand,
although many studies have demonstrated the good SERS per-
formance of vertically oriented plasmonic nanogaps in bottom-
up assembled nanoparticle-nanogap-mitror structures,!'*! little
progress has been made in high-throughput fabrication of
uniform SERS substrates by engineering vertically oriented
plasmonic nanogaps.

In this work, we report a new type of scalable high-perfor-
mance SERS substrates based on multistack vertically oriented
nanogap hotspots in nanolaminated plasmonic crystals, which
can be manufactured in a high-throughput top-down approach,
can have a uniform distribution of hotspots with SERS EFs on
the order of 108, and can be reused simply after a short oxygen
plasma cleaning process. As illustrated in Figure 1A, a single
unit cell of the nanolaminated plasmonic crystals can con-
tain multiple vertically stacked metal-insulator-metal (MIM)
nanocavities supporting gap plasmons with highly concen-
trated optical fields and by partial etching of insulator layers of
MIM nanocavities, the embedded vertically oriented plasmonic
nanogap hotspots can be exposed for high-performance SERS
detection of analyte molecules in the environment. Compared
to conventional SERS substrates based on horizontally ori-
ented plasmonic nanogaps, our novel nanolaminated SERS
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substrates based on multistack vertically oriented nanogap
hotspots provide some unique opportunities.'>1% First, it is
much easier to achieve accurate nanoscale geometric control of
vertically oriented plasmonic nanogaps in terms of film thick-
nesses than to define horizontally oriented nanogap geom-
etries by lithography-based processes. Second, by adjusting
film thicknesses of MIM building blocks in the vertical stack,
we can easily tune the resonant response of nanolaminated
SERS substrates to operate under NIR laser excitation for
applications requiring low autofluorescence, reduced cellular
phototoxicity, and deep light penetration in biological tissues.
Finally, by relaxing the degree of freedom in multiple out-of-
plane geometric parameters, MIM nanolaminated plasmonic
nanostructures can be engineered to have multiresonant optical
properties for wavelength-multiplexed operations,!’® which
will allow for combining SERS with other optical sensing or
actuation modalities under different excitation wavelengths in a
spatiotemporally correlated manner.

Figure 1B illustrates the top-down fabrication process to
create scalable nanolaminated SERS substrates. Briefly, we first
used a nanostructured polydimethylsiloxane (PDMS) stamp to
replicate polymer nanopillar arrays on polyester (PET) films
with a UV curable polyurethane (PU) polymer resist. Next,
we deposited alternating layers of Au and SiO, films to create

Cc D
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Non-etched

30 s etched

Figure 1. Scalable high-performance nanolaminated SERS substrates. A) Schematic illustration of increased Raman signal intensity (wg—a,;p) of analyte
molecules on the surface of the nanolaminated plasmonic crystals after exposing multistack vertically oriented plasmonic nanogap hotspots by BOE
etching of the insulator layers. B) Schematic representation for fabricating nanolaminated SERS substrates with three insulator layers. C,D) Tilted-view
optical images of substrate C) before and D) after the MIM deposition process. E) Top-view optical image of the nanolaminated SERS substrate.
F) Optical image of nanolaminated SERS substrate samples with different BOE etching times. G) Top-view SEM image of a nonetched nanolaminated
SERS substrate. H, I) Cross-sectional view SEM images of nanolaminated SERS substrates with H) 0 s (nonetched) and 1) 30 s BOE etching.
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multilayered MIM nanostructures with multistack vertically
oriented plasmonic nanogaps on individual nanopillars by elec-
tron-beam deposition. Finally, we used a wet chemical etching
process to expose embedded nanogap hotspots with buffered
oxide etchant 10:1 (BOE) for improving the SERS performance.
Figure 1C,D shows the optical images of samples before and
after the deposition of alternating MIM films on nanopillar
arrays on the flexible PET substrate. We can observe strong
light diffraction patterns from both samples over large areas,
indicating a uniform distribution of periodic nanostructures
on the substrates. The dark appearance of the fabricated SERS
substrate from the top-view optical image (Figure 1E) reflects a
broadband absorption in visible frequencies. Figure 1F shows
a similar dark appearance between six SERS substrate samples
under different etching times from 10 to 60 s, indicating a good
structural stability of vertically stacked MIM nanocavities in the
BOE etching process. Figure 1G,H shows top-view and cross-
sectional scanning electron microscopy (SEM) images of nano-
laminated SERS substrates without BOE etching. According to
the design of composite MIM nanoantennas in our previous
work,[1®l we deposited four Au layers with the same thickness of
30 nm and three SiO, layers with different thicknesses of 6, 8,
and 12 nm from bottom to top. The inversely tapered shape of
multilayered MIM nanostructures on nanopillars is attributed
to the shadowing effect from the line-of-sight electron-beam
deposition process. After 30 s BOE etching (Figure 1I), the
multilayered nanostructures on nanopillars show an increased
side-wall surface roughness and a reduced total height due to
the partial removal of SiO, layers in the nanogaps.

To study the effect of BOE etching on the optical properties
of nanolaminated plasmonic crystals, we measured normal-
incidence reflectance spectra of samples under different etching
times (Figure 2A). Before being etched, the nanolaminated
plasmonic crystals exhibit rich multiresonant optical proper-
ties featured by multiple reflection dips due to the absorption of
different plasmon modes at 630, 690, 770, 810, 990, and 1400 nm,

www.advmattechnol.de

while the absorption feature below 530 nm is associated with
interband electronic transitions in Au. After being etched at
30 and 60 s, the reflectance spectra of samples changed accord-
ingly due to the changes of local dielectric configurations and
geometries of multistacked nanogaps in nanolaminated plas-
monic crystals (also shown in their cross-sectional SEM images,
Figure 2A). In particular, with the etching time increased
from 0 to 30 and to 60 s, the resonant dip initially at 1400 nm
blueshifted to 1130 and to 1015 nm with a reduced amplitude
and the resonant dip initially at 990 nm blueshifted and merged
with the other resonance at 850 nm.

For a better understanding of observed resonant features and
their dependence on the etching process, we used 3D finite-dif-
ference time-domain (FDTD) method to calculate far-field and
near-field optical properties of nanolaminated plasmonic crys-
tals with different volume etching ratios of dielectric layers in
the nanogaps. In good agreement with the measurements, the
FDTD calculated reflectance spectrum of the nonetched sample
exhibits plasmonic resonant dips at 615, 675, 750, 860, 995, and
1400 nm. From calculated near-field profiles, these modes show
intense optical fields in dielectric nanogaps between metal
layers as well as in the vicinity of periodic plasmonic nanohole
arrays (Figure S1, Supporting Information), which is a result
of optical hybridization between localized gap plasmon modes
in MIM nanostructures and delocalized surface plasmon polar-
iton Bloch-modes in periodic plasmonic structures. To numeri-
cally model the etching effect on their optical properties, we
performed FDTD calculations of nanolaminated plasmonic
crystals with increased volume ratio of air (n = 1) in nanogap
layers from 0%, to 15%, and to 30%. As shown in Figure 2B,
with increasing etching ratios, the reflection dip initially at
1400 nm (nonetched) blueshifts to 1350 nm (15% etched) and
to 1320 nm (30% etched), and the dip initially at 860 nm (non-
etched) blueshifts to 810 nm (15% etched) and to 780 nm (30%
etched). Despite the qualitative agreement in the blueshifting
trend of gap plasmons by reducing the effective/average

A B c 15% etche
Measurement 60s Simulation ‘ 1E]?
Cav 1
Cav2}|
Cav3
30s =
o )
e 3] ﬁ z
S1P ] = i = x
% Non-etched »j"-’ 4 _/\ 15% etched
o 4
05
[t 05} “B_| -
0 1 1 ! 1 Non-etched 0 \ \ i Nor?-etChed 4
300 600 900 1200 1500 1800 300 600 900 1200 1500 1800 | b
Wavelength (nm) Wavelength (nm) -200 -100 (0 )100 200
X (nm

Figure 2. Optical properties of nanolaminated plasmonic crystals. A) Measured reflectance spectra and corresponding SEM cross-sectional images of

nanolaminated plasmonic crystals with different BOE etching times of 0 (nonetched), 30, and 60 's. B) FDTD-calculated reflectance spectra of nanolaminated

plasmonic crystals with different etching volumes of insulator layers (nonetched, 15% etched, and 30% etched). The inset cartoons illustrate their

corresponding unit cell geometries. C) The FDTD-calculated x—z distribution map (785 nm) of |EJ* for the nanolaminated plasmonic crystal with 15%
etching volumes of insulator layers. D) The FDTD-calculated |E[? as a function of x for the three MIM plasmonic nanogap cavities in the vertical stack.
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refractive index in the nanogaps, the calculations show much
smaller changes of mode wavelengths and reflectance dip
amplitudes compared to the measurements. This discrepancy
is mainly because the model in FDTD calculations cannot cap-
ture the additional geometric deformation of partially etched
MIM nanostructures driven by the nanocapillary force during
etching, rinsing, and drying processes.

To estimate the local field concentration in multistacked
nanogaps of nanolaminated plasmonic crystals for SERS appli-
cations under 785 nm NIR laser excitation, we calculated the
distribution map of electric field intensity |F]* at 785 nm for the
sample with a 15% etching ratio (Figure 2C). In Figure 2D, we
depict |E? at different locations along x axis across the middle
line of nanogaps for three MIM nanocavities in the vertical
stack. As |x| increases from 0 to 200 nm, |E)?* first increases
gradually in the embedded nanogap regions (blue) and reaches
the maximum in the exposed nanogap regions (gray), and
then drops quickly outside nanogaps (white). The peak values
of |E]?> in exposed nanogaps from top to bottom are 1.4 x 103,
6.8 x 102, and 2.0 x 102, respectively, and their SERS EFs can
be estimated as 2.0 x 10, 4.6 x 10, and 4.1 x 10* according to
the |E|* approximation.['”] Therefore, our numerical calculations
predict it is possible to transform the embedded “passive”
hotspots into exposed “active” hotspots by partial etching of
dielectric layers in MIM plasmonic nanocavities.

By measuring Raman spectra of benzenethiol (BZT)
molecules assembled on nanolaminated plasmonic crystals
with different etching times, we have demonstrated a signifi-
cant improvement of their SERS performance by physically
exposing embedded nanogap hotspots. Figure 3A shows that
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Figure 3. SERS performance of nanolaminated plasmonic crystals. A) The measured Raman spectra of BZT molecules assembled on the surface of
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BZT SERS signals first quickly rise and reach a maximum with
BOE etching time increased from 0 to 30 s and then gradu-
ally fall with the etching time increased from 30 to 60 s. In
Figure 3A, each Raman spectrum was acquired by averaging
Raman signals from 400 pixels over a 5 um x 5 um area under
785 nm laser excitation using a confocal Raman spectra-
imaging microscope system. The five major peaks at 422, 1001,
1026, 1077, and 1576 cm™ correspond to the carbon-sulfur
(C-S) stretching and carbon-carbon-carbon (C-C-C) ring in-
plane deformation vibration, the C-C-C ring in-plane bending
mode, the carbon-hydrogen (C-H) in-plane bending mode, the
C-C-C ring in-plane breathing mode with C-S stretching mode,
and the C-S stretching mode for BZT molecules.® The sample
with 30 s BOE etching shows an optimized SERS performance
with 17 times higher Raman signal intensity (1077 cm™) than
the nonetched one. With the etching time increased from
30 to 60 s, the SERS performance gradually decreased, which
however, is still five times better than the nonetched one. Our
corroborated observations from SEM, reflectance, and SERS
measurements suggest that the geometric deformation of nan-
olaminated plasmonic nanostructures due to the BOE etching
process is likely selflimited and can still result in a better
SERS performance than nonetched samples by increasing the
nanoscale sidewall roughness.

Figure 3B shows the 2D confocal Raman images (at
1077 cm™) over a 5 um X 5 um area for samples with etching
times of 0, 30, and 60 s. We collected the Raman signals using
a 100x objective lens with a numerical aperture (NA) of 0.9.
To study the uniformity of SERS hotspots on nanolaminated
plasmonic crystals under different etching conditions, we
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nanolaminated plasmonic crystals with different BOE etching times under 785 nm laser excitation. B) Scanning confocal Raman images (1077 cm™')
of nanolaminated plasmonic crystals with 0, 30, and 60 s BOE etching. C) Histograms of Raman signal intensities and corresponding SERS EFs
(1077 cm™) for nanolaminated plasmonic crystals with 0, 30, and 60 s BOE etching. D) The SERS EFs (1077 cm™") of nanolaminated plasmonic crystals
with different etching times. The five different bars from top to bottom represent the max, 75%, median, 25%, and min values of SERS EFs respectively;

and the square box represents the mean value.
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plotted the histograms of 1077 cm™ Raman signal intensities
and corresponding SERS EFs from 1200 pixels sampled
in three different areas (Figure 3C). The SERS EFs were
calculated by the formula: EF = (Isgrs/Iraman) X (NRaman/Nsers)
(see details in the Experimental Section).! Samples for three
different etching times all show a log-normal distribution of
SERS EFs with a peak position adjacent to the mean value,
which indicates a uniform distribution of hotspots on the
SERS substrates.['%) Relative standard deviation (RSD) values
of SERS EFs for samples with etching times at 0 (nonetched),
30, and 60 s are 28.8%, 28.12%, and 37.33%, respectively.
The slight ~10% increase of RSD for the sample with a 60 s
etching time also reflects the random but self-limited nature
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of the etching-induced geometric deformation process for
multilayered MIM nanostructures. It should be noted that the
RSD values of SERS EFs also depend on the NA of the objec-
tive lens used in the Raman measurement, and a less focused
beam due to a smaller NA can include more hotspots for spa-
tial averaging in each pixel and thus reduce RSD values for
the same sample.2% Figure 3D shows the plots of measured
SERS EFs for the samples with different etching times. With
increased etching times, the average SERS EFs of samples rap-
idly increase from 9.7 x 10° (0 s, nonetched) to the maximum
value 1.6 x 10® (30 s, etched), and then gradually decrease
to 5.2 x 107 (60 s, etched). To the best of our knowledge, the
measured SERS EFs of =1.6 x 10® from our nanolaminated
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Figure 4. Reusability of nanolaminated SERS substrates. A) Schematic illustration of the oxygen plasma cleaning of BZT molecules in nanogap
hotspots for repeated SERS measurements. B) Evolution of Raman spectra from the same BZT assembled SERS substrate at different oxygen plasma
cleaning times. C) Measured Raman spectra from the same SERS substrate after different cycles of BZT incubating and oxygen plasma cleaning. D) The
SERS EFs of the same nanolaminated SERS substrate (1077 cm™') in four cycles of BZT SERS measurements after oxygen plasma regeneration. The
five different bars from top to bottom represent the max, 75%, median, 25%, and min values of SERS EFs respectively; and the square box represents
the mean value.

Adv. Mater. Technol. 2019, 4, 1800689 1800689 (5 of 7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

8518017 SUOWIWIOD BAIE8.D 3cedt|dde auy Aq peuienob a1e ssolie O ‘88N JO Sa|nJ 10} Aiq1T 8ULUO A8]1A UO (SUONIPUCO-pUe-SWBI Lo A3 1M A1 1 U1 [UO//:StY) SUORIpUOD pue swie | 8y} 88S *[6202/50/60] U0 AkiqiTauliuo A|im ‘Aisiealun euolieN Buoiind Aq 689008T0Z WPR/ZO0T OT/I0P/W0D A8 | im' Ale.d1jBul UO"peoUeApe//ScY WOl pepeo|umod ‘S ‘6TOZ ‘X60.S9ET



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

plasmonic crystals are among the highest reported in literature
for scalable uniform SERS substrates made of biocompatible
Au under the NIR laser excitation.

Last, we have explored the reusability of nanolaminated
plasmonic crystals for repeated SERS measurements by regen-
erating fresh hotspots using the oxygen plasma cleaning pro-
cess. Figure 4A shows the schematic illustration of one cycle
in repeated SERS measurements, in which accelerated radicals
in the oxygen plasma can remove BZT molecule layers from
the surface of plasmonic nanostructures via chemical reac-
tion and physical bombardment processes. Figure 4B shows
the evolution of Raman spectra from BZT assembled SERS
substrates (with 30 s BOE etching) after being treated in the
oxygen plasma (RF power: 50 W, O, gas flow: 50 sccm) with
different cleaning times, ranging from 0 s (reference) to 100 s.
We find that BZT SERS signals can be reduced by two orders
of magnitude after 20 s oxygen plasma cleaning and can be
totally eliminated after 40 s oxygen plasma cleaning. Interest-
ingly, as the oxygen plasma cleaning time was further increased
from 40 to 100 s, two very broad Raman peaks at 620 and at
814 cm™ emerged and kept increasing in amplitude. We
suspect that these broad Raman features are likely from
amorphous-like byproduct materials generated and deposited
in plasmonic nanogap hotspots during physical and chemical
interactions between oxygen plasma and PU polymer nano-
pillars under multilayered plasmonic nanostructures. Figure 4C
shows that nanolaminated plasmonic crystals can be used for
repeated BZT SERS measurements by a 40 s oxygen plasma
cleaning in four experimental cycles. Moreover, we find that the
broad Raman peak at 814 cm™! emerging after the second and
third rounds of oxygen plasma cleaning disappears in the SERS
measurements after the third and fourth rounds of BZT incuba-
tion and ethanol rinsing process, indicating that the byproduct
materials deposited in nanogap hotspots during oxygen plasma
cleaning process are weakly physisorbed and thus can be simply
washed away in the liquid environments. To have a quantita-
tive assessment of the change of SERS performance for nanol-
aminated plasmonic crystals after multiple cycles of reusability
testing experiments, we plotted the dependence of SERS EF
distributions measured from 400 pixels on the cycle number
(Figure 4D). We find that the same sample after multiple cycles
of usage can maintain very high SERS EFs (2.3 x 10%, 2.5 x 108,
and 2.0 X 10%) even slightly higher than its first usage (1.8 X 10%),
while its RSD (38%, 69%, and 62%) increases slightly due to
accumulated mechanical perturbations to the nanogap hotspots
in the plasma cleaning, liquid rinsing, and air drying processes.

In summary, we have demonstrated a new type of scalable
high-performance SERS substrates based on multistack verti-
cally oriented plasmonic nanogap hotspots in nanolaminated
plasmonic crystals, which can be manufactured in a high-
throughput top-down fabrication process for mass produc-
tion. By partial wet etching of dielectric nanogap layers, we
can expose embedded nanogap hotspots to further increase
SERS EFs by over one order of magnitude from =9.6 x 10° to
~1.6 x 10%. Moreover, due to their chemical and mechanical
stability, nanolaminated plasmonic crystals show an excellent
reusability for repeated SERS measurements simply by oxygen
plasma cleaning. Compared to most SERS substrates by hori-
zontally oriented nanogap engineering, nanolaminated SERS

Adv. Mater. Technol. 2019, 4, 1800689

1800689 (6 of 7)

www.advmattechnol.de

substrates based on multistack vertically oriented plasmonic
nanogaps have several advantages: 1) accurate nanoscale control
of vertically oriented plasmonic nanogap geometries based on
film thicknesses, 2) compatible with scalable high-throughput
fabrication process, 3) good spectral tunability of out-of-plane
nanogap plasmons for biological SERS applications requiring
the NIR laser excitation, and 4) capable for wavelength-multi-
plexed multimodal operation by out-of-plane engineering of
individual MIM nanocavities in the vertical stack. Therefore,
scalable high-performance nanolaminated SERS substrates
are very promising for real-time label-free biochemical moni-
toring of dynamic and complex bio/chemical systems with high
spatial-temporal resolution and good sensitivity.

Experimental Section

Fabrication of Nanolaminated Plasmonic Crystals: A composite PDMS
mold was fabricated from a silicon master consisting of a 2D square periodic
array of nanopillars (periodicity: 400 nm, diameter: 100 nm, and height:
400 nm).21 Polymer nanopillar arrays were replicated from the PDMS
mold on a PET film using PU UV-curable polymer (NOA 83H, Norland
Product Inc., USA). PU was squeezed between the mold and PET film, and
cured by UV for 10 min followed by postannealing process (overnight at
80 °C). Alternating layers of Au layers (30 nm) and SiO, layers (6, 8, and
12 nm from bottom) were deposited on the PU pillar arrays using e-beam
evaporation (PVD250, Kurt J. Lesker, USA). In addition, 1 nm of chromium
on nanopillar arrays and 0.7 nm of titanium between Au and SiO, layers
were deposited as adhesion layers. To open the dielectric nanogaps, BOE
10:1 was used (Transene Inc., USA). The reflectance spectra were measured
by a UV-vis—NIR spectrophotometer (Cary 5000, Agilent, USA).

Finite-Difference Time-Domain Simulation: 3D FDTD simulations were
performed by a commercial software (FDTD solution, Lumerical Inc.,
Canada). A uniform 2 nm mesh was used to x-, y-, and z-directions.
The optical constants of Au were taken from Johnson and Christy.22
The Bloch boundary condition was used in x- and y-directions with
a periodicity of 400 nm and the perfectly matched layer boundary
condition was used in the z-direction. The refractive indices of SiO, and
PU were set as 1.5 and 1.56, respectively.

Raman Measurement: To evaluate the SERS performance of samples,
BZT (Sigma-Aldrich, USA) was used as the probe molecules. To form
a self-assembled monolayer, samples were incubated in 1 x 107 m of
BZT ethanolic solution for 24 h followed by ethanol rinsing. For Raman
measurement, a confocal Raman microscope (alpha 300 RSA+, Witec,
Germany) equipped with a 785 nm diode laser (Xtra Il, Toptica, Germany)
was used. Signals were collected via 100x objective lens with 0.7 mW
and 1 s integration time. The backscattered photons were detected by a
spectrometer (UHTS300, Wltec, Germany) equipped with a CCD camera
(DU401A, Oxford instruments, UK). After signal acquisition, cosmic rays
removal and baseline correction were performed by a software (Project
v4.1, WiTec, Germany).

EF  Calculation: The SERS EFs  were calculated by,
EF = (Isers//raman) X (Nraman/Nsers)- Isers, [ramans Nsers: and Neaman
are the SERS BZT intensity, neat BZT Raman intensity, and the number
of BZT molecules contributing to SERS and neat Raman intensities,
respectively.l’) Isgrs (1077 cm™) and Igaman (1094 cm™') were measured,
which are C-C-C ring in-plane breathing mode with C-S stretching mode
(Figure S2, Supporting Information)."®23 Ngges was calculated by
Nsgrs = SA X psers, Where SA is the metal surface area contributing to
the enhancement of Raman signal (Figure S3, Supporting Information)
and psers is the packing density of BZT on Au surface (6.8 x
10" molecules cm2).24 N, .., was calculated by Ngaman = A X deg X P27
where A is the focused illumination area, d. is an effective depth
(Figure S4, Supporting Information), and pgzt is the density of neat BZT
(5.9 x 102" molecules cm™). It should be noted that these calculated EFs
were underestimated since the calculation considered the whole metal

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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surface area rather than the hotspot regions and used the maximum
surface density of BZT on gold. Therefore, the local SERS EFs of nanogap
regions should be even higher.

Oxygen Plasma Cleaning: To assess the reusability of device, oxygen
plasma cleaning was performed by a tabletop reactive ion etching
system (RIE-1C, Samco, Japan) with the oxygen flow of 50 sccm and the
RF power of 50 W.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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