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ABSTRACT Top-down fabrication of electron-beam lithography
(EBL)-defined metallic nanostructures is a successful route to obtain
extremely high electromagnetic field enhancement via plasmonic
effects in well-defined regions. To this aim, various geometries have
been introduced such as disks, triangles, dimers, rings, self-similar
lenses, and more. In particular, metallic dimers are highly efficient
for surface-enhanced Raman spectroscopy (SERS), and their decou-
pling from the substrate in a three-dimensional design has proven to

further improve their performance. However, the large fabrication

time and cost has hindered EBL-defined structures from playing a role in practical applications. Here we present three-dimensional nanostar dimer devices
that can be recycled via maskless metal etching and deposition processes, due to conservation of the nanostructure pattern in the 3D geometry of the
underlying Si substrate. Furthermore, our 3D-nanostar-dimer-in-ring structures (3D-NSDiRs) incorporate several advantageous aspects for SERS by
enhancing the performance of plasmonic dimers via an external ring cavity, by efficient decoupling from the substrate through an elevated 3D design, and
by bimetallic AuAg layers that exploit the increased performance of Ag while maintaining the biocompatibility of Au. We demonstrate SERS detection on
rhodamine and adenine at extremely low density up to the limit of few molecules and analyze the field enhancement of the 3D-NSDiRs with respect to the
exciting wavelength and metal composition.
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single-molecule detection

(SERS) is a versatile tool for the detec-

tion of biological or chemical ana-
1-4

Surface—enhanced Raman spectroscopy

lytes that are deposited on metallic
nanostructures at very low concentration,
down to the limit of single/few-molecule
detection (SMD).>® In this context, the great
advantage of SERS is its capability to pro-
vide molecular fingerprints of the analyte by
label-free detection, ie. high specificity
combined with high sensitivity. The high
sensitivity results from the combination
of chemical (CM) and electromagnetic
(EM) enhancement. The former describes
the charge transfer interaction from the
electronic energy levels of the metal to the
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adsorbed molecules, therefore enhancing
the Raman scattering crosssection of the
molecule, leading to enhancement factors
around 10—100.” On the other hand, the
EM field enhancement crucially depends
on the induced near-field intensity caused,
for example, by localized surface plasmon
resonances (LSPRs) in metallic nanostruc-
tures. Here, the dominating parameters are
the shape and size of the nanostructures,
interparticle distance, dielectric environ-
ment, and incident light polarization.? In
this case the EM field can lead to enhance-
ment factors up to the order of 10°° The
extremely large SERS enhancement result-
ing from the combination of both CM and
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EM enhancements counterbalances the low scattering
cross-section of the Raman signal, enabling even sin-
gle/few-molecule detection.'® Despite some success of
SMD with SERS, the fabrication of plasmonic nano-
structures with extremely high EM enhancement is still
a challenge, in particular with respect to wavelength
tunability, homogeneity in field enhancement, and
biocompatibility. Furthermore, the fabrication cost of
SERS substrates and/or alternatively their recyclability
for multiple uses are important issues. In fact, while
bottom-up approaches can lead to low-cost SERS
substrates with extremely high field enhancement,
such as core—shell AgAu nanoparticles,'’ they do not
provide good EM homogeneity. On the other hand,
electron-beam lithography (EBL) combined with metal
deposition and etching techniques allows for good
control regarding the hot-spot design and extremely
high EM enhancement. Among the best performing
substrates are dimer structures, which lead to a highly
localized EM enhancement in the nanosize gap.'~ '
Interestingly, the enhancement could be strongly in-
creased by elevating the dimer structures from the
substrate in a 3D geometry.'” The disadvantage of this
fabrication approach based on EBL is the high cost and
the low throughput of the devices. In this paper we
introduce elevated 3D nanostar dimers embedded in a
ring structure, which integrate the advantages of ex-
tremely high EM enhancement at known location with
excellent reproducibility, biocompatibility, tunable re-
sonance wavelength, and facile recyclability that coun-
terbalances the high fabrication cost inherent to EBL.

Ring-shaped nanostructures (circular reflectors) have
been exploited during the past years for applications
in a number of fields, such as electronics, optics,
and magnetism.'® The nanorings provide a uniform,
enhanced electric field inside the cavity, similarly to
a 3D nanoshell,'” and have the advantage that the
internal deposition of molecules is simpler than for
nanoshells.”®=2" Circular reflectors that incorporate
SERS nanostructures for increasing both the local
electric field and the collection efficiency have been
the subject of several reports.'®*>?* The circular re-
flector creates a diffractive coupling®* that reflects the
light back to the ring center where the nanostructures
are placed, hence increasing the local EM fields at this
position.

Noble metallic nanostructures formed with Ag/Au
metal layers are extensively used in various fields such
as photonics, electronics, and sensing.>3° Ag yields
higher field enhancement than Au;*'3? however due
to the Ag oxidation, Au nanostructures are preferred in
biosensing owing to their low cytotoxicity, long-term
stability, and biocompatibility. In order to exploit the
advantages of both materials, bimetallic nanoparticles
have been synthesized,**~3 and a variety of combina-
tions of Ag and Au bimetallic nanoparticles were
developed by colloidal techniques.*®3° Bimetallic
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nanostructures demonstrated improved performance
in terms of stability, physical and chemical proper-
ties, and tunability of their resonance wavelength,***’
and therefore were extensively studied in SERS for
biosensing.***

Sample recycling crucially depends on the applic-
ability of cleaning processes, and in the case of 2D
structures, processes such as plasma cleaning, ultrasonic
cleaning, UV illumination, wet-etching, and thermal treat-
ment can be used.**~*® However, the above processes do
not always guarantee a complete removal of the organic
substances and possibly lead to damage of the plasmo-
nic structures. Therefore, a facile routine to completely
remove all organic materials without deteriorating the
plasmonic performance remains a challenge.

We recently introduced three-dimensional plasmo-
nic nanostar dimers for few-molecule detection by
SERS spectroscopy, and their field enhancement was
studied with respect to interparticle spacing (IPS) and
pillar height.* In this work we developed this con-
cept further by introducing (i) a metallic AgAu bilayer,
leading to a higher field enhancement while con-
serving the biocompatibility of Au; (ii) larger inter-
structure spacing, which is possible due to the in-
creased robustness of the nanostar dimer in the ring
structure, which allows for single dimers in the detec-
tion spot; (iii) an additional EM field enhance-
ment caused by the ring cavity; and finally (iv) a facile
approach for recycling 3D structures via maskless
etching and remetalization that guarantees complete
removal of the analytes.

The bimetallic AgAu 3D nanostar dimer in a ring
(3D-NSDIR) structure is shown in Figure 1. The 3D
geometry was obtained by an isotropic reactive-ion
etching (RIE) process masked by a specific Cr pattern
that was previously defined by EBL. The hot spot in
the dimer gap was decoupled from the Si substrate
via silicon pillars that support the nanostars, and was
placed in the center of a 3D ring cavity.

Numerical calculations were performed to optimize
the structure geometry and to support the experimen-
tal data. The 3D-NSDiR structures were characterized
with respect to the metal layer composition, star size,
height, and incident light polarization. SERS perfor-
mance and sensitivity were evaluated by using the
nonfluorescent molecule p-aminothiophenol (pATP)
as analyte, and more general versatility was demon-
strated using also rhodamine (R6G) and adenine (DNA
base) molecules at very low concentration. Finally, the
recycling capability was quantified via repeated cycles
of molecule chemisorption, SERS measurements, and
cleaning via wet-chemical etching followed by metal
evaporation, yielding a SERS enhancement factor of
107 (with respect to a planar Au film) in each cycle. Here
the removal of the metal layer ensures complete re-
moval of the analyte molecules, which even allows for
reuse with different types of molecules. We emphasize
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Figure 1. (a) Schematic representation of a AgAu 3D-NSDiR
structure. (b) Normal-incidence SEM image of AgAu 3D-
NSDiR structures. (¢, d) Magnified image of a AgAu 3D-NSDiR
structure with S5 size at normal incidence and at 52° tilted
view, respectively. (e) Schemes illustrating the fabrication
process.

that the maskless, large-area processing described
here for regeneration of the SERS substrates is possible
only for elevated 3D nanostructures.

RESULTS AND DISCUSSION

Plasmonic 3D-NSDiR structures with different star
sizes (ranging from 100 to 240 nm for nanostar struc-
tures S1—S8, Table 1), with 5 nm dimer gap (IPS), and
150 nm height were fabricated by EBL and RIE pro-
cesses, followed by 20 nm Ag and 20 nm Au metal
deposition, as illustrated in Figure 1. The SEM images
in Figure 1b—d demonstrate the overall fabrication
quality in terms of reproducibility, homogeneity, and
uniformity of the 3D-NSDiR structures. We chose a dis-
tance of 1 um between neighboring 3D-NSDiR struc-
tures in order to ensure excitation of a single 3D-NSDiR
in the detection area of the SERS measurements. The
width of the ring was fixed at 130 nm, and the distance
from the inner edge of the ring to the star edge was
kept at 140 nm. The dimer gap was 5 nm, and its
standard deviation (SD) measured from 20 nanostruc-
tures within the same substrate was 1 nm. Table 1
lists the geometrical parameters of the fabricated
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TABLE 1. Geometrical Parameters of the Fabricated
3D-NSDiR Structures

3D-NSDiR star branch star branch ~ nanoring inner

notation  star size (L), nm length (B), nm width (B,), nm radius (R;), nm

S1 100 £+ 3 2342 38+2 278+3
S2 120£2 27£2 45+2 295 +2
S3 140 £2 32+£3 48 +2 317 +2
S4 160 & 2 B+£2 49+2 35+3
S5 175 +£2 54+£2 50+£2 346 + 2
S6 200 + 2 632 51+2 372+ 4
S7 220+2 n+2 52+2 39112
S8 240 +2 76+3 53+2 407 + 2

3D-NSDIR structures, where L, By, B, and R, (see
Figure 1) represent the star size, branch width, branch
length, and inner radius of the nanoring, respectively.
Figure SIT in the Supporting Information (SI) shows
SEM images of empty nanoring cavities.

The influence of both IPS and 3D elevation (i.e., the
pillar height) on the plasmonic field enhancement was
discussed in ref 49. Briefly, the field enhancement
increases with decreasing IPS, and increases with pillar
height until it saturates at around 150 nm, indicating
efficient decoupling of the hot spot from the substrate.
Therefore, we chose here the smallest dimer gap size
that could be reproducibly fabricated (IPS = 5 nm) and
a pillar height of 150 nm.

Numerical Calculations. We have performed numerical
calculations using CST-Microwave studio software for
Au star dimers, AgAu star dimers, and AgAu star dimers
in a ring (3D-NSDIR) with size parameters correspond-
ing to the S5 configuration (see Table 1). The near-field
distribution of the corresponding nanostructures in
the x—y plane (at the Si—metal layer interface) is shown
in Figure 2, and plots in the x—z plane are displayed in
Figure SI2 of the SI. The field enhancement in the x—y
plane depends to a certain extent on its z position,
in agreement with the literature.®>' The excitation
wavelength was set to 830 nm with electric field pola-
rization along the x-axis. The dielectric functions of the
metal layers were taken from refs 52 and 53, and the
dielectric constant of Si was set at &s; = 15.21. The outer
edges of the nanostructures in the model were slightly
rounded in order to match the fabricated structures,
and convergence mesh analysis was applied to get
stationary results. The field distribution on Au and
AgAu 3D-nanostar dimers (NSDs) without a ring cavity
is plotted in Figure 2a,b, evidencing that the maximum
(localized at the center of the gap) is 4 times higher for
the bimetallic configuration. This result can be under-
stood by the relatively stronger plasmon resonance of
Ag nanostructures with respect to Au.! The simulation
of the 3D-NSDIR structure (Figure 2¢,d) demonstrates
the reflecting behavior of the ring cavity, leading to a
very strong localization of the field enhancementin the
dimer gap. In detail, we find an increase of the EM field
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Figure 2. (a—c) Electric field distribution of a Au nanostar
dimer, a AgAu nanostar dimer, and a AgAu nanostar dimer
in a ring (3D-NSDiR), respectively, in the x—y plane. (d)
Magnified view of a 3D-NSDiR from (c). The scale bars
represent the field enhancement, with the incoming field
Eo equal to 1.

by a factor of 1.65 with respect to the AgAu 3D-NSD
configuration. We note that the simulation of an empty
ring cavity (see Figure SI2c of the SI) results in a uniform
electric field distribution inside the ring with an enhance-
ment factor of 5, in agreement with the literature.'®
Overall, the EM enhancement of the 3D-NSDiR structure
amounts to a factor of 165 in a highly localized hot spot.
This value leads to a SERS enhancement,>* expressed by
the relation (Eoc/Eo)*, on the order of 102, By considering
also the chemical enhancement, a total SERS enhance-
ment factor on the order of 10" for AgAu 3D-NSDiR
structures can be expected. We note that the hot-spot
area in the center of the dimer gap (Figure 2d) will be
used as active SERS area in the estimation of the experi-
mental SERS enhancement factor.

SERS Measurements. We used pATP molecules chemi-
sorbed from a 10 uM solution concentration in order to
experimentally evaluate the SERS enhancement of the
3D-NSDiR structures. For all SERS measurements the
polarization of the incident laser source was parallel to
the IPS axis. Figure 3a shows a typical Stokes Raman
spectrum recorded from a self-assembled monolayer
of pATP molecules in the range 900—1750 cm ™' from a
substrate with S5 AgAu 3D-NSDiR structures. All Raman
bands of the spectrum match well with the character-
istics of a pATP molecule.>>*® Raman bands centered
at 1077,1180,and 1590 cm ' correspond to a1l modes,
whereas the peaks at 1140, 1390, and 1438 cm ™' corre-
spond to b2 modes, and their assignment with respect
to the molecular vibration modes is listed in Table SI1
of the SI. The blue trace in Figure 3a represents the
reference Raman spectrum of a planar AgAu film
that manifests only low-intensity bands at 1077 and
1590 cm ™. The inset shows a featureless background
Raman spectrum recorded from clean S5 AgAu 3D-NSDiR
structures, i.e., before chemisorption of pATP molecules,
confirming the absence of surface contamination. The
effect of nanostructure height on the SERS signal
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Figure 3. (a) Stokes SERS spectrum of pATP on AgAu 3D-
NSDiR structures with S5 geometry. The blue trace shows
the reference Raman spectrum of pATP on a planar AgAu
film on the same substrate. The inset depicts the back-
ground Raman spectrum recorded from S5 AgAu 3D-NSDiR
before chemisorption of pATP molecules. (b) SERS intensity
of pATP as a function of metal layer composition. The green
error bars show the standard deviation obtained from sets
of ten measurements recorded from different structures
within the same array. The excitation source, power, and
accumulation time were 830 nm, 1.4 mW, and 30 s, respec-
tively. The light was polarized along the interparticle axis.
enhancement (see Figure SI3 of the SI) was demon-
strated using 3D-NSDiR with a single Au metal layer and
S8 geometry, on which pATP molecules were chemi-
sorbed. As expected from our previous study, the signal
intensity of the Raman band at 1077 cm™" increases
with increasing pillar height, until it saturates at around
150 nm.*® SERS measurements from empty 3D ring
structures are reported in Figure Sl4 of the Sl and show
comparatively low enhancement with respect to the
3D-NSDIR, as expected from our simulations (Figure SI2c
of the SI). Furthermore, the electric field, hence the SERS
signal enhancement, depends significantly on the po-
larization of the incident light, resulting in a strong
enhancement for light polarized parallel to the inter-
particle axis of the dimer (see Figure SI5 of the Sl for the
corresponding simulations and SERS spectra).

In order to elucidate the impact of the metal
layer composition on the SERS signal enhancement,
3D-NSDiR structures with three different metal layers,
Au, Ag, and AgAu, were fabricated with S5 geometry
and a gap size of 20 nm. We chose deliberately a large
gap size in order to minimize the impact of small gap
size variations on the SERS intensity. Figure 3b shows
the SERS intensity of the 1077 cm™' band (with SD
error bar, where the data were recorded from 10
different nanostructures on the same substrate) of
pATP recorded from 3D-NSDiR structures that were
coated with 20 nm of Au, 20 nm of Ag plus 20 nm of Au,
and 20 nm of Ag, respectively. The corresponding SERS
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Figure 4. (a) SERS intensity from pATP molecules (chemisorbed from 10 xM solution) as a function of the 3D-NSDIR size,
obtained from the 1077 cm ™" band for laser excitation at 633 and 830 nm. SEM images show 3D-NSDIR structures with sizes
ranging from S1 to S8. The SERS intensity extracted from the other Raman bands with respect to star size is reported in Figure
SI8 of the SI. The green error bars show the standard deviation obtained from sets of 10 measurements recorded from
different structures within the same array. (b) SERS spectra of pATP (chemisorbed from a 10 xM concentration on S5 3D-NSDiR
structures) recorded with laser excitation at 532 nm (green), 633 nm (red), and 830 nm (blue). The experimental parameters
were 1.4, 0.25, and 4 mW for 830, 633, and 532 nm excitation wavelength, respectively, with an accumulation time of 30 s.
Hash marks and asterisks indicate the a1 and b2 modes at 1077 and 1140 cm ™, respectively.

spectra are reported in Figure SI6 of the SI. We found
the strongest enhancement from the samples coated
with a Ag layer, which can be rationalized by the
plasmonic properties of Ag nanostructures.>?> On the
other hand, the structures coated with a AgAu bilayer
manifested lower enhancement; however they provide
the considerable advantage of Au related to both
biocompatibility and long-term stability. Furthermore,
they show a factor 2 enhancement with respect to the
3D-NSDiR structures that were coated only by Au. For
the AgAu 3D-NSDIR structures we obtained an average
SERS enhancement factor of 4 x 107, by evaluating the
peak at 1077 cm ™' recorded from pATP on nanostars
with S5 geometry. This value corresponds to a refer-
ence Raman spectrum recorded from a planar AgAu
film (the detailed calculation is reported in the SI).
We note that planar AgAu films are already functioning
as SERS substrates with an enhancement factor of
at least 10%*° therefore the absolute enhancement
of the AgAu 3D-NSDIR structure can be estimated to be
around 4 x 10,

The experimental SERS signal from a series of
3D-NSDiR with sizes ranging from S1 to S8 (see Table 1)
was investigated with different laser excitation sources
at 532,633, and 830 nm wavelengths. Here, the IPS was
5 nm for all samples, and the structures were function-
alized with pATP chemisorbed from a 10 uM solution
concentration. Figure 4a shows the SERS intensity of
PATP molecules on 3D-NSDiR structures as a function
of the structure size for 633 (red bars) and 830 (blue
bars) nm excitation wavelengths obtained from the
1077 cm™" band. The SERS intensities were indepen-
dently normalized with respect to the maxima recorded
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from S1 to S8 nanostructures. Typical SERS spectra
from which the peak intensities were extracted are
displayed in Figure 4b, and the 3D-NSDIiR structures
with different sizes (S1—S8) are shown by the SEM
images. For 633 nm excitation wavelength we found
the highest SERS signal for the smallest (51) 3D-NSDiR
structure and a continuous decrease in the SERS signal
with increasing geometrical size. Therefore, the max-
imum of the plasmon resonance of the S1 structures
can be expected around or below 630 nm. On the other
hand, the SERS intensities recorded with 830 nm ex-
citation wavelength show a maximum for the S5 NSDiR
size, indicating good overlap of the plasmon reso-
nance and the Raman band with the excitation laser
wavelength.>”*® This is confirmed by a simulation of
the extinction spectrum of the S5 3D-NSDiR struc-
tures that manifests the maximum at around 820 nm
(see Figure SI7 of the SI).

The characteristic peaks of pATP, the al and b2
modes®®°?%° (indicated by hash and asterisk symbols),
are evident in the spectra recorded at three different
excitation wavelengths (532, 633, 830 nm) from S5
3D-NSDiRs. Interestingly, we observe a change in the
relative intensities for the al and b2 modes with
respect to the excitation wavelengths at 633 and
830 nm. This change can be explained by charge trans-
fer from the metal to an affinity level of the adsorbed
molecule, which is known to depend on the excitation
wavelength.®' ~% We note that for the 532 nm excita-
tion wavelength the relatively large imaginary part of
the dielectric constant of Au leads to damping of
plasmons in the 3D-NSDiR structure and therefore to
lower signal intensity.5*%°
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Figure 5. (a) SERS spectra recorded from adenine molecules chemisorbed on S5 3D-NSDiR structures from 1 xM, 1 nM, and
1 pM concentrations (shown as black, red, and blue traces, respectively). (b) SERS spectra of adenine (1 pM) recorded from
nine different 3D-NSDIR structures of the same substrate. Laser excitation was at 830 nm (14 mW), and acquisition time was
3 5. The yellow bar in (b) highlights the characteristic 737 cm ™' Raman band of adenine.

3D-NSDiR Structures for High-Sensitivity Molecule Detection.
We have explored the SERS detection sensitivity of
3D-NSDiR on two different nonresonant molecules
(with respect to the laser source), adenine and R6G,
that were chemisorbed from highly diluted solutions,
namely, from 1 uM, 1 nM, and 1 pM concentration.
Here, we used 3D-NSDiRs with S5 geometry coated
with a AgAu bilayer, IPS of 5 nm, laser source at 830 nm,
power 14 mW, and acquisition time 3 s. The experi-
mental spectra obtained for adenine at different den-
sities of molecular coverage are shown in Figure 5a.
The chemisorption from 1 pM solution concentration
led to only a few molecules per dimer, and the 50x
objective with NA = 0.75 resulted in a spot size of
~1 um, hence illuminating only a single 3D-NSDiR
structure. The black trace in Figure 53, recorded from
molecules chemisorbed at 1 uM concentration, man-
ifests the clearly distinguishable characteristic peaks
of adenine, including the ring breathing mode at
737 cm™ %75 The full set of molecular vibration
modes of adenine molecules is assigned in Table SI2
of the SI. Also for the substrates with lower molecular
coverage (red and blue traces) the prominent adenine
peaks can still be unambiguously recognized, even in the
limit of a few molecules per hot spot obtained with pM
concentration (blue trace). Figure 5b shows several spec-
tra obtained from adenine molecules chemisorbed from
1 pM concentration recorded from nine different
3D-NSDiR structures on the same substrate. The char-
acteristic vibrational band at 737 cm ™' (highlighted in
yellow) is clearly evident in all spectra, showing some
variation in peak intensity and position, which is
characteristic for few-molecule detection.®®”° We note
that also the other peaks observed in Figure 5b can be
assigned to adenine molecule vibrations.®~%° The
intensity and position of the peaks originating from
the molecular vibrational modes are dominated by the
orientation of the analytes adsorbed on the metal
surface. From large molecule ensembles an average
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Figure 6. lllustration of the maskless recycling process that
can be applied to 3D geometries such as the AgAu 3D-
NSDIR nanostructures.

over all possible conformations is observed in the SERS
spectra, while in a single-molecule experiment the
differences in conformation (orientation of molecule
with respect to the substrate and polarization of the
laser beam) become evident. Therefore, the spectra
presented in Figure 5b are an indirect proof of single/
few-molecule detection capability of the 3D-NSDiR.
Similar results obtained from a different molecule,
R6G, are reported in Figure SI9 of the SI.

Recyclability of 3D-NSDiR Structures. 3D structures
where the nanopattern is conserved in the geometry
of the underlying substrate can be simply recycled by
maskless processes such as metal etching, followed by
metal redeposition, as illustrated in Figure 6. Impor-
tantly, the shape of the plasmonic structures is con-
served if appropriate substrates and etchants are used.
Concerning the 3D-NSDIR structures studied in this
work, the bimetallic AuAg layers were removed by wet
chemical etching with iodine, while the 3D Si structure
maintained the nanostructure shape. We emphasize
that the removal of the metal layer ensures also com-
plete removal of all organic materials adsorbed on it
(see Figure SI 10 in the Sl for a comparison of plasma or
piranha cleaning versus removal by wet etching plus
metal redeposition). Then washing in DI water and
2-propanol and plasma-cleaning process were applied
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Figure 7. SERS intensity of the pATP band at 1077 cm™'
recorded after each recycling process from the same sam-
ple. The pATP molecules were chemisorbed from 10 uM
solution concentration, and the experimental parameters
were 830 nm excitation source at 1.4 mW power and 30 s
acquisition time. The corresponding SEM images for each
recycling step are shown in the top panel. The green error
bars show the standard deviation obtained from sets of 10
measurements recorded from different structures within
the same array.

to prepare the samples for the metal deposition.
Finally, the bimetallic AuAg layer was redeposited by
thermal evaporation of 20 nm of Ag, followed by 20 nm
of Au.

We recycled the bimetallic 3D-NSDIR structures up
to five times in order to evaluate the viability of this
process. After each deposition of the metal layers,
SEM images were taken to inspect the morphology
of the 3D-NSDIR structures. The obtained SERS inten-
sity (for the 1077 cm™' band of pATP chemisorbed
at 10 uM solution concentration) and SEM images

METHODS

Substrate Fabrication. 3D-NSDIR substrates were prepared by
the combination of EBL (Raith 150-Two) and RIE (SENTECH). A
cleaned p-type c-Si (100) wafer was spin-coated with a 300 nm
thick layer of poly(methyl methacrylate) (PMMA, MicroChem
Corp., 950 K) at 2000 rpm for 60 s. The substrate was transferred
to a hot plate at 180 °C and baked for 8 min. The PMMA was
patterned by EBL at a 30 kV accelerating voltage with 1 mC/cm?
area dosage and 120 pA current. After exposure, the sample
was developed in a solution of methyl isobutyl ketone and
2-propanol ata 1:3 ratio for 180 s at 4 °C. To create an etch mask
for RIE, a 50 nm Cr layer was deposited by thermal evaporation
(Kurt J Lesker system). Finally, ultrasonically assisted lift-off was
performed to remove the excess resist and Cr metal. To obtain
3D nanostructures, RIE was used to etch silicon, using SFg
(30 sccm) + C4Fg (32 scecm) as a gas mixture. The pressure, tem-
perature, and power were 1 mTorr, 5 °C, and 18 W, respectively,
leading to an etch rate of 100 nm/min. Finally, the Cr layer was
removed by standard wet etching of Cr, and Ag/Au metal layers
were deposited by thermal metal evaporation with a deposition
rate of 0.3 A/s. All SEM images were taken with FEI Helios Nano
Lab 650.

Surface-Enhanced Raman Spectroscopy. SERS measurements were
performed with a Renishaw inVia micro-Raman spectrometer

GOPALAKRISHNAN ET AL.

to the nanostructures, and SEM images and SERS spectra
for each recycling step are reported in Figure 7. We found
good conservation of the nanostructure shape and high
reproducibility in the SERS enhancement, corroborated
by the small standard deviation of each series depicted
by the black error bars in Figure 7. Within the different
recycling steps the average SERS signal deviates no more
than 10%, which is illustrated by the yellow horizontal
region in Figure 7. For Raman spectra recorded at low
concentration from recycled structures, see Figure SI 11
in the Sl This low-cost maskless recycling process is
specific to the 3D geometry and cannot be applied to
planar substrates.

CONCLUSIONS

We demonstrated that 3D-NSDiR structures dis-
cussed in this work have several unique advantageous
properties for SERS, such as an extremely large en-
hancement factor of the order of 4 x 10'°, excellent
control of hot-spot location and homogeneity, bio-
compatibility due to the exposed Au surface of the
AgAu bilayer, and resonance wavelength tuning via
nanostar size. In particular the elevated 3D geometry
has multiple advantages over a 2D approach: (i) the
plasmonic EM field enhancement is stronger due to
efficient decoupling from the substrate; (i) the mini-
mum dimer gap size can be further reduced; and (iii)
the substrates can be recycled via maskless and there-
fore cost-efficient processes. In particular the low-cost
recycling possibility allows counterbalancing the high
fabrication cost and time that are inherent to EBL-defined
SERS nanostructures, and promises to make such elabo-
rate substrates appealing candidates for commercial
biosensing applications that require single/few-molecule
detection sensitivity.

using a 50x objective lens (NA = 0.75), resulting in a spot size
with approximately 1 um diameter. The individual 3D-NSDiR
structures were identified via microscope optics, and the spot
was centered on the structure under investigation. The Raman
spectra were recorded with the excitation wavelengths at
830 nm (diode laser), 633 nm (HeNe gas laser), and 532 nm
(Nd:YAG laser) with a spectral resolution of 1.5 cm™ (in the near-
infrared range) and 1.1 cm™! (in the visible region). A thermo-
electrically cooled charge-coupled device was used as detector.
The system was calibrated with the first-order silicon LO phonon
peak at 520 cm ™, and spectra were recorded in back-scattering
geometry. The laser spot was around 1 um in diameter. All
spectra were baseline corrected by a third-order polynomial
using Wire software. The analyte molecules (pATP, R6G, and
adenine) were purchased from Sigma- Aldrich.

Sample Preparation. The molecules were deposited on the
SERS substrates by chemisorption from solutions with differ-
ent concentrations, ranging from 10 M to 1 pM. For pATP the
solution was prepared by dissolving the molecule in ethanol,
whereas R6G and adenine solutions were prepared using
deionized water. Regarding chemisorption, the substrate was
dipped in analyte solution for 20 min (for concentrations in the
range of 1 nM to 10 uM), then rinsed in either ethanol (for pATP)
or deionized water (for adenine and R6G), to remove the
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unabsorbed molecules. Finally, the substrates were dried by
nitrogen flow. In the case of 1 pM concentration the samples
were left in solution for chemisorption up to 24 h, followed by
rinsing and drying as previously described.

Numerical Calculations. CST Microwave Studio, which is based
on the finite integration technique (FIT), has been used to
calculate the electromagnetic field. This numerical approach is a
powerful method for solving electromagnetic problems. It is espe-
cially capable of solving large and detailed structures. It is based on
the solution of the Maxwell equations in their integral form. This
approach allows the division of the overall simulation domain in
smaller portions (units) with each of them being separately solved.
Continuity relations among adjacent units provide the consistency
of the general electromagnetic solution. We have adopted a tetra-
hedral mesh, which is especially suitable for curved surfaces. The FIT
method allows the calculation in both near- and far-field; hence
quantities such as electric-field distributions or extinction spectra
can be efficiently determined by this numerical technique. Finally, in
the present study, the convergence analysis approach has been
especially stressed, due to the strongly irregular morphology of the
structure. In this way, the error drops below 5% on the near-field
calculations and less than 1% for the far-field results.
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