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Abstract: Surface-enhanced Raman scattering (SERS) has demonstrated single-molecule
sensitivity and is becoming intensively investigated due to its significant potential in
chemical and biomedical applications. SERS sensing is highly dependent on the substrate,
where excitation of the localized surface plasmons (LSPs) enhances the Raman scattering
signals of proximate analyte molecules. This paper reviews research progress of SERS
substrates based on both plasmonic materials and nano-photonic structures. We first
discuss basic plasmonic materials, such as metallic nanoparticles and nano-rods prepared
by conventional bottom-up chemical synthesis processes. Then, we review rationally-designed
plasmonic nano-structures created by top-down approaches or fine-controlled synthesis
with high-density hot-spots to provide large SERS enhancement factors (EFs). Finally,
we discuss the research progress of hybrid SERS substrates through the integration of
plasmonic nano-structures with other nano-photonic devices, such as photonic crystals,
bio-enabled nanomaterials, guided-wave systems, micro-fluidics and graphene.
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1. Introduction

The first observation of enhanced Raman spectra of pyridine on rough silver film was reported in
1974 [1], but the increment of Raman signals was incorrectly attributed to a larger number of
molecules on the corrugated surface of the electrode. In 1977, Van Duyne and Albrecht discovered
surface-enhanced Raman scattering (SERS) [2,3] as a new phenomenon with extraordinary
enhancement of Raman signals from molecules that are in the proximity of metallic nanostructures.
Since then, the research interest of SERS has witnessed exponential expansion over the past 38 years,
benefitting from a series of discoveries, theories and technological advancements [4-6]. In the most
recent decade, the explosion of SERS research has majorly been driven by the rapid progress of
nanotechnologies [7-9] and the incentives for chemical and biomedical applications [10-13], all of
which have greatly fueled the current research endeavors in this topic.

As a highly-sensitive vibrational spectroscopy that allows for the detection of analytes at extremely
low concentrations [14—17], SERS probes the vibrational spectra of various molecules through the
enhancement of metallic nanostructures. Consequently, the enhancement factors (EFs) of SERS are
crucially dependent on the substrate. In general, there are two important mechanisms underlying
SERS [18,19]. The first and also the dominant mechanism towards large EF is due to the
electromagnetic field enhancement [20,21], where localized surface plasmons (LSPs) of metallic
nanostructure increase the Raman signal intensity. Depending on the structure of the supporting
plasmonic material, electromagnetic EF for SERS is theoretically calculated to reach ~10'°-10'! [22].
The other contribution to SERS EFs is due to the chemical enhancement mechanism [23,24], where the
charge transfer mechanism between the adsorbed molecule and metal plays a critical role in enhancing
and modifying the modes of molecular vibration. Theoretically, chemical EFs up to 10° were
calculated using time-dependent density functional theory for para- and meta-substituted pyridine
interacting with a silver cluster, but were highly molecular dependent [25,26].

Many years of research have been dedicated to creating and optimizing SERS substrates with large
density “hot-spots” in order to provide the largest EFs [8,27,28] based on the primary enhancement
mechanism. “Hot-spots” are locations in the vicinity of the plasmonic nanostructures where the local
optical field is enhanced tremendously when compared to its surrounding. Any molecule in an
SERS-active hot-spot will exhibit an enormous enhancement in its Raman scattering signals. The
fundamental metric for SERS activity is the single molecule enhancement factor (SMEF), which
quantifies the increase in signal intensity (counts-s '-mW ') per molecule. The SMEF to SERS can be
simply expressed as [29]:
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where Mioc 1s the local field intensity enhancement; Mrzaq 1s the radiation enhancement factor; and wr
and wr are the resonant angular velocities of the local field Eic; and radiation field Eraq, respectively.
In many cases, the Raman shift is small, and one can make additional approximation that w. = wr.
This leads to the famous expression of the SERS enhancement in the |E|*-approximation as:
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Therefore, enhancing the localized electric field is the most effective method to increase the SERS
sensitivity. Typical SMEF of plasmonic materials ranges from 10* to 107, with a few highly-enhancing
substrates achieving 108-10'? [30-32], which is sufficient for single molecule detection.

Initially, SERS substrates were created by depositing metal films or electro-chemically roughening
metal electrodes [2]. Then, silver (Ag) and gold (Au) colloids prepared by wet chemical synthesis
processes were used [33,34]. In such SERS substrates, light concentration occurs preferentially in the
gaps, crevices or sharp features of plasmonic materials with nanoscale features. For instance,
metal dimers with gaps less than 5 nm achieved extremely strong SERS signals [35,36]. However,
such “hot-spots” (especially <1 nm gaps) with enhanced LSPs are produced only randomly. From the
engineering perspective, it is not a controllable technology. In order to improve the reproducibility,
there have been a number of innovations in nanofabrication and synthesis of plasmonic
nanostructures [37,38]. With the ability to control the size, shape and orientation of plasmonic
nanostructures on a surface, researchers have reduced many of the complex variables related to SERS
and greatly enhanced the reproducibility of SERS substrates. Such rationally-designed SERS
biosensors have gained a tremendous amount of research interest [8,39,40]. In addition to optimizing
the conventional SERS substrates using bottom-up chemical synthesis processes and top-down
nanofabrication techniques, there has been a new research trend in hybrid SERS substrates by
integrating plasmonic nanostructures with other nano-photonic platforms, such as gratings [41],
photonic crystals [42], hollow-core waveguides [43], resonant cavities [44] and micro-fluidics [45].
Such hybrid SERS substrates can provide unprecedented sensitivity, high reproducibility and add new
functionality into existing SERS substrates.

2. Review of Plasmonic Nano-Structures by Bottom-Up Chemical Synthesis Processes
2.1. Plasmonic Nanoparticles

Nobel metal nanoparticles, especially for Au and Ag nanoparticles (NPs), are commonly-used
SERS-active substrates. The bottom-up chemical synthesis process of AuNPs and AgNPs with
spherical geometry is a simple, rapid and cost-effective strategy. Many of the typical methodologies to
prepare NPs were achieved by co-precipitation of soluble metal salt in aqueous solutions followed by
relevant reducing agent added [34,46—49]. The most extensively-employed method for the preparation
of plasmonic NPs is Lee and Meisel’s method [34], which is based on sodium citrate reduction of
AgNOs3 under thermal condition and the resultant AgNPs with an average size of ~60 nm. Frens’s and
Natan’s methods are the most commonly used to fabricate AuNPs [48,49], in which the AuNPs with
different diameters were obtained by adjusting the amount of sodium citrate added. Both of these
methods have been mostly employed in various SERS studies. The diameter of plasmonic NPs is
crucial for SERS performance, because the local electromagnetic field on the surface of nanoparticles
could be harnessed through varying the size of the nanostructures [8,50-52].

It well known that AgNPs exhibit much higher EFs and boost SERS signals that are several times
higher than similar AuNPs in the visible wavelength region. Nie’s and Kneipp’s group have obtained
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Raman spectroscopy of a single molecule on the surface of Ag nanostructures with EF as high as
10" [32,53]. Due to the excellent bio-compatibility, AuNPs SERS sensing has plenty of usages in
bioanalysis [54] although suffering moderate sensitivity. To improve the detection limit, immuno-gold
colloids associated with AgNP deposition has been demonstrated to achieve a lower limit of
detection [55,56]. Wang et al. [56] reported the preparation of immuno-gold colloids by labeled
AuNPs with 15-meraptamers (TBA) and Raman reporters (Rhodamine 6G), a sensing interface with a
sandwich-type system of TBA/a-thrombin/TBA—AuNPs was fabricated as shown in Figure 1.
Hot-spots for SERS can be fabricated by deposition of AgNPs on a chip, and a large plasmonic
coupling effect is presumably produced at the junction between AuNPs and AgNPs where the Raman
reporters reside; high sensitivity with a detection limit as low as 0.5 nM was achieved.
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Figure 1. Schematic illustration of the fabrication process of a surface-enhanced Raman
scattering (SERS) biosensor for protein recognition. AuNPs with a diameter of around
13 nm labeled with antibody and the Raman probe molecule were used as immuno-gold
colloids, which were crosslinked onto the solid chip during the process of immunoassay
detection. After the Ag colloids’ deposition, the SERS signal of the Raman probe was
obtained [56]. (Reproduced with permission from Wang et al., published by Royal Society
of Chemistry, 2007.)

Another important category of plasmonic NPs for SERS is hybrid nanomaterials, because the
bimetallic alloy nanoparticles not only provide an enhanced effect for SERS, but also could have new
functionalities, such as catalysts and magnetic separation [57—60]. Sun et al. [58] have synthesized
binary metallic nanoparticles of Au-Pd in an eco-friendly way based on vitamin C and cacumen
platycladi leaf at room temperature, which exhibited an excellent SERS activity and efficient
catalytic ability.

2.2. Core-Shell Nanoparticles

The main problems of Au- and Ag-NPs for SERS sensing are the instability under ambient
conditions, oxidation in air and aggregation in saline, especially under physiological conditions or in
the presence of high-concentration salts [61]. To overcome these drawbacks, Au- and Ag-NPs are
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usually coated with shells to form the core/shell nanostructures. The shells not only protect Au- and
Ag-NPs from aggregation for enhanced stability, but also allow enabling new functionality for the
SERS substrates [61,62]. A pioneering work on silica coating was reported by Liz-Marzan et al. [63]
together with the mechanism of the coating process. Nie’s and Natan’s groups fabricated silica-coated
plasmonic cores embedded with Raman probes and named them SERS tags [64,65], in which silane
coupling agents were necessary to make nanoparticle surfaces vitreophilic (affinity for silica). Du’s
group developed a simple method to prepare silica-encapsulated Ag (Ag@SiO2) Raman tags
embedded with the Raman reporter molecules, using environmental-friendly solvents (mixed solvents
of ethanol and water) without vitreophilic pretreatment [61,66]. The core-shell structure SERS tags
exhibited excellent stability and were successfully applied for biomolecule detection. An innovative
approach named shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) was exploited
recently by Tian and co-workers [67,68], which was based on AuNPs coated with an ultra-thin layer of
silica or alumina shell free of Raman reporters, as shown in Figure 2. The ultrathin shell coating on the
AuNP is used to protect the plasmonic Au core from contact with the targets and enhanced the stability
of SERS substrates. Such shell-isolated plasmonic NPs could be randomly spread as “smart dust” onto
the probe surface.

Sllica or alumina shell

Figure 2. (a) The working principles of the shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS) mode; (b) in situ inspection of pesticide residues on fruit by
SHINERS; (¢) in situ probing of biological structures by SHINERS; (d) SEM image of a
monolayer of Au/SiO2 nanoparticles on a smooth Au surface; (¢) HRTEM images of
Au/SiO2 core-shell nanoparticles with different shell thicknesses; (f) HRTEM images of
Au/SiO2 nanoparticle and Au/Al20O3 nanoparticle with a continuous and completely packed
shell about 2 nm thick [67]. (Reproduced with permission from Li et al., published by
Nature Publishing Group, 2010.)
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In addition to the aforementioned metal-core/dielectric-shell nanostructures, binary metal core-shell
structures are also important for SERS substrates, such as magnetic@AgNPs and Au@Ag
nanoparticles [69—71]. The magnetic core could be readily used for separation or medical imaging,
while the plasmonic Ag shell was used as the SERS active substrate. Au@AgNPs took advantage of
the higher SERS activity of silver and the homogeneous superiority of gold.

2.3. Plasmonic Nanowires and Nanorods

Metallic nanowires are unique plasmonic nanomaterials, as they support propagating surface
Plasmon polaritons (SPPs) [72,73]. Ag nanowires with a smooth surface show minimal plasmon
damping during the propagation due to the well-defined crystal structure and, hence, have been
employed in the studies of the SPP-based waveguide. The polyol process was the most employed
method to prepare Ag nanowires with diameters in the range of 30—-60 nm and lengths up to
50 um [74]. In the context of SERS, Plasmon coupling of individual plasmonic Ag nanowire to each
could create high EFs [75,76]. Tao et al. [75] have used Langmuir-Blodgett technique to assemble
monolayers of aligned Ag nanowires, as shown Figure 3. The Ag nanowires are close-packed and
aligned in parallel with each other, and the significant enhancement of the electromagnetic field could
stem from the coupling of SPPs among neighboring plasmonic Ag nanowires. The monolayers of
nanowires exhibit excellent performance for SERS.

Figure 3. Photographs of Langmuir-Blodgett (LB) nanowire assembly process (a,b) at
different compression stages. SEM images (¢,d) of the Ag nanowire monolayer deposited
on a silicon wafer at different magnifications [75]. (Reproduced with permission from
Tao et al., published by ACS, 2003.)
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The band of LSPs of metal nanomaterials is primarily dependent on the morphology of the
nanomaterials, as well as their intrinsic permittivity. Au nanorods have two plasmonic bands: the
transverse band at lower wavelengths with a position coincident with AuNPs that corresponds to
electron oscillations perpendicular to the long axis and a longitudinal band in the longer wavelength
position that corresponds to electron oscillation along the long axis [77]. The longitudinal plasmon
band is sensitive to the aspect ratio of the nanorods, which could be shifted randomly between the
visible and the NIR region, as the rod’s aspect ratio changed by simply varying the condition during
the chemical synthesis process, and, hence, has attracted considerable attention. El-Sayed’s group has
developed lot of work on Au nanorod synthesis [78]. Surfactant cetyltrimethylammonium bromide
(CTAB) was used as a micellar template during the synthesis process. In addition, the theoretical per
micrometer absorption coefficients of Au nanorods are over an order of magnitude higher than that
observed for Au nanoshells. These merits of Au nanorods have enabled its use as SERS substrates in
biological applications, including cell imaging, in vivo tumor screening and photothermal heating
therapy [79,80].

2.4. Preassembled Plasmonic Dimers and Trimers

The electromagnetic field in the junction region between coupled plasmonic NP aggregations can be
drastically amplified. The nanogap junction of dimers and trimers of metallic NPs could afford
extraordinary EF that is high enough for single-molecule detection [22,32,54]. Moreover, the dimer
and trimer of plasmonic NPs have new LSP bands at the long-wavelength region, which could be
attributed to the aggregation [81,82]. It is critical to achieve a precise control of the size and shape of
the aggregated NPs at the nanoscale. Recently, many innovative strategies have been investigated to
fabricate dimers and trimers of plasmonic NPs for SERS study. The salt-induced aggregation method
is the most commonly used to fabricate nano-aggregates [22,81-83]. Chen et al. [83] firstly added
NacCl to metallic NPs to induce aggregation and then encapsulated the nano-aggregates with polymer.
After that, the monomers, dimers and trimers were separated by a differential centrifugation. The
authors recorded SERS spectra of the isolated nanostructures, and the respective EFs of these
substrates were obtained. The single-stranded DNA, thiol-linkers and organic molecules also have
been employed to assemble AuNPs into dimers and trimers [84—-87].

2.5. Plasmonic Nanoprisms, Nanocubes, Nanostars and Nanosheets

Other metallic colloids with unique geometric morphologies, such as nanoprisms [88,89],
nanocubes [90,91], nanostars [92,93] and nanosheets [94,95], that were investigated as SERS
substrates have also inspired great interest, because the sharp edges or branches of metallic
nanostructures could concentrate charge and cause greater electric fields than those of spherical
nanoparticles. Yang ef al. [89] synthesized Ag nanoprisms (Figure 4A) by an etching process, in which
the AgNOs3 were firstly reacted with poly(vinyl pyrrolidone) (PVP) in an aqueous solution under a
hydrothermal condition to form Ag nanoplates; the sharp features on nanoprisms with wavy edges are
very active for SERS. Xia and co-workers developed a modified polyol process to prepare Ag
nanocubes with sharp and truncated edges, as shown in Figure 4B, in which ethylene glycol functions
as the solvent and reducing agent [90]; they also observed that the intensity of SERS signals of probe
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molecules on nanocubes with sharp edges were dependent on the polarization of the excitation
laser [91]. This angular dependence was less significant when the nanocubes had a nearly spherical
profile. Nanostars (as shown in Figure 4C) are a kind of multi-branched nanomaterial [94], and large
SERS EFs could be obtained on the surface of nanostars due to the ‘sharp tip effect’ of branches [92].
Additionally, the plasmon hybridization between individual tips and cores gives rise to a further
increase in the local electric field. Nanosheet assemblies with well-defined and reproducible structures
are shown in Figure 4D [96], which could be fabricated by growing metallic materials on the
polyaniline surfaces, and the size and density of the nanosheets can be manipulated easily during the
process of chemical synthesis. As SERS substrates, nanosheet assemblies are reproducible, highly
sensitive and facile for fabrication.
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Figure 4. Representative metallic nanomaterials with different geometric morphologies:
(A) SEM images of Ag nanoprisms [89] (reproduced with permission from Yang et al.,
published by John Wiley and Sons, 2014); (B) SEM images of Ag nanocubes [90]
(reproduced with permission from Sun et al., published by AAAS, 2002); (C) TEM images
of Au nanostars [94] (reproduced with permission from Yuan et al., published by ACS, 2012);
(D) SEM images of Ag nanosheets [96] (reproduced with permission from Yan et al.,
published by ACS, 2012).

3. Review of Rationally Designed SERS Substrates

The progress of SERS sensing using conventional bottom-up chemical synthesis has been hampered
by the inability to fabricate substrates with the high sensitivity, tunability, robustness and
reproducibility necessary for truly practical and successful SERS-based systems. These limitations are
mostly due to the lack of control over the nanoscale features of the plasmonic substrates that are
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responsible for the enhancement. With the advent of advanced nanotechnologies, new approaches have
been developed to overcome these challenges and to produce substrates with higher sensitivity,
stability and reproducibility. This section will review recent progress in the rationally-designed SERS
substrates using both fine-tuned bottom-up and top-down fabrication techniques, with an emphasis on
the influence of nanotechnology.

3.1. Nanosphere Lithography

Nano-triangle structures have sharp edges at their vertex that can concentrate optical fields within
narrow gaps and, hence, can be utilized for SERS sensing. The most effective method to produce
nano-triangle patterns was invented by Van Dyune and co-workers [97-99] using nanosphere
lithography (NSL), which is an inexpensive, versatile and inherently parallel lithography method. First,
uniformly-sized nanospheres are self-assembled on a glass substrate to form a 2D colloidal crystal
deposition mask (Figure SA). Second, a thin layer of metal film (e.g., Au or Ag) is deposited either by
thermal evaporation or electron beam deposition, or pulsed laser deposition through the nanosphere
mask. Next, the nanosphere mask is removed by sonication of the sample in a solvent, thereby leaving
behind the nano-triangle metal patterns deposited in the interstitials of the nanosphere mask
(Figure 5B). Interestingly, a complementary plasmonic nanostructure called metal film over
nanosphere (MFON) [100,101] has also been generated by directly depositing metal film on the
nanosphere array (Figure 5C,D). The most critical control of NSL is the inter-particle spacing, which is
of paramount importance to electromagnetic enhancement mechanisms. In order to prepare a substrate
with the maximum amount of hot-spots with minimized gap width, Halas et al. [102] functionalized
50-nm AuNPs with cetyltrimethylammonium bromide (CTAB), re-dispersed the colloids in water and
finally drop cast the suspension to create a monolayer of particles with an average inter-particle
distance of ~8 nm, as a self-assembled CTAB bilayer on the AuNPs generates a net positive charge on
each particle, which leads to electrostatic repulsion that prevents random aggregation. This gap
provides the strong near-field enhancement.
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Figure 5. Schematic illustration of a colloidal crystal mask (A) and representative AFM
image (B) of Ag nano-triangular structures. Ambient contact mode atomic force
microscope image of 200-nm Ag over 542-nm diameter polystyrene spheres: (C) array of
spheres (10 um x 10 pm) and (D) image (600 nm x 600 nm) of one sphere showing
substructure roughness with schematic illustration [97,101]. (Reproduced with permission
from Van Duyne et al., published by ACS 2001, 2002.)
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3.2. On-Wire Lithography

On-wire lithography (OWL) has emerged as a powerful method of synthesizing a segmented
structure and subsequently introducing architectural changes through post-chemical treatment [103—-107].
OWL is based on the idea that one can make segmented nanowires consisting of at least two types of
materials, one that is susceptible and one that is resistant to wet chemical etching. Mirkin’s group grew
multi-segmented (Au-Ni) nanowires by electroplating inside an alumina template and successive
etching of the template. After selective chemical etching of the sacrificial segments (Ni), various
nanostructures with gaps as small as 2 nm and disks as thin as 20 nm can be created. Using this
method, the authors were able to synthesize arrays of dimers, trimers, tetramers and pentamers for
SERS sensing with varying geometries synthesized on one array, as shown in Figure 6A. These
tunable arrays allow for internal controls and direct comparison of the relative Raman intensity of each
structure with a confocal Raman microscope, as shown in Figure 6B. Furthermore, of note is that these
arrays were dispersible, allowing for colloidal functionalization techniques. The authors found that
120 nm-thick dimers with a 30-nm gap spacing produced the optimal response (over 100x the intensity
of a single disk) for 633-nm excitation lasers. These experimental results were correlated with
theoretical models using the discrete-dipole approximation (DDA). The DDA approach predicted that
the maximum EF generated by 120 nm-thick disks separated by 10 nm provided the optimal response
(Figure 2B). The breakthrough of OWL makes it possible to control the gap size between metal
nanoparticles in a practical way and has demonstrated remarkable sensitivity to chemical molecules,
such as methylene blue (MB), p-mercaptoaniline and Cy-3-labeled DNA. However, the density of such
nanogaps is limited, for only a few nanogaps can be created along a nanowire, which requires a
relatively high concentration of molecules to increase the detection probability.

3 501 285443 561 9 43 93 400 138 § 208 374 170 26
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Figure 6. (A) SEM images of on-wire lithography (OWL)-generated nanodisk arrays with

various geometries; (B) Confocal Raman microscopy images of gapped nanowire
structures functionalized with methylene blue (MB) [104]. (Reproduced with permission
from Qin et al., published by National Academy of Sciences, USA, 2006.)

3.3. Plasmonic Nano-Capsules and Electric Tweezers

Conventional SERS substrates are immobile, while mobile SERS tags cannot provide enough
hot-spot density. In order to create a large number of hot-spots and simultaneously achieve flexible
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assembly capability at desirable positions for location predicable sensing, Fan ef al. [108,109] invented
plasmonic nano-capsules. A plasmonic nanocapsule consists of a tri-layer structure with a
three-segment Ag/Ni/Ag nano-rod as the core, a thin layer of silica as the capsulating layer and
uniformly-distributed AgNPs on silica as the hotspot layer, as illustrated in the upper figure of
Figure 7A. The outermost layer made of dense AgNPs with optimized sizes and junctions provides a
large number of hotspots (about 1200 um?) for ultrasensitive SERS detection, as shown in Figure 7B.
The nanocapsules exhibited an absorption peak at 450 nm due to the collective plasmonic resonance of
assembled AgNPs. Using a 532-nm excitation laser, the nanocapsules detected Raman spectra of
1,2-bi-(4-pyridyl) ethylene (BPE) with a concentration as low as 10712 M (1 pM). The mapping results
of the Raman signal in Figure 7C also clearly confirmed the high-density hot-spots throughout the
nanocapsules. More interestingly, the plasmonic nanocapsules can be transported and assembled into
ordered arrays using an innovative manipulation technique called “electric tweezers” [110], as shown
in Figure 7D. A prototype of a 3 x 3 nanocapsule sensor array has demonstrated the ability to
successfully detect various biomolecules, as shown in Figure 7D and the lower figure of Figure 7A.
Leveraging the bi-functionality, a plasmonic nanocapsule is magnetically maneuvered to a single
living mammalian cell, and its membrane composition is analyzed via SERS spectroscopy [111].
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Figure 7. (A) (Top) Structure of a tri-layer nanocapsule; (bottom) with the electric
tweezers, nanocapsules can be transported and assembled onto a pre-patterned array of
nanomagnets by utilizing the magnetic attraction force between the Ni segments in the
nanocapsules and the magnetic layers inside the nanomagnets [108] (reproduced with
permission from Xu et al., published by John Wiley and Sons, 2012); (B) SEM images of
silica nanotubes embedded with Ni nanomagnets and a close view of the AgNPs on the
nanotube surface [109] (reproduced with permission from Xu et al., published by John
Wiley and Sons, 2013); (C) Raman mapping profile of 1 uM Rhodamine 6G dispersed on a
tri-layer nanocapsule shows uniform SERS intensity on the entire surface of the
nanocapsules. (1655 cm™!, scan step 250 nm, integration time 0.5 s) [109] (reproduced with
permission from Xu et al., published by John Wiley and Sons, 2013); (D) Electric tweezers
using AC and DC configurations on quadruple electrodes for the manipulation of
nanocapsules [108] (reproduced with permission from Xu et al., published by John Wiley
and Sons, 2012).
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3.4. Plasmonic Nano-Antennas by E-Beam Lithography

Optical nano-antennas are devices that convert freely-propagating optical radiation into localized
energy at nanometer scales (hot-spots), and vice versa [111-114]. The huge electromagnetic field
enhancement at the hot-spots enables a dramatic increase of the vibrational signal of molecules located
therein. In the few past years, SERS EF up to 10% has been reported [115], allowing one to carry out
vibrational analysis down to the single-molecule level. Moerner et al. [116,117] fabricated SERS
substrates containing Au “bowtie” nanostructures. Each ‘‘bowtie’” consisted of two electron-beam
lithographically (EBL)-generated triangles approximately 100 nm on a side, 18 nm thick and with a
sub 20-nm junction formed at the junctions of two vertices, one from each triangle. The “bowtie”
antennas were coated with pMA, and the enhancement mechanism was studied. As the structures were
rationally designed and the dimensions were stable and highly reproducible, the electromagnetic (EM)
contribution to the SERS response was deterministic. Accordingly, variations in chemical enhancement
(CE) would be responsible for observed variations in the EF if any existed. In their study, they found that
Raman modes corresponding to the aromatic character of the pMA, where the aromatic ring can switch
from standing vertically away from the surface to lying flat on the Au surface, exhibit wide variations in
EF; modes not greatly affected by these orientation changes (e.g., C—S stretches in pMA) do not exhibit
high variability in their Raman signature. This work is one illustration of how a rationally-designed
substrate could be engineered with high reproducibility to probe the fundamental mechanisms of
SERS. Another popular plasmonic nano-antenna structure is the Yagi-Uda antenna [118,119], and the
application for SERS has been reviewed [120]. Pucci ef al. [121] fabricated gold nano-antennas by
EBL on calcium difluoride (1-2 pm long, 60 nm wide, 60 nm high) that exhibit a transverse plasmonic
resonance in the visible (640 nm) for SERS and a particularly strong longitudinal dipolar resonance in
the infrared (tunable in the 1280-3100 cm™") for surface-enhanced infrared absorption (SEIRA), which
is another important plasmonic-enhanced vibrational spectroscopy technology.

3.5. Nanogaps Created by Non-Traditional Techniques

The major difficulty of fabricating plasmonic nano-antennas by EBL is the extremely small feature
size, particularly the narrow gaps between the antennas as the hot-spots, which were limited by the
proximity effect. To achieve even smaller metallic nanogaps, EBL was combined with electrochemical
methods for the fine-tuning of gap dimensions. Halas and co-workers started the fabrication with EBL
to pattern a series of “bowtie” structures that consist of two larger (~50 pm % 150 pm) pads connected
by thin, tapered bridges with a 80—100-nm width [122]. By applying electric current though these thin
junctions, the momentum from current-carrying electrons was transferred to the Au lattices, impacting
atomic positions, eventually leading to a break in the thin Au section (Figure 8A). The resulting atomic
migration-created gaps have widths ranging from <l nm to a few nm, which can be manually or
automatically controlled by monitoring the resistance of the junction. SERS spectra measured at the
nanogaps showed high EFs along with blinking and spectral diffusion, indicating that the sensitivity
was approaching the single molecule level. This method of electro-migration on lithographically-formed
features can generate highly reproducible SERS hot-spots, with EFs easily reaching the 10® range.
Recently, Diebold et al. [123] reported a method to screen hot-spots by a femtosecond pulsed laser
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beam. In this study, a nanostructured Ag-covered silicon surface is covered by a positive photoresist,
and a femtosecond laser pulse train is scanned over the surface, selectively exposing the photoresist
covering electromagnetic hot-spots. The authors conclude that only the hot-spots are developed, based
on the assumption that the multiphoton-induced luminescence is greatest in the hot-spot. The
schematic and the resulting substrate are shown in Figure 8B. SERS substrates directly fabricated by a
femtosecond laser, which has rippled nanostructures, were also reported [124]. The formation of
electromagnetic hot-spots can also be achieved by mechanical assembly via convective flow upon
solvent evaporation. Li et al. [125-127] demonstrated a structure based on gold-coated nanoscale
polymer fingers made by a nano-imprinting technique. The so-called “nano-fingers” were immersed in
an ethanol solution containing analyte molecules. Nano-finger assembly and aggregation is induced by
capillary forces upon solvent evaporation. The assembled nano-fingers are depicted in Figure 8C.
After drying, the analyte molecules are trapped in the molecule self-limiting gaps between fingertips,
which ensures ultimate SERS enhancement for sensitive molecule detection. The closed finger samples
displayed an increased signal by 10x-30% over one without solvent exposure. The authors estimate an
EF of 2 x 10'°. Besides the high EFs, another major benefit of this technique is the resulting
long-range order.
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Figure 8. (A) Electro-migrated gaps from [122] (reproduced with permission from Ward et al.,
published by ACS, 2007). (B) Helium ion microscope image (45°) and schematic diagram
of multiphoton-lithography SERS substrate (left). Hot-spot isolation (HSI) process (right):
(1) diluted positive-tone photoresist is spin-coated onto a SERS substrate to cover the

surface; (2) a femtosecond laser pulse train is scanned over the surface, selectively
exposing the photoresist covering electromagnetic hot-spots; (3) the photoresist is
developed, and the SERS hot-spots are uncovered [123] (reproduced with permission from
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Diebold et al., published by ACS 2009). (C) (Left) Schematic illustrations of the
preparation of preclosed and 1,2-bi-(4-pyridyl) ethylene (BPE)-trapped gold fingers. The
inset shows the magnified view of finger tips. (Right) SEM images of as-fabricated and
closed fingers [127] (reproduced with permission from Kim et al., published by ACS, 2011).

3.6. Plasmonic Gratings and Other Periodic Metallic Structures

Grating-type substrates with nanometer dimensions offer the possibility of enhancing the
electromagnetic field close to surfaces by SPP excitation. Although not as popular as other
rationally-designed plasmonic nanostructures due to the relatively low EFs, the well-defined topology
of plasmonic gratings was used for quantitative comparison of theory and experiment [128].
Optimization of the grating depth has been investigated to maximize the SERS EF using rigorous
coupled wave analysis (RCWA) methods [129,130]. Experimental results on a silver grating of
variable groove depth coated by a thin film of copper phthalocyanine showed an increase of the Raman
signals of 10* as compared to the flat case (copper phthalocyanine on a flat silver surface) [131]. To
overcome the polarization dependence of 1D grating, Grande et al. [132] reported the results of 2D
gold nano-patch arrays on a silicon substrate and found a dramatic improvement in the Raman signal
when the laser wavelength matches the SPPs of the periodic nanostructures. SERS mapping estimated
the SERS EFs ~2 x 10°. Weiss et al. [133,134] demonstrated large area two-dimensional arrays of
patterned nano-porous gold as easy-to-fabricate, cost-effective and stable SERS templates. Using a
simple one-step direct imprinting process, subwavelength nano-porous gold (NPG) gratings are
defined by densifying appropriate regions of a NPG film. Both the densified NPG and the
two-dimensional grating pattern are shown to contribute to the SERS enhancement. The resulting
substrates exhibit uniform SERS enhancement factors of at least 107 for a monolayer of adsorbed
benzenethiol molecules.

4. Review of Hybrid SERS Substrates on Other Nanophotonic Platforms
4.1. SERS Substrates on Photonic Crystals and Resonant Gratings

Directly using plasmonic gratings as the SERS substrates can only provide limited EFs. However,
integrating plasmonic NPs with dielectric gratings or photonic crystals can achieve extremely high
SERS EFs. Guided-mode resonance (GMR) is a phenomenon wherein the guided modes of an optical
waveguide can be excited and simultaneously extracted by the introduction of a phase-matching
element. Such guided modes are also called “leaky modes”, as they do not remain guided, and have
been observed in one- and two-dimensional photonic crystal slabs [135] and dielectric gratings [136].
GMRs in dielectric gratings have also been discovered to enhance the LSPs of plasmonic NPs, which
will further increase the SERS signals [137,138]. The working mechanism relies on resonant modes
when properly excited, which can serve as a universal field-enhancement substrate, as illustrated in
Figure 9A. Cunningham et al. [139] coupled a tightly-packed layer of discrete metal nanoparticles to
the GMR of a photonic crystal surface. Because metal nanoparticles introduce absorption that
quenches the photonic crystal resonance, a balance was achieved between locating the metal
nanoparticles too close to the surface while still positioning them within the enhanced evanescent field
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to maximize coupling to surface plasmons. The photonic crystal-SERS substrate was comprised of a
replica molded photonic crystal slab as the dielectric optical resonator, a SiO2 “post” layer thickness of
50 nm and a Ag “cap” height of ~20 nm, as shown in Figure 9B. As a simpler approach,
Wang and Fan et al. [41] demonstrated a photonic crystal-SERS substrate by placing plasmonic active
Si02 nanotubes on Si3Na gratings. As the density of hot-spots is high while the absolute number of
AgNPs is relatively low, the quenching effect is low, and the substrate showed a constant enhancement
factor of 8x~10x in addition to the existing SERS effect of SiO2 plasmonic nanotubes [41], as depicted
in Figure 9C. One challenge for this approach is how to fine-tune the GMR frequency of the dielectric
grating to match the excitation wavelength. Wang et al. [140] showed that indium-tin oxide (ITO)
gratings can achieve excellent tolerance to fabrication deviations due to the large refractive index
contrast of the ITO grating. Quantitative experimental results of 5,5’-dithiobis(2-nitrobenzoic acid)
(DTNB) demonstrate the best enhancement factor of ~14x on ITO gratings when compared with
AgNPs on a flat ITO film, and the limit of detection (LOD) of DTNB is as low as 10 pM.
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Figure 9. (A) (Top) The geometry of the dielectric grating structure with silver nanorod
optical antennas on 2D silicon nitride grating surface. (Bottom right) Field map |E|/|Eo| at
the surface of the grating at resonance. (Bottom left) |E|/|Eo| versus wavelength calculated
by rigorous coupled wave analysis (RCWA) at Point A as marked on the inset to the right.
|Eo| is the magnitude of the incident electric field [138] (reproduced with permission from
Li et al., published by American Institute of Physics, 2009). (B) Schematic diagram of
PC-SERS substrate of SiO2-Ag “post-cap” nanostructure with a thickness of the SiOz layer of
75 nm and a thickness of the Ag layer of 20 nm by the oblique angle deposition method [139]
(reproduced with permission from Kim et al., published by Optical Society of America,
2010). (C) Measured 1 uM R6G Raman spectrum from the plasmonic nanotube on the flat
Si3N4 substrate and from the plasmonic nanotube on the GMR grating. The inset figures
show the SEM image of the grating and the optical image of the plasmonic nanotube on
top of the grating [41] (reproduced with permission from Xu ef al., published by American
Institute of Physics, 2012).

4.2. SERS Substrates Using Bio-Enabled Materials

Rationally-designed SERS substrates require expensive top-down nanofabrication methods, such as
EBL and reactive ion etching (RIE). On the other hand, nature provides an inspirational source of
nanophotonic structures. Many photosynthetic marine micro-organisms efficiently capture sunlight for
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photosynthesis by imbedding inorganic periodic photonic structures, which are very similar to
artificial photonic crystals, into their cell walls. Diatoms take up water-soluble silicic acid from the
environment, which is then precipitated into amorphous silica within an intracellular nano-bioreactor
to form the photonic crystal-like frustules at ambient temperatures and pressures. Different species of
diatoms based on biosilica and coccolithophores based on calcium carbonate with versatile photonic
crystal structures have been reported (Figure 10A (a—d)) [141]. The potential applications of diatoms in
solar cells [142], batteries [143], drug delivery [144], electro-luminescence [145], photo-luminescence
(PL) [146], nanofabrication templates [147] and selective membranes [148] have been explored by
many research groups. Wang et al. [149] numerically simulated the field enhancement of diatom
frustules to plasmonic NPs and obtained similar field enhancement as rationally-designed dielectric
gratings. The hybrid diatom-plasmonic SERS substrates were obtained by self-assembling AgNPs onto
the diatom frustules (Figure 10B), which can be obtained by microbiological incubation as detailed
in [149]. From the optical transmission experiment, they observed that bare diatom frustule shows a
broadband resonance in the visible wavelength from 400—700 nm, while the NPs-on-glass only have
two low-Q resonances (~100-nm bandwidth) centered at ~480-nm and ~630-nm wavelengths, which
are due to NP clusters and nanorods, respectively. For the NPs-on-diatom structure, significantly
stronger optical extinction is observed, and high-Q resonant peaks (~20-nm bandwidth) appear due to
hybrid GMR-LSP modes. These experimental results clearly confirm the existence of GMR-LSP
coupling. SERS spectra of 1 uM R6G were also measured on the hybrid diatom-plasmonic SERS
substrates with the best additional SERS EF of 12x [150]. To confirm the overall SERS enhancement,
SERS signals of R6G at 1368 cm ™' were mapped in Figure 10C with the optical image of the scanned
area included in the inset figure. The strong correlation of the enhancement factors with respect to the
shape of the diatom frustule clearly proves the contribution of the bio-enabled nanomaterial.
In addition, Wang et al. [151] demonstrated immuno-assay SERS sensors using the hybrid
diatom-plasmonic substrates. The SERS-based sandwich immunoassay (protocol shown in
Figure 10D) is functionalized with goat anti-mouse IgG. The selectivity to detect specific antigens was
tested by challenging the immuno-assay sensors with complementary antigen (mouse IgG) and
non-complementary antigen (human IgG), respectively. Quantitative comparison of the detection limit
shows that the detection limit on glass is 1 pg/L, while the hybrid diatom-plasmonic SERS substrates
improve the detection limit to 10 ng/L, which is ~100x better, as shown in Figure 10D.
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Figure 10. (A) SEM images of various diatom species with different frustules [141]
(reproduced with permission). (B) SEM image of the hybrid diatom-plasmonic SERS
substrates [151] (reproduced with permission from Yang et al., published by John Wiley and
Sons, 2014). (C) The 1 pM R6G Raman mapping results from the hybrid diatom-plasmonic
SERS substrate [150] (reproduced with permission from Ren et al., published by IEEE, 2014).
(D) Schematic diagram of the diatom-plasmonic SERS immunoassay using a standard
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4.3. SERS Sensing Using Optical Fibers

SERS signals are usually measured through conventional free-space optics using optical
microscopes. Although ultra-sensitive due to the large numerical aperture of the objective lens that can
focus light into a small spot and a large acceptance angle to collect the Raman signals, it is not
convenient to use free-space Raman microscopes for in situ or remote sensing. The SERS sensing
technique based on guided-wave systems, such as optical fibers [152—156], for irradiating and collecting
SERS signals from the SERS substrate can provide better accessibility into complex environment,
which will enable in situ and in vivo sensing capabilities. For example, Vo-Donh et al. [154] developed
an integrated fiber-optic SERS sensor through the incorporation of alumina nanoparticles and silver
coatings onto the single mode fiber probe tip, as shown in Figure 11A. Depending on the tip size, the
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fiber-optic SERS sensor allows in sifu measurements at microscale environments. Two detection
schemes can be used: a “dip-and-dry” mode of detection and an in situ sensing mode were
demonstrated for several compounds. A quantitative calibration curve for cresyl fast violet (CFV) in
groundwater was established, and a limit of optical detection of approximately 50 ppb was determined.
Capasso et al. [155] used EBL to fabricate optical antennas on a silicon wafer, which are then
transferred onto the fiber facet (Figure 11B). They claimed that they achieved the ability to control the
size and spacing of the antennas, which enabled the EF of the transferred array to be estimated from
2.6 x 10° to 5.1 x 10°. Recently, several other SERS sensing techniques using liquid-core fibers [157],
D-shaped fibers [158] and photonic crystal fibers [43] have also been demonstrated.
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Figure 11. (A) Fiber-optic SERS sensors through the incorporation of alumina
nanoparticles and silver coatings onto the single mode fiber probe tip [154] (reproduced
with permission from Stokes et al., published by Elsevier, 2000). (B) Schematic depiction
of the configuration used to characterize the SERS fiber optic probe and a scanning
electron micrograph of an array of gold optical antennas on the facet of a
fiber [155]. (Reproduced with permission from Smythe et al., published by ACS, 2009).

4.4. SERS Sensing in Micro-Fluidics

In order to enable on-chip sensing capabilities, the combination of SERS and microfluidic devices
is increasingly of particular interest in research, especially in the field of biomedical analytics. The
implementation of microfluidic systems in SERS analytics provides the benefit of a highly-defined
environment in which the measurement takes place and allows the easy handling of small sample
volumes. The integration of functionalities for mixing procedures, sample preparation steps or for the
SERS detection itself benefits from a higher reproducibility of the measurements. Schemit et al
investigated liquid-core anti-resonant reflecting optical waveguides [159,160] (ARROWSs), which
provided a high level of integration with other sensor systems. The ARROW was fabricated based on
conventional silicon processes and etching of sacrificial core layers. The hollow waveguides with
volumes covering the pico- to nano-liter range can confine mode propagation, tail wavelength
selectivity and, meanwhile, serve as the microfluidic channels for plasmonic NPs and analyte solution.
Other micro-fluidic structures, such as loops [161,162], =zigzag-shaped channels [163] or
micro-pillars [164], were also introduced to achieve a high mixing efficiency for SERS sensing.
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4.5. SERS Substrates on Graphene

Graphene is a single sheet of carbon atoms in a 2D honeycomb crystal structure that has exhibited
amazing Raman scattering properties, which are related to its unique structure of electrons and
phonons. Shen et al. [165] deposited Au films on single-layer graphene as SERS substrates for the
characterization of R6G molecules. They reported significantly suppressed photoluminescence
background by attributing the quenched PL signals to the strong resonance energy transfer from Au to
single-layer graphene (SLG). They suggested that the combination of Au films and SLG can be used in
the characterization of low concentration molecules with relatively weak Raman signals. Very
recently, Zhang et al. [166] thoroughly reviewed the multi-roles played by graphene in SERS sensing,
including as a Raman probe, as a substrate, as an additive and as a building block for a flat surface.

5. Conclusions

In summary, SERS is a highly-sensitive technique that allows for the detection of molecules in very
low concentrations and provides rich structural information. As a versatile technique after more than
38 years of research, SERS can not only address fundamental scientific questions, but also can resolve
engineering challenges in many applications. However, in all cases, the plasmonic substrate is the most
critical component in this field. In this review, we first discussed basic plasmonic materials, such as
metallic nanoparticles and nano-rods prepared by conventional bottom-up chemical synthesis processes.
Then, we reviewed rationally-designed plasmonic nano-structures created by top-down approaches or
fine-controlled synthesis with high-density hot-spots to provide large SERS EFs. Finally, we discussed
the research progress of hybrid SERS substrates through the integration of plasmonic nano-structures
with other photonic platforms, such as photonic crystals, bio-enabled nanomaterials, optical fibers,
micro-fluidics and graphene. We must point out that there has been a very active search for new and
better plasmonic materials in recent years [167,168]. It has been postulated that metal oxides,
noble-transition alloys, alkali-noble inter-metallic compounds and semi-conductors can exhibit plasmonic
properties. Such materials will possibly be employed as new SERS substrates and be utilized for
specific applications. Therefore, the searching for better SERS substrates will continue in the future.
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