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Abstract

The fabrication of plasmonic nanostructures with sub-10 nm gaps supporting extremely large
electric field enhancement (hot-spot) has attained great interest over the past years, especially
in ultra-sensing applications. The “hot-spot” concept has been successfully implemented in
surface-enhanced Raman spectroscopy (SERS) through the extensive exploitation of localized
surface plasmon resonances. However, the detection of analyte molecules at ultra-low con-
centrations, i.e., down to the single/few molecule level, still remains an open challenge due
to the poor localization of analyte molecules onto the hot-spot region. On the other hand,
three-dimensional nanostructures with multiple branches have been recently introduced,
demonstrating breakthrough performances in hot-spot-mediated ultra-sensitive detection.
Multi-branched nanostructures support high hot-spot densities with large electromagnetic
(EM) fields at the interparticle separations and sharp edges, and exhibit excellent uniformity
and morphological homogeneity, thus allowing for unprecedented reproducibility in the
SERS signals. 3D multi-branched nanostructures with various configurations are engineered
for high hot-spot density SERS substrates, showing an enhancement factor of 10! with a low
detection limit of 1 fM. In this view, multi-branched nanostructures assume enormous impor-
tance in analyte detection at ultra-low concentrations, where the superior hot-spot density can
promote the identification of probe molecules with increased contrast and spatial resolution.

Keywords: hot-spot engineering, 3D multi-branched nanostructures, nanostars,
top-down fabrication methods, ultra-sensitive SERS substrates
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1. Introduction

Nanoplasmonics is an emerging area of scientific research with a variety of applications in
spectroscopy, metamaterials engineering, biosensing, lasing, photocatalysis, nonlinear and
quantum optics [1-8]. This discipline deals with the study of collective oscillations of con-
duction electrons at metal-dielectric interfaces, which can be resonantly excited upon exter-
nal irradiation. Coupling of electromagnetic (EM) fields to the free-electron motion leads to
enhanced optical near fields, confined in subwavelength regions and localized in close prox-
imity of metallic nanoparticles (localized surface plasmon resonances—LSPRs), which are
very sensitive to the local dielectric environment [9, 10]. Within this context, nanostructures
endowed with sharp tips/edges and sub-10 nm interparticle separation (IPS) are ideal can-
didates for nanoscale manipulation of optical energy, promoting nanofocusing of EM radia-
tion into hot-spots [11-15]. In recent years, a great variety of nanostructure geometries, for
instance, nanospheres, nanocubes, nanocones, nanoantennas, nanoaggregates and nanostars,
have been fabricated by bottom-up and top-down approaches [16-24], in order to engineer
their plasmonic resonances and increase the field enhancement and hot-spot densities. Control
over nanostructure morphology shows promising applications in bio/chemical sensing using
the synergistic combination of LSPR and surface-enhanced Raman spectroscopy (SERS) as
detection paradigm [9, 25-26].

As shown in Figure 1, the interaction of the incident light with a plasmonic nanostructure
can promote resonant oscillation of the free electron cloud, which, for particles smaller than
the exciting wavelength, can give rise to standing waves, i.e., to LSPRs. Noble metals, such
as gold, silver and copper, are the best candidates for supporting plasmon activity, due to
their low electron losses, high carrier densities and high field amplitudes on the particle
surface. The nanostructure morphology (size, shape and arrangement) together with the
surrounding dielectric environment plays a key role in the excitation of plasmonic reso-
nances [10]. In LSPR-based sensing devices, the analytes adsorbed on the nanostructure
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Figure 1. Schematic representation of the localized surface plasmon resonance on a metal particle.
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surface influence the surrounding dielectric medium, thus resulting in an effective refractive
index change and subsequent resonance shift. Although this technique is very powerful for
molecule detection, it lacks analyte specificity, and it suffers from reduced efficiency at very
small concentrations.

On the contrary, SERS enables the detection of biological and chemical analytes with high
specificity and sensitivity even at ultra-low concentrations, exploiting the electromagnetic
enhancement offered by plasmonic nanostructures [3, 27-32]. The huge enhancement typical
of SERS substrates is mainly based on chemical and electromagnetic phenomena. In chemi-
cal enhancement [33], the charge transfer between electronic energy levels of the metal and
the adsorbed molecules increases the Raman scattering cross-section up to a factor of 10
The electromagnetic contribution, instead, is crucially depending on the near-field intensity
associated with the nanostructure plasmonic activity. In SERS detection, the intrinsically
weak Raman signals can be enhanced by many orders of magnitude (a factor of 10° has been
observed in [34, 35]), due to the interaction between the adsorbed molecules and the elec-
tromagnetic near-fields. In this respect, nanostructures featuring closely spaced gaps and/or
sharp protrusions are of great interest in detecting analytes at ultra-low concentration [8, 36,
37]. However, the tiny availability of molecules at the single/few entities limit can dramati-
cally reduce the effectiveness of a plasmon-based sensitive device. It is therefore imperative
for overcoming this practical limitation to design and engineer nanostructure architectures
with sufficiently high hot-spot densities. Figure 2 shows the local EM field mapping on a
multi-branched (MB) nanoparticle using electron energy loss spectroscopy: strong near-field
intensities are clearly promoted and well-confined by the sharp apexes. In view of that, nano-
structures with different layouts, multiple branches and single-digit IPS will be studied in the
present work.

Various nanofabrication methods, applying both bottom-up and top-down approaches,
have been used to fabricate SERS-based platforms for sensing applications [38—46]. Among
them, colloidal techniques provide a wide variety of nanoparticles with sharp protrusions,
although they are still suffering for poor control over uniformity and arrangement [35]. The
positioning of the analyte molecule in the vicinity of the hot-spot is critical for improving
the SERS enhancement factor and hence the detection limit. Due to the lack of reproducible

IFT.  High

Figure 2. (a) Scanning transmission electron microscopy dark-field image of an individual gold nanostar. (b and c)
Electron energy loss spectroscopy intensity mapping and the calculated intensity map of the plasmon resonances around
a nanostar apex, respectively. Reprinted with permission from [35]. Copyright (2009) American Chemical Society.
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SERS signals and homogeneity of the structures, alternative fabrication methods are needed.
In this context, lithographic techniques can overcome these limitations, thus providing a fea-
sible strategy towards the realization of uniformly patterned nanostructures over large areas.
In the present chapter, fabrication and characterization of three-dimensional (3D) multi-
branched plasmonic architectures realized by means of electron-beam lithography (EBL) and
reactive ion etching (RIE) techniques will be investigated. Numerical calculations, Raman and
optical characterization will be used for demonstrating outstanding performances in analyte
detection at ultra-low concentrations.

2. Experimental techniques

2.1. Fabrication of multi-branched nanostructures

Figure 3a—c shows the fabrication protocol of typical six-branched nanostructures with 2D
and 3D layout (without and with perforated metal (PM) topologies). A combination of elec-
tron beam lithography (EBL, Raith 150-Two), and reactive ion etching (RIE, SENTECH) has
been successfully employed for the uniform production of 3D and 3D PM nano-architectures.
As highlighted in Figure 3a planar and 3D nanostructures share a common EBL step. A
250 nm polymethyl-methacrylate (PMMA, 950 kDa) layer was spin coated at 3000 rpm for
60 s onto a p-type c-Si (100) wafer. The substrate has been heated at 180 °C for 9 min to get
a homogenous PMMA film. After e-beam exposure (electron energy 30 keV and beam cur-
rent 130 pA), the substrate has been developed in a 3:1 mixture of isopropanol and methyl
isobutyl ketone at 4 °C for 3 min. For 2D structures, 3 nm Ti and 18 nm Au were deposited,
and the unexposed PMMA removed by ultrasonically assisted lift-off in acetone. In the case
of 3D multi-branched nanostar (MBNS) structures (Figure 3b), a 20 nm chromium layer was
deposited on top of 3 nm Ti and 18 nm Au to act as an etch mask. The excess metal was
removed using an ultrasonically assisted lift-off process. Thereafter, substrates were reactive-
ion etched (with an etch rate of 100 nm min™) in an atmosphere of SF, (30 Standard Cubic
Centimeters per Minute—SCCM) and C F, (32 SCCM) at 1 mTorr, where temperature, power
and etching time were held at 4°C, 18 W and 25 s, respectively. After the RIE procedure,
the chromium layer was removed by wet-etching in a ceric ammonium nitrate-based mix-
ture (Sigma-Aldrich). 3D PM structures (Figure 3c) were obtained by depositing 20 nm of
chromium after developing the PMMA. Excess chromium has been removed in acetone lift-
off, leaving behind multi-branched shape chromium patterns on silicon, serving as etching
masks. RIE was employed to produce the underlying pedestals. Subsequently, the chromium
mask was removed leaving behind silicon stars on silicon posts. 3 nm Ti and 18 nm Au were
evaporated at a deposition rate of 0.3 A/s in order to form the Au MBNS as well as the perfo-
rated film on the underlying substrate.

2.2. Numerical calculations

Finite integration technique FIT (computer simulation technology-microwave, CST-MW) was
used to calculate the near-field properties of the MBNS structures while rigorous coupled
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Figure 3. (a—c) Schematic illustration of the protocol, for the fabrication procedure of six-branched nanostructure with
different topologies. The corresponding SEM images for six-branched nanostructures are shown below. Reprinted with
permission from reference [6]. Copyright 2017 John Wiley and Sons.

wave analysis (Synopsys” Optical Solutions, RSoft) was employed to calculate the far-field
response of the nanostructures.

2.3. Optical characterization

The spectral response of the MB nanostructures under normal incidence irradiation was
measured using an Olympus IX-73 research microscope. A 100 W halogen lamp (Olympus)

17
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with a broadband illumination source in the visible and near-infrared spectral range has
been used. The linearly polarized light was obtained by a Glan-Taylor polarizer. Reflection
spectra were measured with a 50x objective of numerical aperture 0.5. The collected light
has been acquired through a spectrometer with a Peltier-cooled charge-coupled-device
from Ocean Optics (QE65000 and NIRquest512 for visible and near-infrared measurements,
respectively).

2.4. Surface-enhanced Raman spectroscopy

SERS spectra were recorded with a Renishaw inVia micro-Raman spectrometer equipped
with laser excitations at 830, 785, 633 and 532 nm, and a thermo-electrically cooled charge-
coupled device (CCD) as detector. A 150x LEICA HCX PL APO objective (numerical aperture
0.95) was used. The diameter of the laser spot was around 680 nm, 800 nm, 1 um and 1.07 pm
for excitation wavelengths at 532, 633, 785 and 830 nm, respectively. The first order silicon
peak at 520 cm™ was used to calibrate the instrument; all the spectra were recorded at room
temperature in the backscattering geometry. Wire 3.0 software was used to correct the base-
line with a third-order polynomial fit. The probe molecules, p-aminothiophenol (p-MA) used
in this study, were purchased from Sigma-Aldrich.

2.5. Analyte preparation

A stock solution of p-MA at 1 x 10° M concentration was prepared by dissolving the solid
analyte into ethanol. Afterward, 1 x 10° M to 1 x 10> M solutions were prepared by further
dilution. Molecules were deposited onto the substrate by chemisorption process. The samples
were dipped for 20 min and then rinsed in ethanol in order to remove the excess molecules
that were not covalently bounded to the metallic surface. Finally, the substrates were dried
with nitrogen gas.

3. Results and discussion: engineering 3D MBNS structures

Raman efficiency and SERS signal intensity have been systematically investigated in differ-
ent plasmonic platforms, elucidating the effect of substrate, IPS, polarization, metal composi-
tion, number of branches and geometrical arrangement, on EM near-field localization and
enhancement.

3.1. Effect of geometry, IPS and polarization on SERS enhancement

The effect of 2D and 3D geometry on electric field and SERS enhancements was initially
studied using five-branched nanostructure dimers with sub-10 nm IPS as a test-bench.
Figure 4a shows the schematic presentation of the five-branched 3D PM dimer struc-
ture, where L = 150 nm, h = 150 nm, B = 50 nm and P, = 40 nm denote star size, height,
branch width and Si pillar diameter, respectively. The effect of nanostructure height on E-field
enhancement is shown in Figure 4b—d, where the structure size and IPS were kept constant
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Figure 4. (a) Schematic representation of five-branched 3D PM nanostructure dimer with 150 nm structure size and 6 nm
IPS. (b and c) E-field distribution of the nanostructures at h = 60 and 150 nm, respectively. The excitation source is set to
830 nm. Calculated E-field enhancement with respect to nanostructure height (d), and as a function of IPS (e). (f) Normal-
incidence SEM images of five-branched 3D PM nanostructure dimer with IPS varying from 6 to 200 nm (top to down,
respectively). Reprinted with permission from reference [36]. Copyright 2014 John Wiley and Sons.

for all the samples. A low E-field enhancement (E/E, where E and E are the local and the
incident electric fields) is observed for the MB nanostructures directly laid on the bulk Si
substrate (for h = 0 nm), owing to the strong overlapping of the local fields within the high
refractive index Si material. For h = 60 nm, a 6x improvement of local E-field enhancement
compared to the 2D structure is observed due to the reduction of the overlap between local
E-fields and Si substrate (Figure 4b). At h = 150 nm (Figure 4c), the local E-field enhance-
ment is 15x that of the corresponding nanostructure with “planar” geometry. Thereafter,
a slight reduction is observed with a further increase of h. The role of IPS on E-field
enhancement is investigated (Figure 4e) with nanostructures of fixed L, h and different
IPS ranging from 2 to 250 nm. For IPS of around 2 nm, an E-field enhancement of 85 is
observed, and it decreases exponentially with increasing interparticle distances. The large
E-fields at low IPS are due to the strong interaction of the LSPRs supported by the nano-
structures, thus resulting in the strong localization of intense E-fields (hot-spots). Figure 4f
shows the SEM images of the nanostructures with 6-200 nm IPS, top-down, respectively.

In order to evaluate the effect of height and IPS experimentally, SERS measurements were per-
formed with p-MA molecules chemisorbed from a solution at 10 uM concentration, Figure 5.
The incident laser wavelength, power and acquisition time were set to 830 nm, 1.4 mW and
10 s, respectively. The incident light polarization was kept parallel to the IPS axis. Figure 5a
shows the SERS spectrum of p-MA molecules on five-branched nanostructure dimers with
150 nm height and 6 nm IPS. Prominent modes of p-MA were clearly visible: strong bands
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Figure 5. (a and b) Typical SERS spectra of p-MA molecules (chemisorbed at 10 uM concentration) on five-branched
3D PM nanostructure dimer with 6 nm IPS. The excited polarization is set parallel (a) and perpendicular (b) to IPS axis.
The corresponding calculated surface-charge distribution is represented by direction arrows, shown in the inset. (c)
Experimental SERS signal intensity at 1077 cm™ as a function of nanostructure height, where the IPS is fixed at 6 nm.
The inset shows the SERS spectra of five-branched nanostructures at h = 0 (blue spectrum) and 150 nm (red spectrum).
(d) Variation of the SERS signal intensity with respect to IPS with constant h at 150 nm. Reprinted with permission from
Ref. [36]. Copyright 2014 John Wiley and Sons.

are centered at 1077 and 1590 cm™ while low-intense bands correspond to 1140, 1179, 1390
and 1438 cm™ [6, 8]. Polarization-dependent SERS signal enhancement of MB nanostructures
is shown in Figure 5a and b, where the polarization was set parallel and perpendicular to IPS
axis, respectively. Insets represent the calculated surface-charge distributions in correspon-
dence of the IPS region. A dipolar-like distribution of surface charges was observed when
the incident light is parallel to the IPS axis (inset of Figure 5a). The in-phase dipole moments
generate an intense E-field (hot-spot) in the IPS region due to the strong coupling of the sub-
10 nm gapped nanostructures. In the case of perpendicular polarization (inset of Figure 5b),
the effective dipoles are aligned across the interparticle nanocavity leaving a low-intensity
local E-field in the IPS region. The corresponding SERS spectra (Figure 5a and b) discriminate
the polarization-induced SERS signal intensities with a factor of 15. The C-S stretching mode
located at 1077 cm™ was used to calculate the SERS enhancement factor. Figure 5¢ displays
the SERS intensity dependence on nanostructure height of the specific strong band located at
1077 cm™, showing an exponential-like growth. The inset confirms the high signal-to-noise
(SNR) ratio of the 3D PM structures compared to the planar case, for h = 0 (blue spectrum)
and h =150 nm (red spectrum), respectively. The impact of IPS on SERS signal enhancement
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is shown in Figure 5d. An exponential increment in the SERS intensity (around 50x) has been
observed upon reduction of the IPS from 200 nm to 6 nm. The experimental findings, i.e.,
SERS signal dependence on nanostructure height and interparticle separation, are in good
agreement with the numerical calculations reported in Figure 4d and e.

3.2. Effect of bimetal layer, and recycling of SERS substrates

To evaluate the impact of the metal layer composition on SERS signal enhancement, five-
branched nanostructure dimers in a ring structure with Au, Ag and AgAu metal layers were
investigated. The schematic representation of the AgAu architecture is presented in Figure 6a,
while SEM images of the corresponding structure are reported in Figure 6b—d. The near-field
distribution of Au and AgAu nanostructures has been summarized in Figure 7a—-d. Due to
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Figure 6. (a) Schematic representation of five-branched 3D PM nanostructure dimer. (b) Normal-incidence SEM image of
the nanostructures over a large area. (c and d) Top and tilted view images of individual nanostructures. Reprinted with
permission from Ref. [8]. Copyright 2014 American Chemical Society.
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Figure 7. E-field distribution of five-branched 3D PM nanostructure dimer with Au (a) and AgAu (b) metal layers, in
the x—y plane. (c and d) E-field distribution of five-branched 3D PM nanostructure dimer in a ring structure with AgAu
metal layers. Reprinted with permission from reference [8]. Copyright 2014 American Chemical Society. (e) Typical SERS
spectrum of p-MA molecule (at 10 uM concentration) on five-branched 3D PM nanostructure dimer in the ring structure.
The exciting laser source, power and accumulation time were set to 830 nm, 1.4 mW and 15 s, respectively. The incident
light polarization was set parallel to IPS axis. (f) SERS signal intensity at 1077 cm™ as a function of metal layer compositions.

the strong plasmon resonance of Ag, bimetallic AgAu configurations are endowed with a 4
times higher EM field enhancement. The effect of the nanoring on the MB dimer is shown
in Figure 7c and d. The scattered light is reflected back towards the ring centre where the
nanostructures are placed, hence increasing the EM field enhancement in the IPS region by a
factor 1.65. Figure 7e shows the typical Raman spectrum of p-MA (10 uM concentration) on
AgAu five-branched dimers in the ring structure with an IPS of 5 nm. The polarization of the
incident light was fixed parallel to the IPS axis. Characteristic Raman bands of p-MA can be
clearly observed in the acquired spectrum. The impact of metal layer composition on SERS
signal enhancement is plotted for the band located at 1077 cm™ (Figure 7f), using 20 nm IPS
MB dimer structures with 20 nm Au, 20/20 nm Ag/Au and 20 nm Ag metal layers.

The 3D nanostructure configuration presented so far allows recycling, long-term stability and
reutilization of the SERS substrate, thus reducing fabrication costs. Figure 8a shows the regen-
eration protocol for the present architecture. However, as clearly highlighted by the cleaning
steps, the process is fully compatible with any kind of 3D plasmonic configuration. In 3D
geometry, the nanostructure morphology is conserved by the underlying Si template, while
the plasmon active layer is simply recovered by a mask-less wet etching process, followed by
metal redeposition. The chemisorbed analyte molecules used for SERS measurements will be
completely removed together with the pre-existent metal layer, thus allowing employment
of different molecular species after recycling. In order to test the effectiveness of the regen-
eration process, we have recycled the AgAu nanostructures up to five times (Figure 8b) and
investigated their SERS response. The corresponding SEM images are shown in the top panel.



Engineering 3D Multi-Branched Nanostructures for Ultra-Sensing Applications
http://dx.doi.org/10.5772/intechopen.74066

(b)

(a’ hy, hvs  |odine based
etchant

m

Chemical Plasma
etching cieanmg

50k +

SERS Intensity/arb. units 500 n

1 2 3 4 5
cycle

Figure 8. (a) Schematic representation of the maskless recycling process. (b) SERS signal intensity of p-Ma at 1077 cm™
vs. number of regeneration cycles and corresponding SEM images at each recycling step in the top panel. Reprinted with
permission from Ref. [8]. Copyright 2014 American Chemical Society.

The SERS signal intensity of the C—S stretching band of p-MA measured after each regenera-
tion cycle is reported in Figure 8b. A good correspondence between different recycling steps
is clearly observed, showing an average SERS signal deviation below 10%.

3.3. Effect of branch number, perforated metal layer and overall nanostructure
arrangement

So far, we have engineered the five-branched nanostructure dimers to improve the hot-spot
intensity as a function of nanostructure height, IPS, incoming light polarization and metal
composition. Nevertheless, at very low concentrations (down to the femtomolar scale), the
number of molecules available per hot-spot is decreased, and thus it is necessary to endow the
nanostructures with high hot-spot densities in order to improve their detection limit. In view
of that, single plasmonic nanostructures with multiple branches (4-10) and sharp protrusions
(tip radius < 10 nm) were investigated.

The schematic representation of a typical eight-branched bimetallic AgAu nanostructure with
3D PM geometry and 200 nm IPS is shown in Figure 9a. Nanostructures with 4-10 branches,
20 nm Ag and 20 nm Au metal layers, 140 nm width, 150 nm high and tip radius of 10 nm
were used to investigate the effect of hot-spot density on SERS signal enhancement. Normal-
incidence SEM image of eight-branched MB nanostructure is shown in Figure 9b, where the
inset depicts a 54° tilted view. Besides, normal-incidence SEM images of individual MB struc-
tures with 4-10 branches are reported in the bottom panel of Figure 9b. A typical reflection spec-
trum of eight-branched 3D PM nanostructures is shown in Figure 9c, where multiple plasmonic
resonances are clearly observable. To evaluate the effect of branch number on the LSPRs and
hot-spot generation, far-field optical spectra and near-field distribution were calculated using
RSoft and CST-MW numerical approaches. Distribution of E-field enhancement (E/E) for 4-10
branched 2D nanostructures at their respective LSPRs is shown in Figure 10a—g. The corre-
sponding data points are shown in Figure 10h, along with their experimental counterparts. The
incident polarization is set parallel to the x-axis. In the case of 4 branched nanostructures, two
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Figure 9. (a) Schematic of bimetallic 3D PM nanostructure for eight-branched nanostructure geometry. (b) Normal incidence
SEM image of 3D MB nanostructures with eight-branches arranged in a quadratic array of 200 nm IPS. The inset represents the
54° tilted view of the MBNS with 150 nm silicon pillar height. The bottom panel shows SEM images of MBNS with 4-10 branches,
where each micrograph shares the same scale bar. (c) A typical reflection spectrum of eight-branched 3D PM nanostructure. (d)
Electric field distribution of eight-branched 3D PM nanostructure at its characteristic LSPR position of 685 nm.

hot-spots are observed parallel to the incident light polarization direction. The hot-spots density
increases according to the number of branches, inducing a clear blue shift in LSPR spectral posi-
tion (Figure 10h). This behaviour can be explained using a simple dipole theory. An increasing
hot-spot density, that goes along with the number of branches, results in a higher total restoring
force which blue shifts the nanostructure LSPR. Tailoring of the branch morphology enables
precise control over the generation and spatial distribution of the hot-spots on the single nano-
structure, thus opening new perspectives in reproducible SERS signal detection from large bio-
molecules, where the analyte size is many times larger than the individual hot-spot volume.

The influence of 2D, 3D and 3D PM geometries on the optical response and SERS enhancement
was experimentally validated, as reported in Figures 11 and 12, respectively. Numerically calcu-
lated reflectance spectra of the eight-branched nanostructures with 2D, 3D and 3D PM topolo-
gies (see schematics in Figure 11b—d) are shown in Figure 11a. The corresponding experimental
spectra are summarized in Figure 11e. In both cases, the optical spectra are normalized with
respect to the flat/unpatterned area of the same sample. The experimental spectra show good cor-
relation with their numerical counterparts. The E-field distribution of the nanostructures at their
LSPR position is shown in Figure 11f-h. In the 2D case, near-field distribution maps (Figure 11f)
clearly show the E-field confinement at the metal and bulk silicon interface. Due to the overlap
of the E-field profiles into the bulk silicon a low-intense E-field enhancement (around 20) is
observed. In general, surface plasmon resonances are tightly confined in high refractive index
materials (e.g. silicon), which results in low E-field enhancement, low extinction-cross section,
large propagation losses, broadening and red shifting of resonances compared to low-index
materials [47]. As highlighted in the previous sections, 3D nanostructures decouple the hot-spot
confinement from the substrate and enhance its strength by reducing the effective refractive
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Figure 10. (a—g) E-field distribution of 2D nanostructures with varying branch number (4-10). (h) Corresponding LSPR
positions for experimental and calculated data points. Reprinted with permission from Ref. [6]. Copyright 2017 John
Wiley & Sons.
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Figure 11. (a) Experimental reflectance spectra of eight-branched nanostructures with 2D, 3D and 3D PM geometries. (b—d)
Schematic representations of the structure geometries simulated in (a). () Experimentally measured reflection spectra of the
nanostructures shown in (a). (f-h). Near-field profiles of E-field distribution in x—z plane for the LSPRs of the nanostructures
with 2D, 3D and 3D PM topologies. Reprinted with permission from Ref. [6]. Copyright 2017 John Wiley & Sons.

index of the embedding medium. The reflectance spectrum of the 3D nanostructure (Figure 11a)
shows a significant blue shift of LSPR (around 485 nm), with a resonance maximum at around
680 nm. Figure 11g clearly shows that the generated E-fields (with an enhancement of around
80) are decoupled from the substrate by means of a dielectric nanopedestal. These strong E-field
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regions can be easily accessible to the analytes in Raman measurements if compared to the planar
configuration. In the case of 3D PM geometry, the numerical spectrum (Figure 11a) shows vari-
ous modes corresponding to the LSPR of the nanostructure and the underlying nanohole, and
surface plasmon polaritons (SPP) at metal/air and metal/substrate interfaces. The LSPR position
of the 3D PM structure (650 nm) is slightly shifted (a blue shift of 30 nm) from the 3D geometry,
and a high E-field enhancement of 120 is observed. A deeper analysis of the perforated metal
contribution has been discussed elsewhere [6]. The spectral features corresponding to the LSPRs
of the 3D PM nanostructure and star-shaped hole cavity are located at about 620 and 1350 nm,
while the 543 and 1050 nm resonances can be associated to the SPPs of the PM layer.

In order to assess the impact of hot-spot density on SERS enhancement, Raman measurements
were performed on 4-10 branched nanostructures with p-MA molecules chemisorbed at 1 uM
concentration. Typical SERS spectra of 8 branched nanostructures with 2D, 3D and 3D PM
geometries are shown above. The incident laser wavelength, acquisition time and power were
set to 785 nm, 30 s and 1 mW, respectively, and the incident light polarization was fixed along
the x-axis. Characteristic Raman modes of p-MA are clearly visible in the spectra acquired on
3D PM MB nanostructures. In the planar case, the peaks centered around 1077 and 1590 cm™
are experimentally observable, but the other bands are buried into the background noise.
When the nanostructures are decoupled from the substrate via a dielectric nanopedestal (3D
case), a significant rise in SERS signal intensity is observed along with the presence of all char-
acteristic p-MA Raman modes. Furthermore, an additional enhancement in SERS signal inten-
sity is observed for the 3D PM nanostructure geometry due to the coupling of the MBNS with
the reflected light coming from the perforated metal layer underneath. The 3D PM MB nano-
structure shows an absolute SERS enhancement in the order of 10" obtained from the evalua-
tion of the peak intensity at 1077 cm™, with reference to Raman spectra of p-MA molecules on
a planar SERS active gold film. Details on the corresponding calculations can be found in [6].

In order to understand the wavelength-dependent hot-spot generation and SERS enhance-
ment, 4-10 branched 3D PM nanostructures were excited with four different laser sources
(Figure 12b). The SERS signal intensity of the 1077 cm™ band is plotted with respect to the
number of branches and excitation lasers (532, 633, 785 and 830 nm). Due to different spec-
tral power densities of the excited lasers, the SERS intensities are normalized independently
with respect to the highest peak intensity obtained in the series. A monotonic increment of
the SERS signal is observed by raising the number of branches for both 785 and 830 nm laser
excitations, which are off-resonance with respect to the nanostructure LSPRs (see, Figure 11i).
In this scenario, the SERS signal intensity can be associated to the increment of the number of
hot-spots with multiple branches. For 633 nm laser excitation, the eight-branched nanostruc-
ture shows highest SERS signal intensity owing to the overlap between the LSPR and the laser
source. A similar trend has been observed for 532 nm excitation source.

Ultra-sensitive detection of analyte molecules was probed on eight-branched 3D PM nanostruc-
tures with p-MA molecules at concentrations ranging from 1 uM to 1 fM (Figure 12c). The inci-
dent wavelength, power and acquisition time were set to 785 nm, 1 mW and 3 s, respectively. At
1 uM concentration, the SERS spectra show the characteristic Raman bands of p-MA with good
SNR. A decrease in SERS signal intensity is observed upon reduction of the molecular concen-
tration from 1 uM to 1 fM, due to a lower number of adsorbed molecules on the nanostructure
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Figure 12. (a) SERS spectra of p-MA molecules chemisorbed at 1 uM concentration on eight-branched nanostructures
with 2D, 3D and 3D PM geometries. (b) SERS signal intensity at 1077 cm™ as a function of a number of branches and
different exciting wavelengths (532, 633, 785 and 830 nm). (c) SERS spectra of p-MA molecules at 1 pM, 1nM, 1 pM and
1 fM concentrations taken on eight-branched 3D PM nanostructures for 785 nm laser excitation. (d) SERS signal intensity
at 1077 cm™ versus number of branches at ultra-low concentration, 1 fM. Reprinted with permission from Ref. [6].
Copyright 2017 John Wiley & Sons.

surface. For 1 fM concentration, only the Raman bands at 1077 and 1590 cm™ are clearly visible,
while the other features lie in the background noise. Despite of this, analyte detection at 1 fM
showed the ultra-sensing capability of the substrate towards single/few molecules detection.
In order to assess the effect of branch number on the detection limit, SERS measurements were
performed on 4-10 branched 3D PM nanostructures with p-MA chemisorbed from a 1 fM con-
centrated solution (Figure 12d). An increment in SERS signal intensity at 1077 cm™ is observed
by raising the number of branches, owing to the larger number of generated hot-spots.

Reproducible identification and detection of biological samples/chemicals at ultra-low con-
centrations remains a huge challenge due to lack of high hot-spot density substrates. At ultra-
low concentrations, single/few molecules adsorbed in the vicinity of the hot-spot sites provide
the majority of the SERS signal intensity. In this situation, if the molecules are not absorbed
in the proximity of the hot-spot, the molecular fingerprint of the analyte cannot be identified.
Thus, development of plasmonic nanostructures with a high hot-spot density that enables
reproducible detection at ultra-low concentrations is of paramount importance in the field
of molecular sensing. Multi-branched nanostructure designs hold concrete promises in this
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direction. In view of that, eight-branched 3D PM nanostructures arranged in the form of sin-
gle, dimer, 3 x 3 array of clusters and chain of nanostructures, as shown in Figure 13, were
investigated by keeping the interparticle distance fixed at 200 nm.

Near-field distributions of 2D single, dimer, 3 x 3 periodic array and chain of eight-branched
nanostructures at their characteristic LSPRs, are shown in the Figure 14a—d, respectively. In
order to reduce the computational time, 2D structures were used to compare the hot-spot
density and E-field enhancement. The corresponding LSPR positions (experimental and calcu-
lated) are shown in Figure 15. A red-shift in the plasmon resonance has been observed with dif-
ferent layouts, as a consequence of the interaction between adjacent nanostructures. It is clearly
visible that the hot-spot density is increased with respect to the arrangement schemes and, the
highest E-field enhancement is observed for nanostructures arranged in the form of a chain.

SERS spectra were acquired in order to address the effect of different geometrical configura-
tions on the measured signal. Figure 16a shows a typical SERS spectrum of p-MA (at 1 uM
concentration) on eight-branched 3D PM structures arranged in the form of a chain. The excit-
ing laser, acquisition time and power were set to 785 nm, 10 s and 1 mW, respectively, while
the impinging light polarization was fixed along the x-axis. Figure 16b shows the SERS signal
intensity for the band at 1077 cm™ with respect to the nanostructure arrangement. Dimer
configuration presents higher field enhancement in comparison to the isolated geometry, as
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Figure 13. (a—d). Normal incidence SEM images of the eight-branched 3D PM MB nanostructures in the form of single,
dimer, 3 x 3 periodic array of clusters and chain of nanostructures, respectively. The inset shows the magnified view of
the nanostructures.
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Figure 14. E-field distribution of single, dimer, 3 x 3 periodic array and chain of MBNS (a—d) at their characteristic LSPRs.
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Figure 17. Normalized SERS signal intensity variation at 1077 cm™ with respect to different arrangements of the eight-
branched 3D PM nanostructures at 1 fM p-MA concentration.

a consequence of the strong hot-spot confined in the IPS region. Periodic 3 x 3 arrays of nano-
structures show higher E-field enhancement compared to single nanostructures, and a lower
E-field enhancement with respect to the dimer layout, which is in good agreement with the
E-field enhancements observed in Figure 14. Nanostructures arranged in the form of chain
show the highest E-field enhancement (a factor of 62) in comparison to the other geometries.
Figure 17 shows the SERS signal intensity at 1077 cm™ as a function of the arrangements of
nanostructures at 1 fM p-MA concentration. As in the previous situation, the highest SERS
intensities were observed for chains, as a result of the higher hot-spot density.

4. Conclusions and outlook

In summary, the engineering of 3D multi-branched (up to 10 branches) nanostructures for
sensing of analyte molecules at ultra-low concentrations, down to 1fM, is demonstrated to be
highly feasible. Numerical simulations were performed to understand the underlying phys-
ics of high electric field enhancement of the plasmonic nanostructures. The advancement of
the 3D fabrication methods enables the realization of uniform, homogenous and reproduc-
ible SERS devices. Reflection and SERS measurements were carried out to evaluate the MB
nanostructure performances. Within this context, we demonstrated the importance of the
geometry, IPS and polarization on SERS signal enhancement using 3D five-branched nano-
star dimers (with sub-10 nm IPS). The elevated 3D geometry shows the advantage of high
E-field enhancement over 2D geometry due to decoupling from the underlying substrate
of the strong optical-near fields localized at the metal/dielectric interface. In particular, the
3D geometry enables direct interaction of analytes with hot-spot spatial regions, which are
severely affected by solid dielectric substrates in the 2D geometry case. This kind of SERS
architectures is particularly important in miniaturized lab-on-chip Raman detection systems,
thus allowing the exploitation of lower laser powers with no consequencie over the device
sensitivity. Moreover, the low-cost recycling capability of the 3D geometry counterbalances
the production cost and time defined by the lithographic process. The effect of metal layer
composition on SERS signal enhancement of p-MA molecules, and recycling capabilities of
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3D structures were investigated with five-branched nanostar dimers in the ring structures.
The effect of the number of branches, varying from 4 to 10, on the hot-spot generation and
SERS enhancement was evaluated by using individual nanostructures (separated by 200 nm
IPS). Moreover, the arrangement of MB nanostructures in various configurations (single,
dimer, 3 x 3 array of clusters and chain of nanostructures) was evaluated to improve the
device detection limit towards the single-molecule regime. 3D multi-branched nanostruc-
tures exhibit enhancement factors in the order of 10" with an extremely high sensing capabil-
ity (down to 1fM concentration). In this view, engineering the aforementioned architectures
for high hot-spot density paves the way towards commercial biosensing applications, which
require single/few-molecule detection sensitivity, with scalable manufacturing methods and
cost-effective approaches. The proposed devices do not require specific labeling of the inves-
tigated analytes and multiple testing can be evaluated on the same platform. A new class of
biological experiments will be therefore feasible, including monitoring growth factors that
are produced from cultured cells. Moreover, our plasmonic nanostructures can be employed
for direct detection of proteins within biological samples and real-time monitoring of chemi-
cal reactions. When applied to biomedicine, the present results, combined with already avail-
able purification methods, suggest the possibility of improving the early detection of several
diseases, including cancer, where the number of clinically significant molecules at the onset
of the pathology is very small and often generated by a single cell.
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