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Surface-enhanced Raman spectroscopy (SERS) and related spectroscopies are powered primarily by the
concentration of the electromagnetic (EM) fields associated with light in or near appropriately
nanostructured electrically-conducting materials, most prominently, but not exclusively high-conductivity
metals such as silver and gold. This field concentration takes place on account of the excitation of surface-
plasmon (SP) resonances in the nanostructured conductor. Optimizing nanostructures for SERS, therefore,
implies optimizing the ability of plasmonic nanostructures to concentrate EM optical fields at locations
where molecules of interest reside, and to enhance the radiation efficiency of the oscillating dipoles
associated with these molecules and nanostructures. This review summarizes the development of theories
over the past four decades pertinent to SERS, especially those contributing to our current understanding of
SP-related SERS. Special emphasis is given to the salient strategies and theoretical approaches for
optimizing nanostructures with hotspots as efficient EM near-field concentrating and far-field radiating
substrates for SERS. A simple model is described in terms of which the upper limit of the SERS
enhancement can be estimated. Several experimental strategies that may allow one to approach, or
possibly exceed this limit, such as cascading the enhancement of the local and radiated EM field by the
multiscale EM coupling of hierarchical structures, and generating hotspots by hybridizing an antenna mode
with a plasmonic waveguide cavity mode, which would result in an increased local field enhancement, are
discussed. Aiming to significantly broaden the application of SERS to other fields, and especially to material
science, we consider hybrid structures of plasmonic nanostructures and other material phases and
Received 3rd April 2017 strategies for producing strong local EM fields at desired locations in such hybrid structures. In this vein, we
consider some of the numerical strategies for simulating the optical properties and consequential SERS
performance of particle-on-substrate systems that might guide the design of SERS-active systems. Finally,
some current theoretical attempts are briefly discussed for unifying EM and non-EM contribution to SERS.
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that is often comparable to that of fluorescence. Ultrahigh SERS
sensitivity even down to the single-molecule level can be

1 Introduction

Surface-enhanced Raman scattering is a phenomenon associated
with the amplification by several orders of magnitude of Raman
signals of analytes located at or very close to metallic nanostructures.
It is almost universally accepted that the enhancement is largely due
to the amplification of the local electromagnetic (EM) fields owing to
the excitation of surface-plasmon resonance.’™ SERS can provide
rich structural information at the molecular level with a sensitivity
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achieved on some well-designed coinage-metal (for example,
Au and Ag) nanostructures.®™ After four decades of develop-
ment, SERS is now being applied to trace-molecule detection,
biomolecule analysis and material characterization, among
multiple other applications. The discovery and development
of SERS also contributed significantly to the current interest in
and development of the field of plasmonics, which traces its
roots back to the discoveries in the 1970s related to SERS.
SERS enhancement strongly depends on the characteristics
of the laser excitation (e.g. wavelength, polarization and incident
direction), detection configuration (e.g. scattering configuration,
polarizer, solid angle for collection), the intrinsic Raman cross-
section of probe molecules or materials, the dielectric properties
of the ambient environment and the optical properties of SERS
substrates.” A great deal of current research has been devoted to
the optimization of SERS substrates for high enhancement and

This journal is © The Royal Society of Chemistry 2017
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for greater ease of use. Beginning with its discovery on roughened
silver electrodes,'®* the history of SERS is largely the story of the
development of SERS substrates.’ In the 1970s and 1980s, the SERS-
active substrates explored largely consisted of roughened Au and Ag
electrodes, island films, colloidal aggregates and surfaces structures
using microlithographic techniques®'®™* (Fig. 1). Thereafter, SERS
benefited considerably from the developments made in nanoscience
and nanotechnology in the 1990s," including new synthesis
methods of SERS-active nanoparticles (NPs), nanofabrication
methods of structured surfaces and powerful analysis methods
for characterizing the prepared nanostructures. Au and Ag nano-
particles with nanometre-sized gaps; nanometre-sized shells;
nanometre-sized tips, edges and structured surfaces with
nanometre-sized holes, voids, bumps, grooves or ridges were
among the nanostructures used for SERS (Fig. 1).51%17727:29:30

Most SERS-active substrates are based on Au or Ag metals
because the metal nanostructures can support surface plasmons,
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the collective oscillating modes of the conduction electrons at
metal/dielectric interfaces."*"** Nanomaterials that can support
surface plasmons are referred to as plasmonic materials.****
Surface plasmons are often separated into two categories:
(i) localized surface plasmons (LSP, as shown in Fig. 2a), in
which the electrons coherently oscillate locally within and in the
vicinity of a nanostructure and (ii) propagating surface plasmons
or surface-plasmon polaritons (SPPs, as shown in Fig. 2b), in
which the coherent electron oscillation propagates as a long-
itudinal wave along the metal surface.*'**3¢

LSPs in plasmonic nanomaterials can be excited by far-field
incident light, whose energy can be consequentially concen-
trated at nanoscale features, ie. edges, tips or crevices, to
enhance the local EM field intensity by 2-5 orders of magnitude.
LSPs can also be excited by local oscillating sources (dipoles,
quadrupoles, etc.), which re-radiate into the far field by means of
the plasmonic nanostructures.” Nanomaterials with strategically
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Fig. 1 Milestones related to SERS. Development of new methods of plasmon-
enhanced Raman spectroscopies (left), and representative SERS-active substrates
(right) in the past four decades. For the full names of the abbreviations of the SERS
methods, please see the main text. Image (i) adapted from ref. 16 with permis-
sion, copyright (1981) Elsevier; image (iii) adapted from ref. 14 with permission,
copyright (1981) Elsevier; image (iv) adapted from ref. 17 with permission, copy-
right (1995) AAAS; image (v) adapted from ref. 6 with permission, copyright (1997)
AAAS; image (vi) adapted from ref. 15 with permission, copyright (2007) Royal
Society of Chemistry; image (vii) adapted from ref. 18 with permission, copyright
(2003) American Chemical Society; image (vii) adapted from ref. 19 with
permission, copyright (2007) American Chemical Society; image (ix) adapted
from ref. 20 with permission, copyright (2010) American Chemical Society; image
(x) adapted from ref. 21 with permission, copyright (2006) National Academy of
Sciences; image (xi) adapted from ref. 22 with permission, copyright (2010)
Nature Publishing group; Image (xi) adapted from ref. 23 with permission,
copyright (2009) American Chemical Society; image (xii) adapted from ref. 24
with permission, copyright (2010) American Chemical Society; image (xiv)
adapted from ref. 25 with permission, copyright (2011) National Academy of
Sciences; image (xv) adapted from ref. 26 with permission, copyright (2013)
American Chemical Society; image (xvi) adapted from ref. 27 with permission,
copyright (2015) Wiley-VCH Verlag GmbH & Co kGaA, Weinheim.
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Fig. 2 (a) Localized surface plasmon, and (b) surface-plasmon polariton.
Image adapted from ref. 28 with permission. Copyright (2017) American
Chemical Society.

tailored plasmonic characteristics have greatly expanded the
application of SERS.*”™*

Understanding such LSPR-based mechanisms of local EM
field enhancement also led to the development of a wide range
of surface-enhanced Raman methods, including two important
variants of SERS: tip-enhanced Raman spectroscopy (TERS)**™*”
and shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS),** as well as ultraviolet SERS***® and near-infrared
SERS.?® Other Raman spectroscopies inspired by SERS, such as
surface-enhanced Raman optical activity (SE-ROA) spectro-
scopy’"*® and surface-enhanced nonlinear Raman spectro-
scopy including surface-enhanced coherent anti-Stokes Raman
spectroscopy (SE-CARS),**** surface-enhanced femtosecond
stimulated Raman spectroscopy (SE-FSRS),> tip-enhanced
stimulated Raman spectroscopy (TE-SRS)*® and surface-enhanced
hyper-Raman spectroscopy (SE-HRS)*” have also been reported.>®
Collectively, the above-mentioned techniques are often referred to
as plasmon-enhanced Raman spectroscopy (PERS),”® whose time-
line of key developments is summarized in Fig. 1.

Parallel to the development of SERS-active substrates, theoretical
advances in our understanding of the SERS mechanism have
directed the development of the field, guiding the development of
new design and synthesis strategies for producing high functioning
SERS nanostructures, and broadening the range of applications to
which SERS can be applied. The milestones in the development
of SERS with emphasis on classical electrodynamics are summarised
in Fig. 3.

Prior to 1985, several mechanisms were proposed to account
for SERS.**%” SERS is normally performed on molecules that form
chemical bonds of varying strengths and complexities with metallic
surfaces. Such surface chemical interactions must themselves be
understood in order to interpret the SERS spectrum appropriately.
The plasmonic model for SERS was developed between the late
1970s and the mid-1980s, primarily by Moskovits,>*® Creighton,**>”°
Chen,” Chang,””* Pettinger,”* Tsang,”® Gersten,”®”” Gersten and
Nitzan,”® McCall,”*®*® Kerker,**"%* Metiu,****®** and Schatz,®>%>5°
among others (Fig. 3).

In 1973, Dignam and Moskovits reported that the optical
properties of rough metal films could be understood if one
assumed that the roughness layer behaved as an effective

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Milestones related to surface plasmon (up), and surface-plasmon-based SERS theory (down). The number of publications in the 1977-2017
period searched through the ISI Web of Science® using the keywords ‘surface plasmon’ OR plasmonics’ from 1973 to 2017. The number of publications
in the 1977-2017 period searched through the ISI Web of Science®™ using the keywords ‘SERS’ OR ‘surface-enhanced Raman’ from 1977 to 2017. The
abbreviations in this figure: surface plasmon for SP, electromagnetic for EM, discrete interaction model/quantum mechanics for DIM/QM.

medium of nanoparticles, which, for metals such as Cu and Ag
showed plasmonic resonances.?” Moskovits applied this idea to
interpret the SERS effect in 1978, and used it to account for the
opposite wavelength-dependent SERS intensity trends reported
by van Duyne and Creighton, ascribing the difference to the
differing roughening procedures of the silver electrodes. Taking
the argument further, Moskovits predicted that similar
enhancements would be observed in true silver and copper
colloids covered with adsorbates.”

In 1979, Creighton and coworkers published a comprehensive
paper on SERS from Ag/Au colloidal surfaces,® in which they
correlated the sizes and materials of metallic colloids and the
wavelength of SPR with SERS. The authors pointed that it was the
surface plasma resonance of metallic colloids or Mie scattering
that leads to the giant surface-enhanced Raman effect, which the
authors called ‘plasma resonance-enhanced Raman’. Finally,
Creighton and coworkers concluded that the dielectric functions
of the metal colloids determined which materials were effective

This journal is © The Royal Society of Chemistry 2017

for SERS. Creighton’s pioneering work expanded the range of
SERS substrates beyond electrochemically roughened electrodes
or cold deposited surfaces to include colloidal particles, at the
same time augmenting interest in the use of SERS to a broad
scientific and engineering community embracing such disciplines
as electrochemistry, heterogeneous catalysis, biochemistry, polymer
science, etc.

Creighton and coworkers showed that the aggregation of
Ag/Au colloids resulted in more intense SERS spectra,® leading, in
time, to one of the key concepts in SERS: the SERS hotspot. In
1981, Metiu and coworkers calculated the extinction and local
field enhancement of a nanosphere dimer as a function of the
inter-particle distance.** In 1983, Metiu and coworkers also
calculated the local field enhancement in a structure consisting
of a metallic sphere approaching a flat metallic surface.® The two
results predicted that Au or Ag nanoparticle dimers, or particle-on-
film plasmonic nanostructures with nanogaps, would be uniquely
important in generating intense SERS. These two theoretical

Chem. Soc. Rev., 2017, 46, 4042-4076 | 4045
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papers founded the notion of the SERS hotspot, and the larger
insight that most SERS spectra were dominated by the Raman
scattering from such hotspots, which could oftentimes be few
in number.

The dominant role that nanoparticle dimers or aggregates
with clefts or nanogaps played was not well recognized by a
large portion of the SERS community even after the revolutionary
discovery of single-molecule SERS (SM-SERS)*” in 1997. In 1999,
Kall and coworkers calculated the local field enhancement in a Ag
nanosphere dimer by analytically solving the full electrodynamic
equations pertinent to generalized Mie theory, and experimentally
proposed that the SERS of single-molecule haemoglobin was due to
molecules situated between Ag nanoparticles.®®

Over 2500 articles involving SERS currently appear per year
(according to the Web of Science using the keywords ‘SERS’ OR
‘surface-enhanced Raman’); also, over 500 review articles on SERS
and related topics have appeared. These have comprehensively
covered the development of the theory of SERS, including variants
of the plasmonic theory, related theories such as image dipole
theories’®% that, in principle, should also operate at smooth
metal surfaces, and non-electromagnetic contributions, often
referred to as chemical enhancement.®®®”''** Accordingly, we
will focus this review on aspects of SERS in which hotspots and
related collective plasmonic effects are implicated, since, in our
view, these systems underlie most of the current studies involving
SERS and offer us the largest opportunity to produce a review that
minimizes overlaps with previous articles. For context, however,
we will very briefly summarize the conceptual journey that
brought us to this point.

Gersten and Nitzan were among the first to study in detail
contributions of the SPR, the lightning rod effect and image
dipoles to SERS’® using a metal ellipsoid or semi-ellipsoid as
the model. They (and independently Kerker®*) also introduced
the ansatz of computing the SERS enhancement as the fourth
power of the local EM field. Schatz and coworkers also con-
sidered assemblies of particles.®>®¢ Kerker and coworkers
calculated the local electric fields contributing to SERS of a
molecule adsorbed on a metallic sphere, as a function of such
key factors as the size of the particle, dipolar re-radiation
effects, the position and orientation of the adsorbed molecules,
and polarization of the incident light and its wavelength.*

Surface plasmons can also be excited at the surface of
smooth films, using a coupling prism. Such a configuration
was shown theoretically by Chen and coworkers in 1976 to
produce a Raman enhancement of approximately 100 when
using the Kretchmann attenuated total reflection (ATR)
configuration to measure the Raman and ATR-CARS.”" Because
a surface-plasmon polariton (SPP) is launched in such systems,
the ATR-Raman studies contributed to our early understanding
of SERS on roughened surfaces. In 1979, Chang and coworkers
experimentally compared ATR-Raman from a Ag-film-coated
hemi-cylindrical prism with SERS from Ag islands, demonstrat-
ing the contribution of surface-plasmon excitation to SERS.”
Pettinger and coworkers observed the strong dependence of
surface Raman intensity on the exciting frequency and on the
angle of incidence of the exciting light for roughened Au, Ag

4046 | Chem. Soc. Rev., 2017, 46, 4042-4076
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and Cu electrodes, providing additional evidence for the
surface-plasmon origin of SERS.”* Finally, Tsang and coworkers
reported similar results for SERS on Ag gratings’” in which a SP
polariton could be excited by direct illumination.

Surface plasmons excited by energetic electrons in electron
energy loss spectroscopy (EELS) were extensively studied in the
late-1950s."°>'% The Kretchmann'®” and Otto'*® configurations
for optically exciting propagating surface plasmons at metal/air
interfaces were reported in 1968 and remain actively used in
surface spectroscopy, sensing, and other plasmonic applications.
In 1970, Kreibig successfully correlated the optical properties of
Ag nanoparticles of various sizes with the LSPR spectra of a Ag
colloid excited by fast electrons.'

Here, we only briefly touch on the chemical enhancement
contribution to SERS. Persson,” Otto,°*'* Efrima & Metiu,’>
Ueba,***>'%  Furtak,""' Gersten & Schatz,”® Campion® and
Lombardi”® are among those who made significant early contribu-
tions to the development of our understanding of chemical enhance-
ment. As summarized in ref. 104, 112 and 113, chemical
enhancement embraces several phenomena. Among these are:
(1) ground states interactions, such as surface-complexation
or chemisorption-induced increases in the adsorbate’s
Raman polarizability which could contribute even far from
resonance;"' 7 (2) resonance-like Raman processes, that
can also contribute to the Raman polarizability of the free
molecule or of the surface complex;'®° (3) new resonances that
become possible through photon-driven charge-transfer transi-
tions between electronic states that have primarily a metal
character to those that have largely a molecular character and
vice versa;”® 1°%1% (4) enlarged (static or dynamic) polarizabil-
ities due to the solvation of molecules resulting in electron-rich
electrochemical interfaces under extremely negative applied
voltage.""®"? Defined in this way, it is clear that the magnitude
of chemical enhancement depends critically on the nature of
the molecular states and on the specific location or environ-
ment of the substrate surface where the adsorbates resides.
Research on the chemical contributions to SERS has helped
interpret the surface chemical context of the information con-
veyed in the SERS spectra. Because of the diversity of phenomena
that is encompassed by chemical enhancement, a unified theory
has not yet been constructed; although, of course, the chemical
and electromagnetic contributions to SERS will likely merge into
one holistic theory when, at some future time, a fully quantum
mechanical theory of SERS is formulated.

In the following section, we cover, very briefly, elements of
the rudiments of EM theory of SERS before continuing to key
concepts related to ‘hotspots’ and theories related to EM
interactions between illuminated nano-systems. Finally, we
discuss and assess some new designs of SERS substrates.

2 Electromagnetic theory of SERS

Electromagnetic SERS enhancement is often discussed as a
two-step process: the local field enhancement and the radiation
enhancement.”>#>1207123

This journal is © The Royal Society of Chemistry 2017
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2.1 Theory of Raman of an isolated molecule in free space

The linear Raman intensity of a free molecule depends on the
induced dipole py, o(wg, ') at the Raman-scattered frequency
(wg). The induced dipole pm o(wg, rm) at position ry, can be
expressed as the inner product of the incident electric field
strength E,, and the derived Raman polarizability tensor af,
(wg, @), which reflects the modulation of the local incident
photons at frequency w, by the molecular vibration, yielding
the inelastic Raman photons at frequency wg:

Pmo(0r, T'm) = din(wm @o)Eo(®o; Trm) (1)

The oscillating pmo(wgr,/m) in free space or homogeneous
medium radiates an EM field into the far field. The measured
electric field strength at R where the observer is located is:'**

—
Em.,O ((uR7 R) = sz.uAuo GO(R7 rm) “Pmpo (wR7 l‘m) (2)

where p and po are the relative permeability, and permeability
in vacuum, and G denotes the dyadic Green’s function in the
homogenous medium:

ot e 1 exp(ik|r — rml)
Go(r,yrm) = [l +k2VV} yr— (3)

The measured Raman power Py, , in the far field over all the
solid angles is the radiated power:

Pm,() = # 1/2Re{Em,0(wR, R) X Hm,(]*((l)R7 R)} - nds (4)
S

where n is the unit vector normal to the integration surface
element ds.

Since Py, o refers to the isolated oscillating dipole py, o(wg, 'm),
it can be directly calculated using:'**

1
Pm,O = Ethn [Pm,o(wR7ym) . Em,O(wRﬂ'm)}

3| 2

w”|p .0| =

= ﬁ np,() . ImG(](Vm7l’m) . np,()
where Ey, o(wg, m) is the local field produced by the isolated
oscillating dipole py, o(wg, I'm), and ny, o is the unit vector along
the direction of the free oscillating dipole moment.

2.2 Local field enhancement in SERS

SERS is primarily a result of the local electric field enhance-
ment, which takes advantage of optical resonance processes,
such as those enabled by localized surface-plasmon resonance
(LSPR) (Fig. 2a). Such processes can enhance the local electric
field strength at the molecule Ej,.(wq, I'y,) as shown in eqn (6).

Eioe(®o, Tm) = g1(®o, Tm)Eo(wo) (6)

where Ejoc(wo, I'm) is the local electric field strength at position
r., where the molecule is located. The enhancement factor of
the incident electric field strength is g;(wo, m). The enhanced
local field, in turn, produces a stronger oscillating dipole
Pm(0r, ry) at the Raman scattering frequency wg:

pm(u)Rv rm) = ain(va CUO)Elon:(w()v rm) (7)

This journal is © The Royal Society of Chemistry 2017
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The resulting power enhancement factor at ry, is:

Eio (w07 "m) 2
Eo(wo, rm)

(8)

Mloc(“’()v"m) = |g1‘2: ‘

which, as shown in Fig. 4, varies significantly with the incident
wavelength, showing resonances associated with the LSPR for
the isolated Ag nanosphere and for its dimer. More importantly,
the local field enhancement in the gap between the Ag nano-
spheres in the dimer is much stronger than that at any point on
the surface of the isolated Ag nanosphere.

2.3 Radiation enhancement in SERS

The radiation characteristics of an oscillating dipole py,(wg, 1) are
significantly affected by the dielectric properties of its surroundings
and their consequential optical resonances processes, 812122123
Similarly, the Raman-scattered fields are themselves enhanced in a
subsequent process of radiation enhancement, such that the over-
all SERS enhancement is approximately the product of the incident
and Raman enhancement processes.

Expressing the SERS enhancement as a two-step process,
although easy to visualize is not strictly correct, leading to
conceptual difficulties related to understanding where the
power comes from for the second enhancement step. Solving
the problem as a coupled electromagnetic problem of a radiating
dipole in the presence of a plasmonic nanostructure in the
presence of an oscillating electromagnetic field produces the
correct result. The total power P, radiated by the oscillating
dipole py,(wg, ry) in the presence of plasmonic nanostructures is
given by:'**

Piot(0r,rm) = %wRIm[pm*(wR,rm) - Eq(or, m)] 9)

The local field Eq(wg, ) produced by the oscillating dipole
Pm(wg, ry) in the presence of a plasmonic nanostructure is
calculated using Maxwell equations and assuming the oscillat-
ing dipole source, py(wg, 'm)-

The total power Py, at the Raman-scattered frequency wy is
dissipated in two ways, some is radiated into the far field, the
so-called radiative power Pg,q4, while some is dissipated as heat
in plasmonic nanostructures (the nonradiative power Pyg.?)

Peo(0r, Tm) = Praa + Pnr (10)

The Raman radiation field Ex(wg, R) at the observer coordinate
R in the far field is composed of two parts:

Eg(wg, R) = Epy(wg, R) + Epg(wg, R) (11)

where E;(wg, R) is the field emitted from the molecular
oscillating dipole pp(wg, 'm), and Epg(wg, R) is the secondary
field scattered from the enhancer, which is excited by py,(wg, 7'm)
nearby. The secondary field Epgr(wg, R) is the dipole re-radiation
(DR) field."*

The total measured Raman intensity integrated over all the
solid angles is:

Prug = ﬁ@ %Re{ER(comR)  He' (o, R)} -nds  (12)
S
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Fig. 4 Example of a modification of the incident local electromagnetic
field intensity, |g1]?, at point A, at a distance d = 1 nm (shown in the insets)
from the surface of an isolated Ag nanosphere (a) and from the surface of
its dimer (b). Image adapted from ref. 4 with permission. Copyright (2009)
Elsevier, Amsterdam.

T
300

and the nonradiative power can be calculated by volume
integration of the Joule heat dissipated in the plasmonic
structures V with the local conductivity o:

Par = [ [sRe(oE @) E@rmier (3)

Fig. 5 shows that the power radiated by the coupled dipole-
Ag-nanosphere or dipole-Ag-dimer system into the far field
can be remarkably enhanced in a certain wavelength range
when the direction of the dipole is perpendicular to the surface.
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Fig. 5 The extraordinary role of SERS hotspots. Modification of the
radiation power ratio calculated from Pgrag/Po at a distance d = 1 nm at
point A (shown in the insets) from the surface of an isolated Ag nanosphere
(a) and from the surface of its dimer (b). Image adapted from ref. 4 with
permission. Copyright (2009) Elsevier, Amsterdam.

The radiation enhancement depends critically on the orienta-
tion of the oscillating dipole. Normally, dipoles perpendicular
to the surface result in a greater radiation enhancement.*

Considering eqn (9), (10) and (13), the power of the total
Raman-scattered radiation, Pgr,q, over all the solid angles, is
given by:

1
PRad = EwRIm@m*(wR7rm) : Em(varm)]

(14)
— %”JRe{aE(a)R, r) - E*(owr,r)}dv
In the absence of a nearby plasmonic nanostructure, the
radiant power from an isolated oscillating dipole py,(wg, 7'm)
would be given by the surface integral of the Poynting vector in
the far field, or equivalently by:

1 /
PO = EwRIm [Pm*(CURyrm) . Em (wR7rm):|
(15)
_olpnl’ <
———|ny - Im G (rm, Fm) - 1

T 2c2606m

where E,,,'(wg, rm) is the virtual local field at r,,, produced by the
isolated oscillating dipole pmy(wg, rm) assuming there is no
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plasmonic nanostructure nearby and n,, is the unit vector in the
direction of the oscillating dipole moment p,(wg, #im)-

The radiation enhancement Mg,q can then be exactly
calculated by:

PRad
Py

MRad (@0, Fm) = (16)
Mpgaq is usually approximated using the optical reciprocity
theorem:

2
Eloc(sz"m)

EO(WRy "m) (17)

MRad(w07 rm) ~

where Ejo.(wg,'m) is the local fields produced by a plane-wave
light field Eo(wg, rm) at the frequency wg, which are discussed
in greater detail in Section 3.6 and in the ref. 4 and 122.

The SERS enhancement factor at ry, is given by:
Praa _ Py Praa _ Po

= = 5—MRad(®o,
Pm,O Pm,O PO Pm,(] . ( m)

EF(Q)(), (,L)R,I’m) =

(18)
where Mp,q is the radiation enhancement of SERS and
30012
[Pl o
o 2yl M Catre ) )
Pmo @?lpy o
' 0
2(:25:)18m [np,O MGy (rm, rm) '”pﬂo} (19)

Eloc(w07 rm) 2
EO((U07 rm)

~
~

= Mioc

The SERS enhancement factor at r,, can be approximated by:
EF(Q)Oa WR, rm) = Mloc(wm rm)MRad(wR7 rm) (20)

by ignoring the effects that the direction of the oscillating
dipole n, in the dipole-nanostructure system is different from
the direction of n;,, in free space due to the possible change of
the polarization of the local field Ejoc(wo, Im) in contrast to that
of the incident lasers Eo(wo, rm).*">°

When the frequency of the Raman-scattered light is very
close to that of the incident light eqn (20) simplifies to:

Eloc(w07 "m) 4
E()(CU(), rm)
(21)

Eloc(wR7rm) 2
Eo(wr,¥m)

Eloc(w07rm)
EO(w07 rm)

~
~

2 ’

EF(wg, R, rm) ~ t

Eqn (21) is the well-known |E|*-approximation for the SERS
enhancement factor, which is discussed in detail in Section 3.6.

The second enhancement could be considered to be the
modified spontaneous emission due to the local excitation of
the LSP by the induced dipole.

In summary, in the first-step enhancement, an optical
antenna collects light from an effectively larger volume (as
the ‘antenna volume’) and concentrates much of it in a ‘hot-
spot’; in the second enhancement step, the local electric field
due to emission by the molecules resident in the hotspot then
drives the entire antenna to radiate resonantly (Fig. 6) (Please
also see the simple formula for estimating the SERS EF

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Schematic of the two-step SERS enhancement mechanism: (a)
local field enhancement, (b) radiation enhancement.

presented in Section 3.2.2). Viewed in this way, SERS is light
scattered by the plasmonic nanostructure modulated at the
frequency of the molecule’s vibration. Simplistically this
accounts for the large enhancement.

It should be noted that the enhancement factors defined in
eqn (17) and (21) are position-dependent quantities. The
surface-averaged SERS enhancement factor defined by averaging
SERS EF(w,, wg, In) over the surface of the plasmonic nano-
structures is also often reported.

2.4 Practical numerical simulations of the local-field and
far-field properties of plasmonic nanoparticles, and their SERS
performance

Classical electrodynamic simulations have greatly helped us
quantitatively understand SERS and the materials, nano-
architectural, and excitation and collection optics variables
responsible for high enhancements. These insights have guided
the design of SERS substrates with better performance. Several
numerical methods are commonly used to help interpret a wide
range of nano-optical and spectroscopic experiments, and to
determine the optical properties of particles or particle-substrate
hybrid structures. Popular numerical methods include the
discrete dipole approximation (DDA), the finite difference time
domain (FDTD) method, the finite element method (FEM),
volume integral methods, etc."”” The typical geometry of nano-
particles, such as a nanosphere dimer, embedded in the sur-
rounding media, such as water, is defined in Fig. 7.

Two approaches are used to compute the extinction spectra.
The first is to define ports through which the electromagnetic
energy enters or exits the system. After solving the full-field
Maxwell equation, one calculates the transmission coefficient,
T, of the structure using an S matrix calculation. The extinction
at this wavelength is computed from (1 — T), and the spectrum
determined by repeating the process at various wavelengths.

If the functional form of the background field Ep, in the
absence of the nanoparticle is known, this can be included in
the scattered field calculation, otherwise one assumes Ep to be
a plane wave, Gaussian beam or the field of a dipole source,
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Fig. 7 Model of the approach used to compute the field in the vicinity of a
nanoparticle dimer. The dimer is positioned at the origin. The zoom-in
view of the meshed dimer is shown on the right. The surrounding medium
is assumed to be an aqueous solution and the outside layer is PML. The
blue boundary denotes the outside boundary of the surrounding medium,
which is also the boundary for the far-field calculation.

among other options. The scattering power P, is defined by
surface integral of the relative Poynting vector over the appro-
priate closed surfaces,'®

1
Py = Pral = # ERG{Erel X Hrel*} - nds (22)
S

where E; = E — Epg and H,) = H — Hy, are the electric field
and magnetic field values relative to the background field,
respectively. The n is the outward normal vector over the closed
surface for detection. The absorption power P, can be calcu-
lated by summing the volume integrals of the Joule heat
dissipated in all the lossy units,

Pabs =Y JJJQI(%Re{akE - E*}dy (23)

k

where E is the total electric field including the background and
scattering part in the ™ unit Q; and o, is the conductivity of the
material in the k™ unit.

The extinction power Py, is:

Pext = Psca + Pabs (24)

Py can also be calculated by the surface integral:
1
Poyi = —ﬁ ERe{Eml X H* + E X Hy "} - nds (25)
Js

The full extinction spectrum is obtained by repeating the
calculation at various wavelengths.

The plasmon modes can be analyzed in terms of the local
field distribution and in particular, by the (phase-dependent)
surface charge distribution, which can be calculated using the
integral form of Gauss’ law:

o) = SmSQ@ (E -n)ds = amaoﬁg (ne-Ex+ny - Ey, +n.- E)ds
s s

(26)

where ¢, is the permittivity of the vacuum, ¢, is the relative
permittivity of the surrounding medium, n = (n,, n,, ;) is the
outward normal vector of the metal surface and E = (Ej, E,, E;)
is the local electric field strength at the vicinity of the surface.
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The surface charge at each point, dg(xo, yo, 2o), on the
surface is:

dg(xo, Yo, Z0) = emeo(No-dE) = emeo(Nox-dEx + Noy-dE,, + N, dE;)
(27)

where ¢, is the permittivity of the vacuum, ¢, is the relative
permittivity of the surrounding medium, ny = (1o, 7y, 10;) is the
outward normal vector of point (x,, Yo, Zp) on the metal surface
and dE = (dE,, dE,, dE,) is the difference in the local electric field
strength going across the surface of point (x,, Yo, Zo). In COMSOL,
the ‘up’ and ‘down’ operators were used to calculate dE as:

dE(xo, Yo, 20) = Up(E(xo, Yo, 20)) — down(E(xo, Yo, 20))  (28)

Furthermore, the manner used to estimate the average SERS
enhancement factor (EF) according to the |E|*-approximation is
important. We should pre-define the to-be-averaged surface S
or volume V. The average SERS EF of the surface was obtained
using the surface integral:

4
E loc

II -ds
(D @)

EFave,S =

While, the average SERS EF of the volume can be obtained
by applying the volume integral:
Ejo

i
T

In order to calculate the radiation enhancement, the mole-
cular electric point dipole, pi,(wg, r'y) is created by a current

4
-dv

EFuery = (30)

filament carrying a uniform current I oscillating with frequency
g, and with a small length, d. The radiation field Ex(wg, R) is
calculated by solving the pertinent Maxwell equations.

The total power Py, extracted from the oscillating dipole
Pm(wg, rm) is obtained from eqn (9). Prag Over each solid angle
is calculated using the surface integral, eqn (12), over a closed
surface enclosing the dipole, yielding the radiation power in the
far field at a specified angle. While the direction-dependent
Raman signals Pg,q(Q2) are calculated using the following surface
integral over the selected surface element I'.

Prad(Q) = ”r%Re{ER(me) x Hy*(wgr,R)} -nds  (31)

3 SERS hotspots

The EM field near a plasmonic nanostructured material is, in
general, non-uniformly distributed, and often highly localized in
spatially narrow regions (‘SERS hotspots’), such as, nanotips, inter-
particle nanogaps or particle-substrate nanogaps.>5*8488:129-140
Molecules resident in SERS hotspots (1-5 nm) often dominate the
measured SERS spectrum. For example, for a molecular monolayer
uniformly covering the surface of a Ag nanosphere dimer with a gap
of 2 nm, and assuming the SERS intensity can be approximated
using the fourth power of a local EM field as in eqn (21), the
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molecules resident in the hotspot account for less than 1% of the
total area, but contribute for over 50% of the total SERS signal.'*"

3.1 First-generation hotspots

First-generation hotspots have been generated in assemblies of
single nano-objects, such as nanospheres or nanorods suspended
in a homogeneous medium. These hotspots exhibit moderate SERS
activity. However, assemblies of rationally designed single nano-
particles with nanoshells, sharp corners, ridges, grooves, tips and/or
with intra-particle gaps, such as Au and Ag nanocubes, nanobars,
nanostars, triangular nanoprisms, cauliflower-like and other multi-
branched nanostructures, and mesocages exhibit much more
intense SERS activity.”**>'**™'%> Other systems, such as a TERS tip
and SERS substrates composed of, for example, nanocubes and
cauliflower-like nanostructures with sharp corner, edges, etc. that do
not show well-defined LSPR resonances at commonly used laser
wavelengths, could nevertheless show respectable SERS activity,
implying that the local field in their vicinities were enhanced.
Matrix-isolated metal clusters are special nanostructures supporting
first-generation hotspots. Moskovits and coworkers reported that the
Raman enhancement per monoxide (CO) ligand in Ags,CO,4o could
reach up to 1830 to 1350 for laser excitation ranging from 457.9 to
514.5 nm, and in principle could reach up to 12 000 at the plasmon
resonant wavelength at 370 nm."*

3.2 Second-generation hotspots

Achieving intense SERS signals largely hinges on devising
substrates that possess efficient SERS ‘hotspots’ and placing the
desired analyte in them. Originally that meant creating nanoparticle
aggregates, while more recently, this entails appropriately nano-
engineering substrates. The SERS enhancement at a properly
engineered hotspot can be as great as 10''. However, when
averaged over the substrate as a whole, the average enhancement
will have contributions both from molecules adsorbed at the
hotspot and the many more, less-enhancing sites. This will rarely
exceed 107 or 10°,

Second-generation SERS hotspots arise from coupled nano-
structures with controllable inter-particle nanogaps. Typical
examples are the Au or Ag NP dimers that were used for
single-molecule SERS>***"7'* (Fig. 8a and b) and core@shell
nanoparticle dimers'*?®'** (Fig. 8c and d), nanoparticle aggre-
gates or oligomers®'*”'°17'>3 (Fig, 8e), nanoparticle arrays such as
core-satellite structures, nanoparticle assemblies with con-
trollable nanogaps'>®"® (Fig. 8f) or inter-unit nanogaps in nano-
patterned surfaces (Fig. 8g and h). Second-generation hotspots
exhibit excellent SERS activity. Typically, the average SERS inten-
sities from coupled plasmonic nanostructures are four orders of
magnitude greater than those from single nanostructures.’*>*>°

3.2.1 Hotpots in the gap regions of a dimer. The local EM
field in the gap between Au or Ag nanoparticle dimers and
oligomers with inter-particle nanogaps is very intense due to
the strong EM coupling. The extinction spectra of the Au or Ag
dimer and the SERS EFs in the nanogap of Ag or Au oligomers
depend critically on the gap size. For example, reducing the gap
size in a Au nanosphere dimer from 10 to 2 nm, increases the
SERS EF from 10° to 10° (Fig. 9).

154,155
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Fig. 8 Second-generation hotspots generated in coupled nanoparticles.
(a—d) FEM simulations of the SERS-enhancement distribution in typical Au
nanoparticles. (@) A nanosphere dimer (60 nm in diameter, 2 nm gap size in
water; excitation line at 585 nm; an average SERS EF over the whole outer
surface of a NP, denoted (Gyp), of 1.47 x 10°, and a SERS maximum EF at
the outer surface, denoted GRE¥, of 4.11 x 10°). (b) Nanocube dimer
(60 nm in side length; 2 nm gap size; in water; excitation line at 725 nm;
(Gnp) = 241 x 10° and GIg* = 1.24 x 108). () A Au@SiO, core@shell
nanosphere dimer (60 nm in diameter of core; 2 nm in shell thickness; in
water; excitation line at 600 nm; (Gyp) = 1.01 x 10° and Gi8* = 1.21 x 107).
(d) A Au@Pt core@shell nanosphere dimer (60 nm in diameter of core;
2 nm in shell thickness; in water; excitation line at 645 nm; (Gnp) = 2.35 x
10° and Gl = 8.74 x 107). (e—h) Schematic illustrations of typical coupled
nanostructures as second-type SERS hotspots for trace-molecule detec-
tion. (e) Ag or Au NP aggregates with multiple hotspots (left) and their
oligomer (right). (f) A core-satellite nanostructured assembly with small
Au NPs assembled on a larger Au NP (left) or a vertical self-assembly of
Au nanorods on supporters (right). (g) Nanostructured surfaces with
nanobumps (left) or nanovoid arrays (right) by the deposition of Ag on
pre-assembled SiO, or polystyrene spheres, and (h) an individual nano-
heptamer (left) and a nanocone quadrumer (right). In (e—h), the adsorbed
target molecules are depicted as white points. Images (a, b) and (e, f)
adapted from ref. 5 with permission. Copyright (2016) Nature Publishing
group; image (c and d) adapted from ref. 28 with permission. Copyright
(2017) American Chemical Society.

Schatz and coworkers studied the gap-size (g) dependence of the
field enhancement factor |Ejoc|*/|Eo|> using both FEM calculations
and a semi-analytical model, and showed that for small gaps down
to 1 nm, the local field enhancement confined in the gap arises
from the waveguide mode, and depends on the local field strength
as |Eie|*/|Eo|”> ~ 1/, with p ~ 1.2-1.5, rather than as 1/¢%, as the
simple antenna theory predicts."®

3.2.2 Model for estimation of the SERS enhancement
factor and its indications. SERS enhancement in the hotspots
could also be estimated by an order of magnitude calculation
that establishes some upper bounds for the SERS EF.

The model. Assuming the total radiative power (incident,
absorbed, emitted and scattered) for a single molecule sitting
in the gap of a nanosphere dimer is a conserved quantity;
accordingly:

Vapo = (Va — Vus)pa + Vuspus (32)
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Fig. 9 (a) Configuration of a dimer (along z) formed by two Au nanospheres of radii a and separated by a gap g. The incident plane wave is polarized
along z (the axis of the dimer) with the wavevector k along x. (b) The simulated extinction coefficient spectra for varying gap sizes. (c) The simulated SERS
EF (according to |E|*-approximation) at the surface of one of the spheres in the gap along the z direction. Also shown (thick dashed line) is the average
SERS EF for g = 2 nm. Image adapted from ref. 4 with permission. Copyright (2009) Elsevier, Amsterdam.

where V, and Vyg are, respectively, the effective interaction
volume of incident light with the nanoantenna and the volume
of hotspots region (Fig. 10), while p,, pus and p, are, respec-
tively, the radiation densities flowing per unit time through Vv,
and Vys at the steady state, and through V, initially. In the
above model, one assumes that the radiation will be redistributed
from the initial almost uniform value, p,, outside the dimer to its
steady state value with a highly localized photon density in the
nanogap.

By re-arranging eqn (32), and assuming that pys > po > pa,
we get:

Va _ Pus = Pa _ Pus

33
Vus  po—Pa Po (33)

Since the SERS EF is approximately proportional to the
fourth power of the local field enhancement, the EF computed
in this way is approximately:

s\ Va2
EF = (A) " (7) (34)
£o Vs
For V4 ~ 200 x 100 x 100 nm?®, and Vys ~ 10 nm?, the
estimated SERS EF is ~ 4 x 10'°. This is the maximum EF for a

4052 | Chem. Soc. Rev., 2017, 46, 4042-4076

molecule in a hotspot, and does not take into account the
number of molecules ‘sacrificed’ at the non-enhancing parts of
the nanostructure.

The dimensions of V, and Vyg were chosen as follows. We
assumed a wavelength of 1 um to conform with the recent
penchant towards near IR (the upper bounds are even lower for
shorter wavelengths), and took account of the fact that, while
the larger the antenna, the more radiation it can harvest (being
careful not to go beyond the region of resonance with the LSP),
the dipolar radiation required for the ‘second step’ in SERS
enhancement makes use of a progressively smaller fraction of
the concentrated energy as the antenna’s dimensions become
of the order of or larger than the wavelength.

Let’s now estimate the reduction in the average value of EF
when one averages over the full surface of the nanostructure. In
other words, one assumes that the surfaces of the antenna
region and of the hotspot are saturated with molecules. If so:

2 2
Na Vi and Nygs VI%[S (35)

where N, and Nyg are the number of molecules located in the
antenna region and hotspots region, respectively.
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Fig. 10 EM field distribution of a Ag nanosphere dimer and the volume.
The area with EM field enhancement is denoted as V,, and the volume of
hotspot at the nanogap is denoted as Vyys.

For this case, the averaged EF (AEF) over the nanostructures
is approximately given by:

() - () ()= (G) e
Na \Vus Va Vis Vis
which yields a value for the SERS AEF of ~1.7 x 10’.

The aforementioned model is highly simplistic; neverthe-
less, a few insights might be extracted from the expression for
the SERS EF eqn (34) and AEF eqn (36). Since SERS EF and AEF
depend sensitively on V,/Vys, one useful strategy for optimizing
a plasmonic antenna for SERS is to simply increase the antenna
volume. But there is an upper limit, whereby the antenna
dimensions cannot be larger than the wavelength.

Optimizing the antenna shape for a much larger effective
interaction antenna volume. The field enhancement capability
of a dimer of interacting nanoparticles depends critically on the
shape of the nanoparticles. For example, the receiving and
transmitting efficiencies of dipolar antennas based on nanobars
or nanorods are usually much larger than those for a bowtie
antenna'® (Fig. 11) and can be organised in the following order:
nanorod dipolar antenna > nanocube dipolar antenna >
bowtie antenna.

Designing hierarchical plasmonic structures with multiscale
coupling. Another strategy for improving the enhancing capability
of such coupled nanostructures is to make a large antenna with a
strong optical response that is coupled with a dimer. The large
antenna could efficiently collect the incident light from the far-
field and concentrate it into the subwavelength region occupied
by the dimer. Although superficially this amplification process
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(a) Dipole and (b) bowtie geometry (@ = 90°). The antenna gap is kept
constant (g = 30 nm). Image adapted from ref. 161 with permission.
Copyright (2008) Optical Society of America.

seems straightforward, in fact, it contains an inconsistency. This
is because, reciprocally, the Raman light scattered by a small
dimer can couple to the larger antenna, which then redirects the
light into a much larger receiving volume. This can potentially be
ameliorated by cascading antennas. Because a smaller antenna is
able to further concentrate the optical field from dimensions of
the order of the subwavelength to a deep-subwavelength volume,
such as a nanogap, this field concentration process can be
cascaded hierarchically so that ultimately one can concentrate
the EM energy initially in a (far field) volume several wavelengths
in diameter up to near fields in the hotspot, that are several
nanometres in diameter and so on. Such hierarchical field con-
centrating structures might be the basis of a new generation of
PERS-active substrates.

Gordon and coworkers reported an example on this concept
(Fig. 12). The authors built a large optical antenna based on a
resonant ring-reflector, which consisted of a gold film with a
circular hole coupled to a Au planar film.'***** The two Au
films were separated by a dielectric spacer. The larger optical
antenna pre-concentrates the emitted beam to the circular hole
where the nanoparticle dimer is located. This design proved
quite efficient since almost all the incident beam power
was focused into a circular area approximately the size of
the numerical aperture of the microscope. Furthermore, the
emission was directed out of the plane, so as to direct the
enhanced Raman appropriately to enable it to be collected
using a conventional Raman microscope. Bestowing such help-
ful directionality on the SERS emissions can also be achieved
with the Yagi-Uda or the travelling wave antenna designs.
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Fig. 12 (a) Schematic of a hierarchical SERS substrate consisting of a nanoparticle dimer (length, 80 nm, gap, 6 nm), and a resonant ring-reflector
antenna of radius 190 nm. (b) Top view showing the hotspot. (c) Side view. Simulated radiation patterns of a simple dipole antenna, dipole over ground
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plane. (f) Enhancement factors for (dashed red) the power radiated by the nanoantenna out of the plane of the substrate normalized to that of a dipole
over a glass substrate; local (dot-dashed blue), the normalized electric field intensity square IEloc/EO|4, that reaches values as high as 10" due to a small
feed-gap and the ground reflector; (solid black) the product of directional and local EFs. At 800 nm, a total EF of 4.2 x 10*® is computed. (g) Normalized
electric field intensity |E|?/|Eq|? profile (log scale) at 800 nm chosen so as to serve both the excitation at 785 nm and the Stokes-shifted radiation at
825 nm. (h) Scanning electron microscopy image of the fabricated nanoantenna with a feed-gap of ~6 nm and dipole length and width of 80 and 35 nm,
respectively. The scale bar is 90 nm. Images (a—c) and (f-h) adapted from ref. 163 with permission, copyright (2012) American Chemical Society; images

(d) and (e) adapted from ref. 162 with permission, copyright (2011) American Chemical Society.

The hierarchical field concentration approach can be used for
single-molecule SERS detection, even when the nanogap
between two nanoparticles is as large as 6 nm.

Crozier and coworkers elucidated the notion of hierarchical
field concentration for SERS. They designed and prepared
a hierarchical structure consisting of large optical antennas
(Au strips and a Au ground plane film) and a Au nanoparticle
dimer'®* (Fig. 13). The hierarchical structure produced up to
20-fold enhancements over the dimer alone. Crozier and co-
workers reported another optical antenna also based on hier-
archically structured arrays to detect single-molecule SERS. The
unit of the optical antenna arrays consisted of a dimer of Ag
nanorods surrounded by a Ag ring, and a Au ground plane
film."®> Huang and coworkers reported a hierarchical structure
consisting of nanoparticles inside a cavity'®® from which they
obtained a 10* additional enhancement over what the nano-
cavity produced without nanoparticles (Fig. 14).

The aforementioned examples demonstrate the concept of
hierarchical SERS substrates; however, the mechanism of the
multiscale EM coupling, and the consequential design princi-
ples needed to optimize hierarchical SERS substrates have not
yet been fully elucidated, suggesting that future work along
these lines may produce SERS substrates with even better
performance.

4054 | Chem. Soc. Rev., 2017, 46, 40424076

Nanostructures supporting antenna modes coupled with wave-
guide cavity modes. There are several ways to reduce the volume
of hotspots. The first is to prepare coupled plasmonic structures
with small gaps. However, the efficiency of such geometries is
not solely a function of the size of the gap but also of the
geometry of the gap region.'®”'*® Nanoparticle dimers produced
from particles with flat surfaces, such as nanobars, nanocubes
and nanocylinders, possess many of the useful characteristics of
a metal-insulator-metal (MIM) waveguide® that supports wave-
guide cavity plasmon modes in addition to the dipolar antenna
modes that are excited in, for example, dimers."”® This addi-
tional mode is a Fabry-Perot-like resonance caused by multiple
reflections at the entrance and exit slits (which act as two perfect
magnetic conductor boundaries), resulting in EM field increases
around the entrance and exit slits of the nanoantenna.'®®'”"'7?

Using nanogaps with flat facets allows one to further optimize
the gap for field concentration. For example, one can place high-
index dielectric layers on the surfaces (Fig. 15a and b), to increase
the wavevector of the guided cavity plasmon, kg, in the gap
region to improve the resonance condition. With the diameter of
the inner and outer cylinder, d and D, Fabry-Perot resonator

resonance condition for such a resonator is given by:'®"""°

k/ d + k//

2sp 2sp

(D—d)=2n (37)
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Fig. 13 Schematic of a hierarchical substrate for SERS consisting of Au
nanorod dimers integrated with Au strips (30 nm thick, 110 nm wide) and
a Au mirror. Each rod is 85 nm long. The outer ends have radii of
curvature of 30 nm, while the inner ends are flat. The width of the rods
in the y direction is 60 nm. The inner ends of the rods are separated by
gaps of 5 nm. The x- and y-periods of the structure are both 730 nm.
Calculated intensity enhancement (ratio between the intensity |E|? of the
enhanced local field and the intensity IEQI2 of the incident wave) in the xz
plane resulting from an array of Au nanorods dimers on a SiO, substrate
(c), that resulting from the array of optical antennas above the Au ground
film with a SiO, spacer (d) and that resulting from an array of optical
antennas integrated with gold strips, a SiO, spacer and a gold mirror.
Image adapted from ref. 164 with permission. Copyright 2012 John Wiley
& Sons, Inc.

in which ki, and ki, are the wavevectors of the gap surface
plasmon at the dielectric/metal interface, and at the air/metal
interface. The local field in the gap region can be significantly
enhanced by the plasmon hybridization between the (less
radiative) waveguide mode and the (more radiative) dipolar
antenna mode. As shown in Fig. 15c and d, the hybridization
leads to multiple dips in the scattering spectra, and a much
greater overall local field enhancement. Eqn (37) shows that
the cavity resonant frequency can be tuned by varying the
depth and thickness of the dielectric core. The local field
enhancement inside the waveguide cavity is maximized when
the waveguide cavity and antenna resonant frequencies coin-
cide with each other.

3.2.3 Quantum effects at small inter-particle distances. A
small gap is preferable for single-molecule SERS; however, the
local EM field and SERS EF cannot be increased without limit
by decreasing the gap size to the sub-nanometre scale. Crozier
and coworkers reported that the maximum SERS EFs measured
by wavelength-scanned SERS is reached when the gap-width of
a nanodisk dimer is decreased to 0.6 + 0.1 nm (Fig. 16a). This
was attributed to quantum electron tunnelling effects between
the coupled Nps.'737177

The authors were able to reproduce the experimental obser-
vations using a quantum-corrected classic model (QCM)
proposed by Aizpurua and coworkers to calculate the local field
enhancement.’”® In the QCM, the junction is modelled by a
local dielectric function that includes electron tunnelling and
the tunnelling resistivity of the gap region. This is achieved by

This journal is © The Royal Society of Chemistry 2017
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Fig. 14 Schematic of a hierarchical substrate for SERS consisting of a
particle-in-cavity geometry (a), the measured SERS spectra of a monolayer
of 4-aminothiophenoladsorbed in a 600 nm Au void, without (b) and with
(c) 20 nm Ag nanoparticles. Excitation laser, 633 nm. Image adapted from
ref. 166 with permission, Copyright (2011) American Chemical Society.

modifying the Drude dielectric function in the gap region as
follows:'"3

2
@p

(o + i7,(2)) (38)

Eg(wmg) =1-

where o, is the effective plasma frequency of gold, o is the frequency
of the incident light and 7, is a gap-width dependent effective
damping frequency related to the tunnelling current and is given by:

7¢(8) = 7auexp(2gg) (39)

Here, g = 1.12 x 10"® m™ " is the effective decay rate obtained
for a gold dimer, by interpolating the results obtained from a
full quantum mechanical (full-QM) simulation carried out by
iteratively solving the time-dependent Kohn-Sham equation.'”®

The gap region was then divided into several effective layers
with various lengths g and &,(w,g). Finally, all the layers in the
gap region, and other regions were built into a classical
electrodynamic model (CEM) for calculating the EM field dis-
tribution and optical response in the far field."”

In the paper by Aizpurua and coworkers, the authors found
that the QCM approach reproduced the far-field and local field
behaviour of a Na dimer when the gap-width was reduced below
0.5 nm, whereas the CEM approach failed'”® (Fig. 17).
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Fig. 15 Simulated far-field scattering spectra and local electric field
enhancement at the black dot for (a) a parallel cuboid (depicted in the
inset of a) and for (b) a cylinder nanoantenna (depicted in the inset of b).
Parameters: (a) Ag: 60 nm x 60 nm x 60 nm; ALOz: 20 x 20 x 2.5 nm.
(b) Ag: 60 nm diameter x 80 nm height; Al,Oz: 30 nm diameter x 2.5 nm
height. Snapshots of the local electric fields in the plane through the
middle of the dielectric spacer for the parallel cuboid (c) and cylinder (d)
nanoantenna. The red region indicates the local maxima and the blue
indicates the local minima. The zero amplitude of the electric field is
represented by the green regions. The pink colour represents Ag, and the
blue represents dielectric materials, AlbOs3, in the insets of a and b. Image
adapted from ref. 167 with permission. Copyright (2010) IEEE.

3.3 Third-generation hotspots

Second-generation hotspots produce very intense field concen-
trations; however, the widely used materials, such as silicon or
ceramics, have proved hard to locate in such small or narrow
regions as those shown in Fig. 8. For the surface analysis of
materials by SERS, one needs to take account of the EM
coupling effect of the probe materials and the SERS-active
nanostructures. We refer to hotspots generated from hybrid
structures consisting of plasmonic nanostructures and other
materials (as shown in Fig. 18) as third-generation hotspots.”
Third-generation hotspots result from the hybridization of
the EM field scattered from the plasmonic nanoparticles and
an EM field reflected from the substrate material surfaces. The
resulting SERS EF depends crucially on the dielectric properties
of the substrate materials, as shown in the left column of
Fig. 18 (a flat Si surface) and in the right column of the same
figure (a flat Pt surface). The enhancement can be altered by
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Fig. 16 Effect of quantum mechanical electron tunnelling on SERS EF.
(a) Maximum SERS EFs for 45 dimers measured by wavelength-scanned
SERS, shown as red circles. The horizontal error bars represent the errors
in the gap-width determination. The vertical error bars represent the errors
in measuring SERS EFs. Raman measurements for neat thiophenol. The
gap-widths range from (2.0 + 0.6) A to (9.1 + 0.4) nm. The maximum
SERS EF measured is (1.2 + 0.2) x 10° for Dimer Ill with a gap-width of
(6.7 £ 0.1) A. Two regions that show opposite trends for SERS EF as a
function of gap-width are observed. For gap-widths ranging from 6.7 A to
9.1 nm, the measured SERS EF generally follows the phenomenological
linear fit (in a log—log scale) as log(EF) = 8.8 — 1.3 log(gap-width). The SERS
EF generally increases as the gap-width decreases in this region. As the
gap-width further decreases from 6.7 to 2.0 A, the SERS EF does not
increase, but instead decreases significantly. (b) Simulated SERS EFs using
both QCM and CEM for gap-widths ranging from 1 A to 10 nm. Only
electromagnetic SERS EF is considered, and the simulated EFs are 1-2
orders smaller than the measured values. The CEM simulations of Model 1
assume a monolayer coverage of the thiophenol molecules on the gold
surfaces. The CEM simulations of Model 2 consider the hypothetical case
for which the thiophenol molecules cannot access the narrowest regions
of the gap. Image adapted from ref. 173 with permission. Copyright (2014)
Nature Publishing Group.

using various plasmonic nanostructures. For example, the
average SERS EF over the projected area of a single Au nano-
cube on a Si surface (Fig. 18 right) is about two orders of
magnitude larger than that of a single Au nanosphere (Fig. 18a,
left). The often significant dependence of the SERS EF on the
nanoparticle shape is discussed in Section 3.3.1.

3.3.1 An individual coinage-metal nanoparticle on a flat
coinage-metal film. Several groups have reported SERS results
obtained from molecules interacting with a single particle
coupled to a metal film."”°'® Metiu and coworkers were
the first to calculate the local field enhancement of a hybrid
structure consisting of a plasmonic nanosphere coupled to
a flat, semi-infinite metal substrate with various nanogaps
and incident angles (Fig. 19) by analytically solving Laplace’s
equation in the electrostatic approximation.®® The results
showed that giant local fields and field gradients could be
generated in Ag or Au particles separated by a nanogap from
the substrate when excited resonantly.

Ciraci and coworkers found that for a Au nanosphere on a
flat Au film with a nanogap illuminated by a plane wave
incident at 75° from the normal, the propagating surface
plasmon was excited in addition to an enhanced local field in
the particle-substrate nanogap (Fig. 20). Furthermore, nonlocal

This journal is © The Royal Society of Chemistry 2017
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Fig. 17 Optical response of a small metallic dimer within quantum and
classical models. Comparison of the optical properties of a metallic dimer
obtained with (@ and c) the full quantum mechanical model (full-QM),
(d and f) with the quantum-corrected classical model (QCM) and (g and i)
with a classical electromagnetic model (CEM). The dimer consists of two
Na spheres of radius a ~ 2.17 nm (40.96 a.u.) in vacuum, separated by a
distance g. The incoming field is a plane wave with the electric field Eq polarized
along the dimer axis z. The centre of the particles are at z = +(a + g/2), and g is
negative for overlapping spheres. g = —2R corresponds to the limit of a single
sphere. (3, d and g) Show colour plots of the extinction spectra ge,; of the dimers
(far-field) as a function of the separation distance g. g is expressed in Angstroms,
and the extinction cross-section in nm?. Zero-separation distance is marked as a
vertical dashed line separating the classical non-touching regime and the
overlapping regime. Each of these regimes is schematically represented by
separated and overlapping yellow dots, respectively. The most relevant modes
are identified within the three treatments as following: bonding dimer plasmon
(BDP), bonding quadrupolar plasmon (BQP), charge transfer plasmon (CTP) and
higher-order charge transfer plasmon (CTP). (b, e and h) Far-field spectra from
selected distances in (a, d and g), respectively. For clarity, a vertical shift
proportional to the separation distance is used. Traces in red correspond to
separation distances of D = —5.29, —2.65, 0, 2.65 and 5.29 A, as indicated on
each graph. (c, f and i) Colour plots of the local field enhancement |Eo/Eol
(near-field) at the centre of the junction for separations g > 0.5 A. The yellow
dots schematically represent the particles in the non-touching regime. Image
adapted from ref. 178 with permission. Copyright (2013) Nature Publishing
Group.

effects affect the results significantly when the particle-film gap
is reduced to 5 nm, and even become the major contributors
when the gap is less than 1 nm.'®°

Nordlander and coworkers developed a plasmon hybridization
method for treating a solid nanosphere interacting electrostatically
with a flat metal surface, in which the conduction electrons of a
metal were modelled by a charged, incompressible and irrotational
fluid in a uniform, fixed, background of positive ion cores.''®” As
shown in Fig. 21, there are three distinct regimes of interaction,
and the resonance energy and breadth of the hybrid modes
strongly depend on the thickness of the flat metal film. The authors
found that the interaction between the LSPR of the metal nano-
particle and the SPP of the metal film could result both in virtual
resonances with energies in the continuum and in localized states
above or below the band, depending on the continuum parameters.

As for plasmon coupling in a nanoparticle dimer with a
flat surface in the gap region, the waveguide cavity modes
supported by metal-on-substrate systems cannot be ignored.

This journal is © The Royal Society of Chemistry 2017
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Fig. 18 Third-generation hotspots for surfaces analysis. (a—d) FEM simu-
lations of SERS-enhancement distribution for ‘hybrid’ nanostructures of
SERS-active nanoparticles and Pt and Si probe materials. (a) A bare Au
nanosphere monomer on a Si surface (excitation at 530 nm, average SERS
EF at substrate (Gg,p) = 94, and SERS maximum EF at substrate Gmax sub =
2.03 x 10% and on a Pt surface (excitation at 535 nm, (Gg.p) = 1.30 x 10°,
Gmaxsub = 4.32 x 10%). (b) A bare Au nanocube monomer on a Si surface
(excitation at 660 nm, (Geup) = 1.48 x 10°, Graxsup = 1.42 x 107) and on a
Pt surface (excitation at 825 nm, (Ggyp) = 7.31 X 10°, Gpnaxsub = 5.15 X 109).
(c) A bare Au nanosphere dimer on a Si surface (excitation at 600 nm,
(Goup) = 1.04 X 10%, Gpnay SUb = 6.85 x 10% Graxne = 6.76 x 107) and on a
Pt surface (excitation at 630 nm, (Gsup) = 1.02 X 10°, Graxsup = 9.01 x 107,
Gmaxnp = 7.19 x 107). (d) A shell-isolated nanosphere (Au@SiO,) dimer on a
Si surface (excitation at 580 nm, (Geup) = 1.74 x 10%, Gray.sub = 8.37 x 10°,
Gmaxnp = 6.56 x 10° and on a flat Pt surface (excitation at 600 nm,
(Gsup) = 2.07 x 10° Gmaxsuo = 116 x 107, Grmaxnp = 1.39 x 107). The
diameter of the bare Au nanosphere and the core of the Au@SiO, is 60 nm;
the shell thickness of Au@SiO, is 2 nm. The size of the inter-particle gap
(within the region marked with a white dashed circle) in panels (c and d) is
2 nm, and the particle—substrate gap (within the region marked with a red
dashed circle) in panels (b and c) is 1 nm. Image adapted from ref. 5 with
permission. Copyright (2016) Nature Publishing group.

Xia and coworkers experimentally demonstrated that hotspots with
SERS enhancements sufficient for single-molecule detection could
be produced by depositing Ag nanocubes on a Au or Ag
substrate.'®® Specifically, when a Ag nanocube was placed on a
Au or Ag substrate, hotspots were created at the corner sites of the
nanocube that were in contact with the metal substrate (Fig. 22).

Bowen and Smith developed a coupled-mode theory to
analyse the local-field and far-field properties of film-coupled
plasmonic nanocubes with small particle-substrate gaps.'®®
Briefly, they found that the local field E(r) and H(r) under a
film-coupled nanocube computed from the inhomogeneous
Maxwell’s equations:

V X H(r) = joeE(r) + Jo (40a)

V x E(r) = —joucH(r) — Jm (40b)
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Fig. 19 The geometry of the system: a planar interface separates the
active medium of dielectric constant & (w) from the inert medium of
dielectric constant eolw). Image adapted from ref. 84 with permission.
Copyright (1983) Elsevier.

(W/¥)e-01%

Fig. 20 Simulation of a single film-coupled nanoparticle. (left) Relative
electron surface density showing the excited surface-plasmon polariton
propagating over the metal film. The nanoparticle can be seen at the centre.
(upper right) A plane wave is incident at 75° from the normal on the
nanoparticle. (lower right) A close-up of the near fields surrounding
the nanosphere; note the large field amplitude directly below the sphere.
Looking closer yet, it can be seen that the fields penetrate into the nano-
sphere by a distance in the order of the Thomas—Fermi screening length.
Image adapted from ref. 186 with permission. Copyright (2003) AAAS.

could be expanded as a sum over a set of lossless and ortho-
gonal waveguide eigenmodes.

=Y u(@)E, () (412)
I
1 =3 h(@)H, () (41b)

The lossless eigenmodes E, and H,, satisfy the homogenous
Maxwell’s equations:

V' X Hy(r) = jo,cok,(r) (42a)
Y X By(r) = oo, (1) (42)

The eigenvalue problem in eqn (42) could be solved by using
the perfect magnetic conductor (PMC) boundary condition

4058 | Chem. Soc. Rev., 2017, 46, 40424076
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Fig. 21 (a) Schematic (left) depicting the geometrical parameters of the
interacting nanoparticle and film and SEM image (right) of a representative
experimental sample consisting of dispersed Au nanoparticles on a thin Au
film and (b—d) schematics illustrating the three regimes of interaction for the
plasmonic continuum of a conducting film (left) with the discrete plasmons
of a nanosphere (right): (b) “thick film” (T > 22), where T is the thickness of
the film, Z is the particle—substrate separation; (c) intermediate film thick-
ness (T =~ Z); (d) “thin film” (T < Z/2). The interactions between nanosphere
and thin film plasmons are determined by the effective continuum pV2 (dark
blue), where p(w) is the plasmon density of states of the film (light blue) and
V(w) is the interaction between a nanosphere plasmon and a film plasmon of
energy w. Insets show the geometries to approximate scale. Image adapted
from ref. 19 with permission. Copyright (2004) American Chemical Society.

(Fig. 16b) and lossless metal boundary conditions, by assuming
that the dielectric function of the metal is a real number. The
lowest eigenmodes are shown in Fig. 23. Radiation stimuli and
responses such as the coupling of the incident field to the
eigenmodes and the radiative losses were determined analyti-
cally using the lossless eigenmode fields, with the Ohmic losses
taken into account as a perturbation by using an equivalent
surface impedance determined by integrating the Poynting
vector over the metal surfaces."®’

In addition to the square patch antenna, circular, elliptical
and other regular-shaped patch antenna problems can be
calculated analytically using the extended MIM theory. Wei
and coworkers calculated the waveguide cavity modes of a
circular patch antenna, and also determined the normal wave-
guide cavity modes."

This journal is © The Royal Society of Chemistry 2017
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Fig. 22 The SERS spectra of 1,4-BDT from: (a) nanocubes, (106 + 5) nmin
edge length and (b) nanospheres, (97 &+ 7) nm in diameter, on a Au film, Ag
film, Si wafer and glass cover slip, respectively. The insets show their
corresponding SEM images. The scale bar for the SERS spectra is
10 adu mW ™t s7%. (c) The EFs for a single Ag nanocube and nanosphere,
respectively, supported on different substrates. Each value reported in this
table represents an average of the data from 40 particles. The cartoon
shows the propagation and polarization directions of the laser used in this
study and a simplified distribution of dipolar charges on each type of
particle. Image adapted from ref. 188 with permission. Copyright (2011)
Wiley-VCH Verlag GmbH & Co kGaA, Weinheim.

As was found for the dimers of nanocubes or nanocylinders,
the local field in the gap region can be significantly enhanced
by plasmon coupling waveguide cavity modes to dipolar
antenna modes. Aizpurua and coworkers demonstrated that
the antenna mode [/; could hybridize with symmetry-allowed
waveguide modes, such as so,, and sy (Fig. 24)."%°

Baumberg and coworkers systematically compared the two
fundamentally different resonant gap modes: transverse wave-
guide (s) and antenna modes (/), which, although both are able
to strongly confine light in gaps, have very different near-field
and far-field radiation distributions. They showed experimen-
tally and theoretically, that changing the nanoparticle shape
from a sphere to cube and varying the gap size alters the
coupling of s and / modes, resulting in strongly hybridized ()
modes™®" (Fig. 25).

This journal is © The Royal Society of Chemistry 2017
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Fig. 23 ) Fields from a simulated film-coupled nanocube at the reso-
nance frequency of the Ep; mode. (b) The lossless cavity eigenmode
problem, with boundary conditions. (c) Illustration of the coordinate
system convention for a film-coupled nanocube. The lossless eigenmodes
(d) Eg(r), (e) Ey1(r), (f) E>4(r) and (g) E5»(r). Image adapted from ref. 189 with
permission. Copyright (2014) American Physical Society.

3.3.2 Multi-particle coupling with a flat metal film for
SERS and/or SHINERS. When a bare Au nanosphere dimer is
placed on a Si or Pt surface, hotspots can be simultaneously
produced at the particle-substrate and inter-particle nanogaps
(Fig. 18c) at certain incident wavelengths. For dielectric materials,
the average SERS EF at the surface in the presence of a Au
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Fig. 24 (a) Extinction spectra for faceted spherical gold NPs with dia-
meter D = 100 nm, separated from a 70 nm-thick gold film by a dielectric
spacer of thickness d = 0.6 nm and permittivity &g = 1.63, as in the
schematic to the right. Consecutive curves correspond to NPs of increasing
circular facet diameter from the bottom (w = 0 nm) to the top (w =75 nm) in
steps of 15 nm. The spectra are vertically shifted for clarity. (b) Mapped
extinction spectra of the NPoM geometry described in (a) as a function of w
(from perfectly spherical NP to hemispherical NP, as in the schematic to the
right). Open circles trace the resonance peaks of all the excited modes. Two
different sets of modes can be identified and are labelled as | and s modes,
according to their symmetry. The red dashed line is a guide to the eye of the
[, mode. Image adapted from ref. 190 with permission. Copyright (2015)
American Physical Society.
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nanosphere dimer (Fig. 18c-i) is about three orders of magnitude
larger than that of a single Au nanosphere (Fig. 18a-i). The average
SERS EF increases with the increasing refractive index of the
dielectric material. For metal surfaces, the average SERS EF at the
surface in the presence of a Au nanosphere dimer (Fig. 18c-ii) is
about three orders of magnitude larger than that of a single Au
nanosphere (Fig. 18a-i) due to the additional plasmonic coupling
between the Au nanosphere dimer and the Pt surface.” The SERS
enhancement also significantly depends on the magnitude of the
particle-substrate nanogap and on the wavelength and polariza-
tion states of the incident laser.

In shell-isolated nanoparticle-enhanced Raman spectro-
scopy (SHINERS), hotspots are produced by placing core-shell
NPs composed of plasmonic Au or Ag cores with ultrathin
(1-5 nm) chemically and electrically inert shells composed of,
for example, SiO,, or Al,O; as probes on a surface. The advan-
tages of SHINERS are two-fold: (1) the ultrathin but pinhole-free
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Fig. 25 Nanocube vs. nanosphere image dimers. (a) Schematic of a Ag
nanocube with 75 nm edge length placed on template-stripped Au with
sub-5 nm molecular gaps. (b) Optical dark-field images of (top) nanocubes
and (bottom) nanospheres placed on a Au mirror with BPT and PVP
spacers, respectively. (c) Schematic of a Ag nanosphere with 75 nm
diameter placed on template-stripped Au with sub-5 nm molecule gaps.
(d—f) Scattering spectra from 75 nm nanocubes with (d) d = 10 nm SiO,
spacer and (e) 3 nm BPT spacer and (f) nanosphere with 2 nm PVP spacer.
Inset colour maps show the normalized near-field intensity at the reso-
nance wavelength, taken in the middle of the gap parallel to the substrate;
white lines indicate the nanostructure edges. (g) Scattering from >200
nanoparticles of 75 nm Ag PVP-coated nanocubes placed on a Au mirror
with BPT spacer. (h) Near-field distributions of antenna (l;) and waveguide
(s02) modes for (left) cube and (right) sphere. Image adapted from ref. 191
with permission. Copyright (2017) American Chemical Society.
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shells separate the cores from the material surface (and
environment), thus ensuring that there is almost no chemical
interference from the Au and Ag cores; (2) the chemically inert
shell effectively avoids inter-particle and particle-metal sub-
strate fusion, which significantly improves the stability of the
NPs and the probe structures (Fig. 18d). SHINERS has been
used for the in situ characterization of chemisorption and
electrocatalytic reactions on various transition-metal single-
crystal surfaces that are difficult to probe using Raman
SpectrosCopy_22,28,134,193—198

The shell thickness in SHINERS also allows one to control
the Au or Ag core particle-substrate nanogap, consequently
allowing determining the degree of particle-substrate EM cou-
pling; also, the Au and Ag cores can increase the local EM field
to enhance the Raman signals from the probe substrate without
greatly perturbing its structure. The extinction spectra of shell-
isolated particles on flat gold are shown in Fig. 26¢c. A double
resonance is observed and a Fano-like dip at ~600 nm (Fig. 26¢
and d). The role of plasmonic Fano resonances on SERS is
discussed in Section 3.5. As the wavelength crosses 600 nm,
the near field at B (the midpoint in the gap) reaches a
minimum, while the near field at point 4 increases rapidly.
As is typical for Fano resonances, the coupled dipole due to
the nanoparticles induces an image dipole in the metal or
dielectric surface, forming a magnetic-dipole consisting
of a closed circle of electric dipoles (Fig. 26b). This is a
plasmonic dark mode with low radiative efficiency, but with
a strong near field. At longer wavelengths, the scattering
becomes larger, and more effective for Raman scattering

processes.’®*
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Fig. 26 (a) The simulation model of a 2 x 1 array of 55 nm Au@2 nm SiO,
NPs placed on a single-crystal surface, which can be made of gold, silver,
copper, nickel, silicon, etc. The shell-to-shell distance is 2 nm. The polar-
ization of the incident light is parallel to the surface. (b) Surface charge
distribution on the surface of gold core and on a flat surface. The simulated
normalized extinction (c) and the norm of the electric field of Au@SiO, on
flat Au surfaces (d). Here, points A and B are the two representative points
between two SHINPs, and between SHINP and the substrates, respectively.
The illumination configuration is depicted in (a). Images (a, ¢ and d) adapted
from ref. 194 with permission. Copyright (2015) Elsevier.
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Fig. 27 The simulated normalized extinction (a) and surface charge dis-
tribution on the surface of a gold core and on a flat surface (b). The
simulated norm of the electric field of Au@SiO, on flat Au, Cu, Ni, Ag
surfaces at point A (c) and B (d) (point A and B are depicted in Fig. 26a).
Here, points A and B are the two representative points between two
SHINPs, and between SHINP and the substrates, respectively. The illumi-
nation configuration is depicted in Fig. 26a.

More interestingly, Au@SiO, shell-isolated nanoparticles
(SHINPs) on various metal surfaces (Au, Ag, Au, Pt, Pd, Ni,
Rh, etc.) show very similar plasmonic profiles both in extinction
and in the distribution of the local EM field at the substrate
surfaces (Fig. 27). The apparent difference is the average
enhancement factor of the local field at the substrate surfaces.
SHINERS, in principle, works well on other transition-metal
single-crystal surfaces if the Raman cross-section of the adsor-
bates is not too small to be measured.

To obtain a higher sensitivity on a flat Au surface, Au@SiO,
nanoparticle clusters can be used instead of single nano-
particles on the surface of the probe material. Yang and coworkers
reported that the locations of the hotspots can be efficiently
controlled in inter-particle nanogaps, particle-film nanogaps, or

l—»E
k

530 nm 633 nm

530 nm

Fig. 28 Local field distribution of a Au nanosphere dimer, heptamer and
nonamer on a flat Ag film. Image adapted from ref. 199 with permission.
Copyright (2017) American Chemical Society.
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in both, by suppressing or promoting specific plasmonic coupling
effects in specific wavelength ranges (Fig. 28).

3.3.3 Practical numerical simulation of SERS based on
particle-on-surfaces. The calculation of a nanoparticle or
nanoparticle oligomers coupled with a flat surface can be
solved using finite element methods, such as those provided
by several commercial packages, such as COMSOL Multi-
physics. First, the background field in the absence of
the nanosphere under p-polarized light excitation is com-
puted. Then, the scattered field is computed. The total
physical field is the sum of the background field and the
scattered field.

There are two approaches to determine the scattered field,
differing in the calculation method for the background field.
The first approach is a two-step method. A full-field calculation
is performed in the absence of the nanoparticles. Then, the
scattered field is computed, setting the calculated field as the
background field.

The second approach is to first analytically derive the back-
ground field in the absence of the nanoparticles using the
Fresnel equations, and then to calculate the scattering field by
using the field from the first-step calculation as the background
field (Fig. 29).

Considering the reflection and refraction of a p-polarized
plane wave at a plane interface, the transverse wavenumber is
expressed in terms of the incident angle, 6, as follows:

ky=1/kZ+k?=k;sin0 (43)

Also, the magnitudes of the longitudinal wavevectors are
given by:

ko =k — (k& + k?) ko = [k — (k& + k?) (44)

€1, 1y

Fig. 29 Pre-definition of the background field for the next electrody-
namic calculations of the light-scattering problems of substrate-coupled
nanoparticles.
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where k;, k. and k. are the incident, reflected and transmitted
wavevectors, respectively.

ki = %«/8]#1 (453)
w
k1 = ;\/82/12 (45b)

The background field in the medium of incidence E; and the
medium of transmittance E, are:

E, = E;, + 1E;, (46a)
E, = tEy, (46b)

where the Fresnel reflection and transmission coefficients are
defined as

ek — ek
= 47a
ek + ek (472)
Zkzl €182
=_—ZvVT 47b
8Zkzl + Slk:2 [ )

Here, the dielectric constants of the medium of the incidence and
the medium of the transmittance are denoted as ¢, and &,, while
the magnetic permeability constants are denoted as p; and p,.

To calculate the local and far-field optical properties and the
SERS EFs of the particle-on-substrate structure, we carried out
simulations as described in Section 2.3, as shown in Fig. 30.

The incident angle of the excitation was determined by the
choice of the direction of the input power or the background
field. If accurate scattered spectra are sought as a function of
the numerical aperture (NA), eqn (22) can be modified to:

1
Pya(Q) = JJ ERe{Erel X Hy"} - nds (48)
r

where E. and H, are the relative electric and magnetic fields
respectively, and Q represents the solid angle, correlated to NA.

Note that surface-plasmon polaritons (SPP) will be excited at
the metal substrate. To describe the SPP adequately, the
assumed boundary needs to be at least half the decay length
of the SPP (e.g. 4 pm in the visible).

3.3.4 Gap-mode TERS. Tip-enhanced Raman scattering
was developed by three independent groups, namely those of

Nanoparticle

Fig. 30 Simulation model of a nanoparticle on a substrate. The nanopar-
ticle is placed on the substrate. A zoom-in view is on the right. The outside
layer is PML.
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Zenobi, Anderson and Kawata, who combined atomic force
microscopy (AFM) with Raman spectroscopy.**™*® Pettinger
constructed the first scanning tunnelling microscope with
Raman spectroscopy (STM-TERS), which was also a gap-mode
TERS."” TERS with its single hotspot can provide high spatial
resolution. The strong coupling between the Au or Ag probe
and the Au or Ag substrate results in strong local field enhance-
ments, capable of yielding single-molecule detection with sub-
nanometre spatial resolutions.>*°

A great deal of theoretical work has been carried out to
elucidate the mechanism and to refine the design strategies for
gap-mode TERS. The tip is usually modelled as a cone ending in
a hemisphere. The tip sharpness is defined by the tip apex
radius and the cone angle (Fig. 31). Plane-wave excitation is
usually assumed.

In gap-mode TERS, the coupling strength between the tip
and substrate strongly depends on the substrate material. Yang
et al. reported that gold and silver substrates in gap-mode TERS
produce larger enhancements than a platinum substrate due to
the large intrinsic losses for platinum in the visible. Pt, in turn,
produces a much larger enhancement than non-metallic sub-
strates, such as Si.”°' Additionally, a dielectric substrate with
low refractive index couples poorly to the tip and the field
distribution is like with an isolated tip (Fig. 32).

Clearly, the tip-substrate distance is an important factor in
gap-mode TERS. The resonance wavelength red-shifts as the tip
approaches the substrate, accompanied by a higher local
electric field enhancement and confinement.>**>°® For dis-
tances smaller than 5 nm, the local field enhancement
increases dramatically.

Moreover, the tip sharpness will also strongly influence the
coupling efficiency. The resonance wavelength blue-shifts with
increasing the tip radius, accompanied by a decrease in the
local field enhancement,**293:20%:208:299 pyrthermore, the tip
material and refractive index of the environment will affect the
resonance wavelength and local field intensity.>*°

Metal-coated tips are widely used in AFM-TERS. Kautek and
coworkers were the first to consider the influence of coating
thickness on the AFM probe.”'" Better spatial resolution is
achieved with a thinner coating layer. However, the optimum
local electric field enhancement can be achieved by optimizing
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Fig. 31 Typical model in TERS simulations. A metal tip coupled with the
substrate; all of the tip, substrate and air are surrounded by the perfect
match layer.
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0.0 (dB)

Fig. 32 FDTD simulations of the electric field distribution of a Au tip at a
1 nm distance from Au (left), Pt (middle) and SiO; (right) substrates. M is the
maximum field enhancement. Image adapted from ref. 201 with permis-
sion. Copyright (2009) Wiley & Sons, Ltd.
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Fig. 33 (a) Calculation model for a Si@Au AFM tip over a gold substrate;
(b) the dependence of the electric field enhancement on the thickness (h)
of the gold coating; (c) the near-field distribution of a Si@Au AFM tip on a
gold substrate excited at 615 nm, where 6 = 40°,d =2nm, h=80nnm, r =
5 nm; (d) the dependence of the spatial resolution (SR) (using 632.8 nm as
the excitation wavelength) on the thickness (h) of the gold coating. Image
adapted from ref. 209 with permission. Copyright (2015) Optical Society of
America.

the coating thickness. Ren, Yang and coworkers found that a
coating thickness of 80 nm produced the best results®* (Fig. 33).
The local field enhancement also depends on the polariza-
tion and direction of the incident beams (Fig. 34).
Lagugné-Labarthet and coworkers demonstrated that p-polarized
light with the polarization along the tip-substrate axis will excite the
gap mode, whereas when the polarization is parallel to the substrate
coupling is weak (Fig. 35b and d). Furthermore, a radially polarized
light will generate much higher local field enhancements than

p-polarized wave excitation.?°®

3.4 LSPR vs. wavelength-scanned SERS

Because SERS arises as a result of surface-plasmon resonances,
the SERS enhancement is wavelength dependent. Van Duyne
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Fig. 34 Field distribution in the tip vicinity under excitation with (a)
polarization parallel to the substrate, (b) polarization perpendicular to the
substrate, (c) radial polarized light. Image adapted from ref. 206 with
permission. Copyright (2013) Optical Society of America.

and coworkers performed wavelength-scanned SERS (WS-SERS)
measurements on benzenethiol monolayers uniformly adsorbed
on four nanosphere lithography (NSL) Ag nanoparticles arrays
with four values of LSPR /.« (Fig. 35). The WS-SERS profiles
approximately tracked the extinction spectrum of the
substrate.?’®> Moreover, the maximum SERS enhancement was
found to occur when the LSPR max was located between the peak
excitation frequency and the vibrational frequency - a “compromise”
location, where both the incident and scattered photons can be
resonantly enhanced.>'**"?

However, in many other systems, the extinction and scattering
spectra correlate poorly with WS-SERS enhancement.***'> van
Duyne, Schatz and coworkers showed that hotspot-dominated
systems, such as a trimer, show little dependence on the far-field
scattering properties due to the differences in the LSPR modes
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Fig. 35 Wavelength-scanned surface-enhanced Raman excitation

spectra of benzenethiol adsorbed on four NSL-derived Ag nanoparticle
surfaces of different sizes. Cyclohexane is the intensity standard. (a) Sub-
strate annealed at 300 °C for 1 h. LSPR Anax = 489 nm, profile fit maximum
at dexmax = 480 nm, EF = 55 x 10° (b) LSPR Amax = 663 nm, profile fit
maximum at Zexmax = 625 nm, EF = 1.2 x 107. (c) LSPR Amax = 699 nm,
profile fit maximum at Jeymax = 671 nm, EF = 1.4 x 10”. (d) LSPR Jmax =
810 nm, profile fit maximum at Zexmax = 765 nm, EF = 9.4 x 108, Image
adapted from ref. 212 with permission. Copyright (2006) Royal Society of
Chemistry publishing.
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excited by the incident waves and the modes locally excited by
the molecular dipole (Fig. 36). The authors probed the relation-
ship between the near- and far-field light interactions using a
correlated high-resolution transmission electron microscopy
(HRTEM)-LSPR-surface-enhanced Raman excitation spectro-
scopy (SERES) technique. The magnitude of the maximum EF
did not correlate with the number of cores in the nanoantenna
or with the spectral position of the LSPR, suggesting a separation
between near-field SERS enhancement and far-field Rayleigh
scattering. Computational electrodynamics confirmed the
decoupling of the maximum SERS enhancement from the peak
of the scattering spectrum.>"*

The two aforementioned examples show that it is very
difficult to perform WS-SERS experiments for individual nano-
particles. To reliably correlate LSPR spectra (or scattering
spectra for dark-field spectroscopy) and WS-SERS in individual
nanoparticles, one needs to carefully fix the orientation of the
nanoparticles and to use a fixed polarization when measuring
the dark-field spectra and WS-SERS. Likewise, when comparing
simulation results with experimental data, one needs to ensure
that such parameters are equivalent in both the experiment and
theory. Furthermore, one should take into consideration
whether the SERS EF is averaged over all the surfaces in the
laser spots (or computed) to ensure that the contribution of all
of the hotspots (as well as all of the areas of weak enhancement)
are properly taken into account.
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Fig. 36 Experimental and calculated correlated HRTEM-LSPR-SERES data
for the nanoantenna trimer presented in the inset of panel (a). (a) Experi-
mental dark-field scattering spectrum (red) and excitation profile for the
1200 cm™ band (blue) of the trimer. (b) Electromagnetic modelling of the
nanoantenna trimer, displaying the (E4) enhancement in solid blue,
scattering in solid red, and absorbance with the black dashed line (b).
Both experimentally and theoretically, the trimer provides maximal SERS
enhancement, where the far-field scattering is relatively weak. Far- (c and d)
and near-field (e and f) electromagnetic interactions for peaks and troughs
in the LSPR spectrum for the nanoantenna: (c and e) Aex = 708 nm and
(d and f) lex = 820 nm. The lower panels show the large electric field
enhancement in the gap region between touching spheres. For both
wavelengths, the near-field intensity is very similar, as manifested in similar
EFs. The far-field scattering intensity is smaller at 820 nm than at 708 nm,
as manifested in different LSPR intensities at the studied wavelengths and
as illustrated by the difference in the light waves emanating from the
particle upon irradiation. Image adapted from ref. 214 with permission.
Copyright (2012) American Chemical Society.
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3.5 Plasmonic Fano resonance for SERS

Recently, many researchers have reported that plasmonic
nanostructures with Fano resonances arise from spectral inter-
ferences between broad superradiant modes, such as a dipolar
antenna mode, and sharp subradiant modes, such as the high-
order modes and photonic crystal modes. The interferences can
produce narrow and asymmetric extinction and/or scattering
features and a dramatic local field enhancement. Such features
have made many groups use or propose to use plasmonic Fano
resonance in applications such as sensing, lasing, switching and
surface-enhanced spectroscopies, such as SERS and surface-
enhanced infrared spectroscopy. Comprehensive descriptions
of the fundamental Fano resonance theory and its progress in
plasmonic nanostructures can be found in recent reviews.?*¢7**8

A mechanical analogy of a Fano resonance in a plasmonic
system was proposed based on two coupled, damped oscillators
driven by an external harmonic force:

Ko+ 27,%a + wazxa +8%a :feiwt (493)
Xq + 29aXq wdzxd +8xa =0 (49b)

where X4, Ya,a and w,q4, denote the displacement, friction
coefficients and oscillating resonance frequency of two oscilla-
tors, the bright (radiative) mode, a, and dark (nonradiative)
mode, d, respectively, and parameter g describes the coupling
of the two oscillators.

The bright (radiative) mode, which is driven by a harmonic
external force fe™”, is highly damped and eqn (49) has a steady
state solution in the form of harmonics x, = ¢, and x4 =

cqe™, in which the amplitudes c, and ¢4 are given by:**®2'°
o _ (a)dZ —w?+ 2iyd(1)) f (50a)
P (02 — 02+ 2ip,0) (02 — 02 + 2iyg0) — g
o = £ f (50b)
(wa? — @? + 2ip,0) (g — ©* +2iy0) — g

When w approached wg, the two oscillators interfere, giving
rise to an asymmetric resonance. For the typical condition yq «
a < W, 4, the first denominator (w,” — »” + 2iy,0) is a constant
C that equals (w,” — wq” + 2i7,04), and ¢, could be evaluated in
the limit of w going to wq. The line shape of |c,|* then follows
the modified Fano shape:

2
b
LA L 61)

|ca
where k = (0® — wg®> — wad)/T is the reduced frequency, 4 =
[(wa® — ©2)/g°)/(|C|*wq) is the resonance shift, I' = 2y,w4g”/|C|?
is its width, ¢ = (wq®> — @,%)/(2ya04) is the asymmetric para-
meter and b = 4y,°¢*/A” is the screening parameter.

An example solution for the absolute value of x, in the
frequency domain is shown in Fig. 37b. Eqn (51), which is a
mechanical analogy of the Fano resonance for a plasmonic
system, is simple and intuitive, yet possesses all of the impor-
tant features of the plasmonic properties, but in classical
electrodynamics terms. Gallinet, Martin and coworkers devel-
oped an ab initio electromagnetic model for FR in plasmonic
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Fig. 37 (a) Mechanical model of Fano resonances: two coupled oscillators
of resonance frequencies w, and wq, and damping y, and y4. One of them is
forced by an external excitation of amplitude f. The coupling constant is g.
(b) Amplitude of the forced oscillator as a function of the excitation
frequency for w, = 50.0, wq = 50.1, g = 2.0, y, = 0.05 and y4 = 0.005.
Image adapted from ref. 219 with permission. Copyright (2011) American
Physical Society.

nanostructures using the Feshbach formalism by splitting
the electric field wavefunction into radiative (bright) and non-
radiative (dark) parts.>'>**° The mechanical and electro-
magnetic models both featured the same four independent
parameters, namely 4, I', g and b, describing the asymmetric
resonance.

This new approach is more general than the original work by
Fano, since the new model includes losses in the materials
composing the system. In this approach, the intrinsic losses
drive the resonance contrast, while the width is determined
mostly by the coupling strength between the nonradiative mode
and the continuum.?”® The analytical model is in excellent
agreement with numerical simulations of a broad variety
of plasmonic nanostructures with Fano resonance, including
dolmens, oligomers and gratings.””’ The authors further
showed how their comprehensive and insightful theory could
be applied to refractive-index sensing by subradiant modes,***
and to understand the relation between the near-field and far-
field properties of plasmonic Fano resonant nanostructures.>**
The radiance or reflectance of the entire plasmonic nanostruc-
ture is given by the product of the reflectance of a radiative wave
with a symmetrical Lorentzian line shape R,(w) and a Fano-like
asymmetric modulation function o():

R(w) = Rp(w)a(w)

©? — w,’ :
— b
@ (2Wacu.‘1 +q) *

N 0 — od\’ o — w2\’ 2)
-8 1 -4 1
<2WswS ) + <2Waa)a) +
where a is the maximum amplitude of the resonance, ws and W; are
the resonance frequency and the spectral width of the bright mode,
typically, Wy « ws. w, and W, are the resonance frequency and the
spectral width of the dark mode, g is the asymmetric parameter and

b is the modulation damping parameter originating from the
intrinsic losses, where:

7
h=—"— (53)
(7e +11)
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The |cq|® is the indicator the stored energy,

P (54)

‘cd‘zo( )
(7e +71)

Thus, the stored energy reaches its maximum when y. = 7;.

Three regions can be defined according to the relative value
of the coupling term 7). to that of the intrinsic loss ;. When
Ye < 7i, we have weak coupling, where the local field is very
small, and the peak in the radiance is very sharp, thus weak
coupling is suitable for refractive-index sensing. When y. > 7,
we have strong coupling, where the local field is also small, and
Rabbi-splitting takes place. When y. = 7v;, the coupling is
intermediate, and the local field is at its maximum. Intermedi-
ate coupling is the most suitable condition for SERS (Fig. 38).>*°

Crozier and coworkers prepared periodic structures as SERS
substrates with two main peaks in the extinction spectra. The
resonance wavelengths of the two main peaks could be system-
atically tuned by varying the periodicity length A, and 4, of the
periodic structures. By choosing the incident wavelength to
coincide with the shorter resonance wavelength and by making
the Raman-scattered wavelengths coincide with the second
resonance band, a huge SERS enhancement could be
obtained*** (Fig. 39).

Ye, Halas and coworkers reported another example of SERS
using nanodisk heptamers, which showed a Fano resonance.
They found that in all cases, the largest SERS enhancement was
found when both the excitation and the Stokes-shifted wave-
lengths overlap the Fano resonances®>® (Fig. 40).

Although very many papers have been published on plas-
monic Fano resonance, few deal with SERS, likely because of
the difficulty of ensuring the simultaneous resonance of both
the excitation and the Stokes Raman scattering fields for a
molecule resident in a given hotspot. As a result, many oppor-
tunities remain for exploiting Fano resonance for SERS.

3.6 Approximation of the |E|* relation in SERS

The EF oc |E|* approximation has been widely used to estimate
the SERS enhancements factor. Despite its approximate nature,
it is helpful in guiding the design of SERS-active substrates, and
for optimizing the choice of excitation conditions. Neverthe-
less, one needs to use the approximation carefully under some
circumstances.

3.6.1 Theoretical background of the approximation of the
|E|* relation in SERS. A model proposed by Le Ru and depicted
in Fig. 41a positions a molecule at point O near a dielectric or
metallic substrate.” The refractive index of the surrounding
environment is ny,. A plane wave, with frequency wy, is incident
along ey, and polarized along e., perpendicular to ej,.. By
applying Maxwell’s equations, we can solve for the local electric
field, Eioc(wy), at point O, and for Mi,e(@r) = |Eioc(wp)/Eo(wy)|.

As was done for the radiative enhancement, we consider the
signal emitted by the molecule in a given direction along epe;.
This signal can be divided into two orthogonal signals along ep;
and ep,, both perpendicular to ep. (Fig. 41b). Here, the optical
reciprocal theorem (ORT) can be used to transform the point-
dipole problem to plane-wave excitation problems. The ORT
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The black circles correspond to calculations using panel d and egn (54). Image adapted from ref. 220 with permission. Copyright (2013) American
Chemical Society.

states that the field E at point M produced by a dipole p, (at EF(wo, Wr, "'m) = Mioc(®Wo, T'm)Mrad(®r, Tm) (20)
point O) is related to the field E, at point O but created by a

4 . . . . .
dipole py, (at point M). The |E|* approximation consists of three factors. The first is

the radiation enhancement, which is roughly equal to the local

PaE, = ppE (55) field enhancement at wg, as shown in eqn (17).

Prad - |Eloc(wR7Vm) 2
Py | Eo(wg,rm)

MRad(w07rm) = (17)

Accordingly, we consider the virtual problem of plane-wave
excitation with frequency wg incoming along —epe; and polarized
along ep; or ep,. The local field enhancement |Ek,c(a)R)/Eim(coR)|2 at
point O is equal to the emission enhancement in the direction ep.
This virtual problem has little relation with the real excitation here
but will be used as a mathematical strategy with the ORT to solve

We discuss the derivation of eqn (17) in the next section.
The second is the local field enhancement at wg, which is
approximately equal to that at w,. This leads to:

the re-emission problem. The application of ORT implies that the
|E|* approximation is correct in backscattering.

As discussed in Section 2.2, the SERS enhancement factor
can be approximately expressed by:

4066 | Chem. Soc. Rev., 2017, 46, 4042-4076

2N |Eloc(w0arm) :
| EO(w07rm)

Eloc(wRa rm)
EO(wRa rm)

(56)

Substituting eqn (17) and (56) into eqn (20), we get the
famous |E|* approximation, as eqn (21). Now we discuss the

This journal is © The Royal Society of Chemistry 2017
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783 nm). Image adapted from ref. 224 with permission. Copyright (2011)
Optical Society of America.
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Fig. 40 Scattering spectra and SERS properties of individual Au hepta-
mers with varying gap sizes: (i) ~15 nm, (i) ~20 nm, (iii) ~30 nm and (iv)
~60 nm. In all cases, the height of the discs is 30 nm and the diameter of
the discs is 130 nm. (a) SEM images, (b) experimentally obtained dark-field
scattering spectra, (c) calculated scattering spectra (FDTD) and (d) SERS
spectra of a monolayer of p-MA molecules on individual heptamers (i—iv)
with horizontal incident polarization. Black dashed lines in (b and c) show
the excitation laser at 785 nm; blue and pink dashed lines show the Raman
Stokes lines of p-MA molecules at 1080 and 1590 cm™* (indicated by the
blue and pink arrows in (d)), respectively. (e) SERS maps for the 1080 cm™
Stokes mode of p-MA on heptamers (i—iv) evaluated at one-half the height
of the structure. Image adapted from ref. 225 with permission. Copyright
(2012) American Chemical Society.

rationality and accuracy of these two factors. In nanostructures
with Fano resonance, the resonance peak is very sharp with a
full-width at half-maximum (FWHM) ~20 nm. In this case,
eqn (56) clearly will not often be appropriate for evaluating EFs
for mid- and high-frequency vibrational normal modes. More-
over, the maximum near-field enhancement usually corre-
sponds to a scattering minimum, which means the scattering
efficiency is poor at the wavelength of the Fano resonance, in
which case, the observed SERS enhancement may deviate
significantly from what is predicted by the |E|* approach.

This journal is © The Royal Society of Chemistry 2017
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calculation of the SERS EF without solving the EM problem of emission
from a localized dipole at the molecule position. Image adapted from ref. 4
with permission. Copyright (2009) Elsevier, Amsterdam.

The third is the dependence of the second-step enhance-
ment on the first. This is because the direction of the local field
in the first-step enhancement determines the direction of the
molecular oscillating dipole moment, which further influences
the second-step enhancement. The third factor is strongly
related to the surface selection rule of SERS.

3.6.2 Dipole re-radiation effect. The first approximation
can be understood by applying the optical reciprocal theorem,
as discussed above. We can also calculate the radiation
enhancement accurately by taking the dipole re-radiation into
account, as described in Section 2. Schatz and coworkers investi-
gated the correlation between dipole re-radiation and |E|* for a
single nanosphere and its dimer (Fig. 42)."** They found that for
small nanospheres, when the detection direction is perpendicular
to the incident direction and polarization, the dipole re-radiation
will be approximately equal to what is obtained using |E|*. For large
nanospheres, however, differences between the two approaches
arise primarily due to multimode excitation. Moreover, for mole-
cules positioned at some locations and for some detection direc-
tions, the two approaches can produce significantly different
results. For the backscattered signal from nanosphere arrays, they
found that the dipole re-radiation and |E|* results were very similar
in the long wavelength limit; however, some deviation occurred at
short wavelengths and for observer positions other than back-
scattered (Fig. 43)."*°

Although the |E|*-approximation has been checked in a single-
nanoparticle or nanoparticle oligomers-based SERS, it has not been
sufficiently analysed for particle-on-substrate systems, includ-
ing for TERS. For the nanoparticle-on-substrate, the dimen-
sions along x and y are usually much larger than the incident
wavelength. By contrast, for the probe-on-substrate, the dimen-
sions along all directions are larger than the wavelength. Thus,
it is necessary to carefully check the validity of the |E*|-
approximation in those systems. Moreover, it is also worthwhile
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Fig. 42 Comparison between dipole re-radiation and |E|* of 50 nm Ag nanosphere (a—c) and 100 nm Ag nanosphere (d—i). Dipole is 0.25 nm off the

nanosphere in the x (ina, d and g), y (in b, e and h),

z (in ¢, f and i) directions from top to bottom. The origin of the coordinate system is the centre of the

nanosphere. The incident plane-wave is along the z direction and polarized along the x direction. The detecting direction is along the y direction in (a—c
and d-f), and along the xy direction in (g—i). Image adapted from ref. 122 with permission. Copyright (2009) American Institute of Physics.

to numerically verify the validity of the optical reciprocal
theorem in those systems.

LN DL AL L DAL R B B
—E I

loc
-- G(O=m)
=+ G(8=Tn/18,0 =n/2)

LRALL BRELLL NE Rl B R ael

Raman Enhancement
=

PO TSN TNT T SR (NN SN ST ST S T ST ST W Y PR
350 400 450 500
Excitation Wavelength (nm)

550 600

-1 Y
10309

Fig. 43 Comparison between dipole re-radiation and |E|* of a 112 nm Ag
nanosphere 40 x 10 array with a periodicity of 450 nm in the x and y
directions. The black line corresponds to the plane wave. The red dashed
line corresponds to the backscattering condition of dipole re-radiation.
The blue dashed-dotted line represents the result at 70° from the normal.
Image adapted from ref. 125 with permission. Copyright (2012) American
Chemical Society.
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3.7 Hotspots for surface-enhanced nonlinear Raman

Surface or tip-enhanced nonlinear spectroscopies, such as surface-
enhanced sum frequency generation, surface-enhanced coherent
anti-Stokes Raman spectroscopy (CARS) and surface-enhanced
femtosecond stimulated Raman spectroscopy, are very promising
for material analysis due to their much higher temporal resolution
compared to linear SERS. However, such spectroscopies may
require the design and fabrication of appropriate plasmonic nano-
materials and nanostructures.

In CARS, the pump (wp) and Stokes (wg) fields interact
coherently through the third-order polarizability of the dipole-
forbidden vibronic modes of the molecule, generating an anti-
Stokes signal was = 2wp — ws with the intensity dependence of a
third-order nonlinear optical process:

ICARS oC |X(3J|ZIPZIS (57)

where y(3) is the third-order polarizability derivative and Ip and
Is are, respectively, the intensity of incident pumping and of the
Stokes field.

The EM enhancement factor in SE-CARS is given by:

2 2

E(wp)
Eo(wp)

¥ E(ws)
|Eo(ws)

E(wAs)
Ey(mas)

2
I s

(58)

ISg-cARS X
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Fig. 44 Different types of Raman processes and the SE-CARS configuration. (a) Energy level diagram showing four types of Raman processes of a
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wavelength pump laser (wp) and a supercontinuum Stokes laser (ws) generate an enhanced anti-Stokes scattering (ws) of a molecule in the quadrumer
central gap. Experimental and FDTD-simulated properties of the quadrumer with a p-MA molecule monolayer coating. (b) Experimental (top) and
calculated (bottom) linear scattering spectra of a single quadrumer before (black) and after (red) the p-MA absorption, obtained with horizontal
polarization. The calculated spectra for both cases are consistent with their corresponding experimental results. Green dashed line: the pump beam
(800 nm); red zone: the Stokes scattering region (848—-952 nm); blue zone: the anti-Stokes scattering region (756-690 nm). The Stokes and anti-Stokes
regions correspond to Raman shifts of 700-2000 cm ™. The inset shows an SEM image of a gold quadrumer. (c) Charge densities on the top surface of
the quadrumer excited at 800 nm pump (top) and 900 nm Stokes (bottom), corresponding to the subradiant and superradiant modes, respectively. (d)
Field enhancement intensity (g2) distribution at the anti-Stokes (left), pump (middle) and Stokes (right) frequencies for the p-MA 1070 cm™ mode
evaluated at mid-height of the quadrumer. () SE-CARS enhancement (Gse-cars = 9p gs2gas?) map for the mode in d. The maximum enhancement factor
is ~1.5 x 10 in the central gap, and significantly lower (~2.5 x 10°) in the four peripheral gaps. Scale bar, 100 nm. Image adapted from ref. 54 with

permission. Copyright (2014) Nature Publishing group.

where |E(wp)/Eo(wp)|, |E(ws)/Eo(ws)| and |E(was)/Eo(was)| are,
respectively, the local field enhancement at the pumping
frequency, the Stokes frequency and the anti-Stokes frequency.

Halas and coworkers reported that single-molecule SE-CARS
could be achieved on well-designed nanostructures, such as a
quadrumer of nanodiscs (Fig. 44), which supports three loca-
lized SPR peaks that correspond to the three beams (two
incident beams at different wavelengths and one anti-Stokes
Raman-scattered beam) in CARS. Therefore, all the three terms
|E(wp)/Eo(wp)|, |E(ws)/Eo(ws)| and |E(was)/Eo(was)| could be
simultaneously enhanced, which results in a strong enhance-
ment capable of single-molecule detection.”*

However, the EFs measured in several preliminary experi-
ments were several orders of magnitude less than the predicted
values. Clearly more work needs to be done in this exciting area.
Perhaps phase matching might be required in addition to
energy matching.?*® Surface-enhanced femtosecond stimulated
Raman spectroscopy (SE-FSRS) combines the merits of the
ultrahigh sensitivity of SERS and the high temporal resolution
of FSRS. Van Duyne’s group reported the first ground-state SE-
FSRS spectra taken on a gold nanoantenna consisting of gold
nanoparticle cores functionalized with embedded molecular

This journal is © The Royal Society of Chemistry 2017

reporters and capped with a silica shell, which enclosed the
molecules, thereby ensuring their location near the gold nano-
particle hotspots (Fig. 45).> The authors estimated the
ensemble-averaged enhancement factor to be in the range of
10*-10°. Furthermore, the authors found that the signal-to-
noise ratio could be significantly improved by using 1 MHz
repetition rates of the amplified femtosecond laser system
instead of the more usual 100 kHz repletion rates.**”

4 OQutlook

4.1 Expanding the theoretical framework to sub-molecule and
more complex systems

Along with helpful developments in physics and computational
sciences, electromagnetic theories will continue to be a fertile
source of new ideas. At the same time, new, exciting experi-
mental results arising from the progress of nanoscience and
material science will continue to pose interesting challenges to
theoreticians. For instance, Dong and coworkers improved the
spatial resolution of TERS to 0.5 nm by dramatically reducing
the thermal drift of STM, thereby suppressing the lateral

Chem. Soc. Rev., 2017, 46, 4042-4076 | 4069
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Fig. 45 Schematic depiction of the nanoantennas used in the SE-FSRS
experiments. (bottom) Extinction spectrum of the BPE-functionalized
nanoantennas, showing the monomer resonance at 600 nm, the
795 nm Raman pump and the multiple core resonances in the NIR region.
The band from 500 to 700 nm also contains contributions from dimer,
trimer and higher-order core assemblies because these constructs have
two localized surface-plasmon resonance peaks. SERS spectrum and SE-
FSRS spectrum of trans-1,2-bis(4-pyridylethylene (BPE)-functionalized
nanoantennas. Both methods obtain high S/N spectra of the well-
characterized Raman resonances of BPE, although the SE-FSRS spectrum
shows dispersive peaks due to resonance effects from the plasmon. The
SE-FSRS spectrum was obtained with 2.0 nJ per pulse Raman pump
energy and 100 pJ per pulse probe energy, with an acquisition time of
~8 min, corresponding to 4.5 x 107 laser pulses. Peak powers are
estimated to be ~107 W cm™2 for the probe pulse and ~10° W cm™2
for the Raman pump pulse. Image adapted from ref. 55 with permission.
Copyright (2011) American Chemical Society.

movement of molecules at those ultralow temperature.>* In this
way, they were able to resolve adjacent two different porphyrin
molecules—metal-centred zinc-5,10,15,20-tetraphenyl-porphyrin
(znTPP) and free-base meso-tetrakis(3,5-di-tertiarybutyl-phenyl)-
porphyrin (H,TBPP)—immobilized on atomically clean Ag(111)
surfaces.””® In a separate and earlier work, the same group was
even able to resolve the internal molecular structure and adsorp-
tion configuration of a single H,TBPP molecule on a Ag(111)

200 Several theoretical studies have been published to
207,229-231

surface.
interpret the ultrahigh spatial resolution of TERS.
However, the detailed mechanism underlying this unprece-
dented spatial resolution is still not fully understood.

Single molecules located in plasmonic nanogaps under an
external optical field continue to pose significant challenges for
TERS, SERS and plasmonics. As an illustrative example, Luo
and coworkers considered the inhomogeneous distributions of
local fields, modifying the Hamiltonian with a position-
dependent electric field to calculate the position-dependent
derived polarizability. In this way, the authors tried to interpret
the TERS images of a single molecule at a spatial resolution
below 1 nm.>**>%!

Several new interesting phenomena have been observed when
using TERS or SERS to measure single-molecule conductance.”** %
For example, Ren and coworkers discovered a correlation
between the TERS enhancement and the molecular conduc-
tance, especially in the nonlinear regime of the current-voltage
response curve.”** Theoretical studies along these lines are very
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promising and deepen our understanding of TERS and SERS
under external fields.>***%’

Recently, more complex plasmonic systems have been devel-
oped that better utilize the advantages of SERS as a tool for
analytical science. Such applications will surely require new,
appropriate theories to help interpret the results and guide
their development. Third-generation hotspots, which make use
of structures based both on non-traditional SERS-active metals
and other materials with weak or no SERS activity, are still in
the early stages of development. EM coupling in hybrid struc-
tures of Au or Ag nanoparticle clusters on non-traditional SERS-
active metallic substrates can be very strong if the structural
details of the particle-substrate nanogap can be judiciously
controlled, as is the case with the shell-isolated strategy. But for
the hybrid structures with Au or Ag nanoparticles clusters on
dielectric material substrates with a low refractive index, such
as Al,O; and bio-membranes, only a small fraction of the
hotspots are located at the material surface.

One possible way to overcome this problem is to develop Au
and Ag nanocrystals that support coupling plasmonic modes
within a single particle, thus supporting hotspots specifically
located at the surface of the probe materials. For example,
nanocubes can support plasmonic hybridization of a dipolar
mode (D) and a quadrupolar mode (Q), which results in a
(D + Q) mode with hotspots located on the surfaces of the
dielectric substrate, and a (D-Q) mode with hotspots located at
the upper vertices of the nanocube.”*® Another way is to use an
incident beam at a high angle to the normal. However, to achieve
a large range of solid angles, a lens with a high numerical
aperture needs to be used at a high incident angle, a condition
that is difficult to achieve with most ordinary lenses. Thus, a
special lens would need to be designed to simultaneously meet
these two requirements.>*® A third way is to use vector polarized
light, such as radially polarized light, to more efficiently excite
third-generation hotspots on non-metallic substrates. A fourth
way is to design hierarchical structures coupled with third-
generation hotspots by subwavelength coupling.

Although current EM computational methods are highly
developed and widely used, relatively few studies have appeared
dedicated to massively screening newly proposed architectures that
are claimed to produce better or novel SERS, TERS and/or SHINERS
performance. Some intelligent algorithms are employed to solve
this problem. For example, Sukharev and coworkers reported an
optimal control approach based on multiple parameter genetic
algorithms to the design of plasmonic nanostructures with pre-
determined optical properties and functionalities.**® Soliman and
coworkers employed an artificial neutral network to predict the
propagation characteristics of plasmonic nanostrips and coupling

nanostrip transmission lines.**!

4.2 Towards a unified theoretical framework for SERS

SERS primarily results from near-field enhancements asso-
ciated with the excitation of intense localized surface plasmons.
However, other effects, referred to collectively as “chemical
enhancement”, including molecular resonances, charge-
transfer transitions and other processes involving the molecule,
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clearly contribute to the observed enhancement. These contribu-
tions vary from molecule to molecule, and account for many
interesting aspects of SERS. Several attempts have been made to
unify EM and certain non-EM contributions to SERS. The key issue
is to develop a way to describe the EM field and the molecular
details in a unified theoretical framework. This would help us to
analyse in greater detail the spectral features observed in the SERS
spectra of surface complexes, adsorbates and reactants. Such a
unified theory would also be very helpful towards establishing
comprehensive surface selection rules for SERS, TERS and/or
SHINERS, which are crucial in surface chemistry.

Lombardi and coworkers developed a discrete-continuum
model theory to unify the three possible resonances pertinent
to SERS, ie the surface-plasmon resonance, the molecular
electronic resonances within molecules and the charge-transfer
resonances between molecules and the metal. In their model,
the molecule and metal form a conjoined system, the molecules
with discrete levels, while the metal possesses continuum energy
levels filled to the Fermi energy, which was assumed to lie
between the highest occupied and lowest unoccupied orbitals
of the molecules. Fano’s protocol”*” was used to address the
discrete-continuum coupling. Lombardi et al. derived an expres-
sion for the transition amplitude between the ground stationary
state and some excited stationary state of the molecule-metal
system taking all the three resonances into account. Moreover,
these resonances were linked by terms in the numerator, which
resulted in a SERS selection rule.”*

Schatz and coworkers developed a hybrid model that coupled
classical electrodynamics to quantum mechanics to simulate SERS.
The classical electrodynamic method was described by Mie theory
or FDTD, while the quantum mechanics was described by time-
dependent density-functional theory. In the time-dependent effec-
tive potential of time-dependent Kohn-Sham (TDKS) equations, the
classic EM field is a dressed external potential. Thus, the hybrid
methods, Mie-TDDFT and FDTD-TDDFT, were developed to simu-
late the absorption and SERS of the metal NP-molecule hybrid
system.>**>*® In the hybrid model, the optical response of either a
molecule or a molecule-metal complex is described quantum
mechanically, while the optical response of the metallic nano-
particles is described by Mie theory or FDTD. This hybrid model
appears to use one-way rather than full coupling. In other words,
the optical resonance of molecules as an external source could
result in an additional response by the nanoparticles; furthermore,
the modified optical response of the nanoparticles will likely
contribute the modified effective external potential in the TDKS
equations. However, no electron transport occurs between the
metal nanoparticles and the adsorbed molecules in the hybrid
model. An interface through which current can flow and an
effective potential connecting QM and EM might be considered
as a means to complete the model.>*’

Jensen and coworkers developed a hybrid method called the
discrete interaction model/quantum mechanics (DIM/QM)
method, which consisted of an atomistic electrodynamics model
of the metal nanoparticle and a TDDFT description of the mole-
cule. The DIM/QM method retains the detailed atomistic structure
of the nanoparticle by using the atomic polarizability to provide a

This journal is © The Royal Society of Chemistry 2017

View Article Online

Chem Soc Rev

natural bridge between the electronic structure methods and the
macroscopic electrodynamics description provided by TDDFT. The
additional external potential in the TDKS equation contains two
parts, where UP°{p] is the polarization energy (the energy required
to induce the dipoles and charges in the DIM system) and 0"V
accounts for the dispersion and repulsion energy between the DIM
and the QM system. The authors incorporated their method into a
commercial package, called the Amsterdam Density Functional
(ADF). Using this approach, they developed a model to simulate
the absorption of the metal NP-molecule hybrid system, taking
into account the image dipole effect, the inhomogeneous local field
effect, the molecule-metal distance effect and the size dependence
of the nanoparticle on the resulting SERS spectra.***** Further
efforts to treat the shortrange charge-transfer by considering a
molecule-metal cluster complex and by reformulating the theory to
deal with the possible charge transfer between the assembly of
polarizable metal atoms and the adsorbed molecules promise to
further advance the unified theory of SERS.

Some other methods or models to unify SERS theory have also
been reported, including, the polarizable continuum model by
Corni,**® the many-body theory of SERS by Masiello and Schatz,>*'
a newly developed molecular cavity optomechanic theory of SERS by
Kippenberg and coworkers™ and its variants by others.”>®

5. Postscript

Our current operational understanding of SERS and related
phenomena, in terms of plasmonics, is rather advanced, allow-
ing workers to predict and design SERS-active systems ration-
ally. Nevertheless, an international effort to apply plasmonic
theory systematically to develop radically more efficient systems
that are able to massively concentrate optical fields so as to
exploit the chemical and physical capabilities of such systems
has not yet been attempted. This will likely happen in the next
few years.

Of course, the theory of SERS as a holistic quantum theory
has not yet been achieved. A theory of this sort would remove
the artificial divide between the electromagnetic and the
chemical views of SERS. Such a holistic theory was the abiding
goal of some SERS pioneers.”**

The near future will certainly bring us a much better under-
standing of and greater facility in engineering nanomaterials.
Also, the advances in theory will guide us to produce high
performance SERS substrates and other plasmonic nano-
systems that are able to harvest and concentrate photons in
ever smaller volumes, leading not only to spectroscopic oppor-
tunities but also to important applications in materials science,
photochemistry and plasmonics, which ultimately owe their
currency to the great international effort that has been dedi-
cated to SERS since its discovery over four decades ago.
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