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1 | INTRODUCTION
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Abstract

The electromagnetic enhancement theory describes surface-enhanced Raman
scattering (SERS) as a Raman effect that takes place in the near-field of a
plasmonic nanostructure. The theory has been very successful in explaining
the fundamental properties of SERS, modelling the performance of different
metals as enhancing materials and optimizing SERS hotspots for strongest pos-
sible enhancement. Over the last decade, a number of carefully designed
experimental studies have examined predictions of the electromagnetic theory
like the size and shape of SERS hotspots, the absolute magnitude of the
enhancement and the width of the SERS resonance. Although the overall pic-
ture was quite satisfactory, the theory failed to predict key aspects of SERS, for
example, the absolute magnitude of the plasmonic enhancement. We scruti-
nize these experiments and review them focusing on the results that require
going beyond the electromagnetic enhancement theory. We argue that the
results of these experiments create the need to develop the theory of SERS fur-
ther, especially the exact role of plasmonic enhancement in inelastic light
scattering.
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cross section of Raman scattering, however, is on the order
of 1072? to 107** cm? under resonant excitation,'*! many

Surface-enhanced Raman scattering (SERS) overcomes
the two main limitations of Raman scattering, its low
sensitivity and limited spatial resolution.’*! Raman scat-
tering evolved into a key experimental technique in the
natural and life sciences. It allows the label-free detection
of molecular species, following chemical reactions in real
time, studying the interaction between quasi-particles in
solids and characterizing materials for crystal quality,
doping, strain and other fundamental parameters. The

orders of magnitude below other optical techniques. The
detection of single or multiple molecules is out of reach
except for especially large systems like individual carbon
nanotubes.”*® The cross section of SERS is by 107 to 10
larger than for standard Raman scattering, bringing it on
par with the cross section of luminescence.”! SERS
detects some molecular species with a sensitivity down to
a single molecule."”) Another advantage of SERS is that
its spatial resolution overcomes the diffraction limit. The
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diffraction limit restricts the resolution of far-field optical
techniques to approximately half the optical wavelength.
Because most Raman experiments are performed in the
visible and near infrared, their spatial resolution is around
some hundred nanometers to a micron. SERS proceeds via
optical near-fields bringing the resolution down to the size
of the enhancing near-field hotspot, typically tens of nano-
meters.'!! SERS resolution reaches down to the nanome-
ter level due to the very small hotspots created in the gap
between the tip of a scanning tunnelling microscope and a
metallic substrate.['>1!

To harvest the power of SERS for sensing and charac-
terization, one must first obtain an in-depth understand-
ing of its underlying physical principles. Only then, will
we be able to optimize its conditions for an envisioned
application that may require the highest SERS enhance-
ment, an enhancement that is uniform in space and inde-
pendent of excitation energy, or require the smallest
hotspots for highest spatial resolution. Plasmonic near-
fields provide the main enhancement to SERS; they
increase the Raman cross section by factors of 107 to
108 314! Chemical enhancement has its niche in particular
combinations of Raman probe and plasmonic material,
but its enhancement (up to 10%) is inferior to the plasmonic
contribution.">®! Plasmonic enhancement is commonly
described within the electromagnetic (EM) enhancement
theory. The Raman process in SERS takes place in the EM
near fields of metallic nanostructures. These structures
sustain pronounced optical resonances that arise from the
collective oscillations of their free electrons.*”! The quasi-
particle of these excitations is called a localized surface
plasmon. Excited plasmons induce strong electric fields
close to the nanoparticle, and the energy of the light field
is cycled between the oscillating electrons and the
confined optical field.*®! The near-field amplitude is by a
factor of E = 10 —100 higher than the intensity of the
incoming light that excited the plasmon.*”! This
increases the Raman intensity due to the higher incom-
ing light amplitude. In addition, the high density of EM
states close to the metal particles enhances the amplitude
of the scattered outgoing light. Overall, the EM enhance-
ment theory predicts the SERS cross section to increase
by a factor E(w;)*E*(ws) compared with the Raman cross
section of the material, where w; is the frequency of the
incoming light and w; the frequency of the scattered light
in the Raman/SERS process.

Experimental tests of SERS confirmed many predic-
tions of the EM enhancement theory; a review of these
achievements is given in other works.[*”! For example,
nanoparticle agglomerates have a much higher SERS
enhancement than individual nanoparticles because the
interaction between the near fields of the nanoparticles
produces nano-sized hotspots with strong field
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enhancement.®?!! The general scaling of the SERS
enhancement with nanoparticle size and shape was con-
firmed experimentally as well..'*! Most of these tests,
however, were limited to large molecular ensembles and
essentially unknown configurations of plasmonic hot-
spots. They provided a relative scaling of the SERS
enhancement as opposed to an absolute comparison
between theory and experiment. With increasing control
over metallic nanostructures, it became feasible to engi-
neer plasmonic hotspots and control their properties. The
plasmonic enhancement of a given hotspot can be mea-
sured with high precision. In addition to absolute
enhancement factors, elaborate predictions like the
dependence of the enhancement on excitation wave-
length, the spectral width of the enhancement window
and its scaling with the inverse plasmon lifetime, and the
dependence of the SERS intensity on polarization may be
tested experimentally.

In this paper, we discuss rigorous experimental tests
of the plasmonic contribution to SERS. The EM theory of
plasmonic enhancement explains the underlying princi-
ples of SERS. The quantitative predictions of the EM the-
ory, however, fail to describe many SERS effects and the
properties of the phenomenon, especially in regard to
the total SERS enhancement which is much stronger
than predicted. SERS enhancement is found in a narrow
wavelength range, in contrast to the broad enhancement
window expected by the EM enhancement. Because
experimental studies often avoid discussing these
shortcomings, an aim of this review is to collect the
experimental data that are distributed over many key
experimental studies.

2 | PLASMONIC ENHANCEMENT
IN SERS

In this section, we briefly introduce the EM enhancement
theory and the theory of describing the plasmonic contri-
bution to SERS as a higher order Raman effect.!!*?223]
We also define the various enhancement factors that are
used in the experimental and theoretical works. We con-
sider placing a molecule or nanomaterial inside a
plasmonic hotspot at position r,. The metal nanostruc-
ture producing the hotspot gets illuminated by far-field
radiation with an electric field E;,(r, w). This induces a
Raman dipole with wavenumber wg

PR<r0,ws) = ;R(a)ia ws) [Einc (rO,wi) + Ep1<r0’ wi)] (1)

that originates from the incident light field E;,. and the
plasmonic near field E,;.[">**?°! The plasmonic near field
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is typically calculated by numerical techniques like
finite-difference time-domain or finite-element simula-
tions that include information about the entire plasmonic
nanostructure.”® The plasmonic near field enhances
the Raman dipole by a factor f; =1+E=1+E)
(r0, i) /Einc (Yo, w;) , assuming that the plasmonic near
field and the incident field are parallel in polarization.
The field that is radiated by the Raman dipole reaches a
detector at position r,

G (X0, o) (oy 5), 2)

which is calculated with the Green's function of the over-
all system G (ry,¥p) that contains information on the
entire plasmonic nanostructure.'” The Green's function
may be split into two parts, a first part that describes the
direct radiation of Raman-scattered light into free space
Go(re,¥p) and a second part that describes the emission
of the Raman-scattered light via the plasmonic nano-
structure Gy (Yo, ¥o)~Epi (Yo, ®s)/Einc (0, ws) Go (T, To). By
combining Equations (1) and (2), the intensity of the
Raman-scattered light is'**!

0)4

Isgrs = 5
eict

Ep (1o, st <
<1+ EM) Go(Teos o) ar (@i, ®s)
1

nc(rO’ ws) 3

2
Einc(ro,a}i) <1+ Epl(r(‘y,a)i))‘ .

Einc(rO,ﬂ)i)

The amplitudes of the SERS and Raman effect differ
by the two factors f;, =1+ Epi(¥o,;)/Einc(ro,w;) and
fout =1+ Epi(¥o,ws)/Einc(ro,ws) . Taken together, they

form the EM enhancement factor of the SERS
intensity! %1920l
E l(ro’wi)> ( E 1(ro,ws)) ‘2
gr = | (14 En(o.@) Y () o En(ro.o) \ | 4
em ’( Einc(l‘o,wi) Einc(l‘o,ws) ( )

When neglecting the Raman shift by setting wi, =0
and w; =ws and discarding the direct Raman emission
(Epi/Eine>>1), the EM enhancement scales with
E*= (Epl /Einc)4, which is known as the E* enhancement
approximation.

The local field enhancement E(r,w)=E(r,®)/Einc
(r,w) can be calculated analytically or numerically for
almost any plasmonic nanostructure making the EM
enhancement theory a powerful tool for the design of
SERS substrates with large enhancement.*®! After simu-
lating the local field enhancement of a given nanostruc-
ture, the EM enhancement is found by integrating E over
the entire surface S

EFem = éj E* (i) E*(w; — oyip)dS. (5)
S

Instead or in addition to EF,,, many simulations
report the peak enhancement EF,x of a plasmonic
system

EFmaXmSax(EZ(a)i)Ez(ws)). (6)

A complementary approach to model the plasmonic
enhancement is the description of SERS as a higher order
Raman (HORa) process.!?*?3! The excitation of the local-
ized surface plasmon is considered as an explicit step in
the quantum-mechanical description of the Raman pro-
cess. The corresponding Feynman diagram includes the
interaction between incoming and outgoing photons and
plasmons, and the interaction between the plasmon and
the vibronic state of the molecules. The Feynman dia-
gram is translated into a Raman scattering amplitude
using higher order perturbation theory.**! The SERS
intensity is then obtained from!?>23!

Isgrs = EFnora(wi) - Iy, (7)

with the enhancement factor

EFnora(®;i) = MSERS - , (8)
(@i = wpl = @yiv —iyp) (05 — wp1 =iy )

and Iy the Raman intensity. oy, is the plasmon energy,
and y,, is the inverse plasmon lifetime and corresponds
to the spectral width of the plasmonic excitation. MSERS
is a coupling factor that describes the interaction of the
incoming and scattered photon, the plasmon and the
vibronic states of the molecule. EFyora can be calculated
analytically or numerically using the various interaction
Hamiltonians of the HORa process.!?%23!

The analytic expression in Equation (8) is also a pow-
erful tool to analyse the excitation-energy dependence of
the SERS signal.[?*?325261 The energy denominators
describe the plasmonic resonances of the SERS pro-
[2223] 'When the incoming light w; matches the
plasmon wy,, the real part of the denominator (w; — wp, —
iyp1) vanishes causing an incoming plasmonic Raman res-
onance. Similarly, when the scattered light w;— oy
matches the plasmon wy, the denominator (w;— wp
— wyip — iyp) vanishes causing an outgoing plasmonic
Raman resonance. Msggs , wp and y, may be used as
fitting parameters to extract the properties of the
plasmonic excitation from experimental data.*>?®! In
contrast to the EM enhancement theory, the HORa

Cess.
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analysis requires no detailed knowledge of the plasmonic
nanostructure geometry.

To compare the enhancement theories to experiment,
enhancement factors are extracted from experimental
data. To do so, the SERS intensity is compared with the
Raman intensity of a specific probe. In this paper, we use
the surface averaged enhancement, unless explicitly
stated otherwise,

1 N
EFeq = SERSTTR (9)
IrNsgrs

where Isggs is the intensity measured in the SERS experi-
ment on Nggrs molecules. Iy is the intensity measured in
a reference Raman experiment on Ny molecules. Measur-
ing SERS and Raman intensity under the same experi-
mental conditions (excitation energy, detection setup
etc.) is straightforward. Finding reasonable values for
Nggrs and Ng, however, is a major challenge in quantify-
ing SERS experiments. For the surface averaged enhance-
ment, Nggrs is taken to be the total number of molecules
on the surface of the plasmonic nanostructure. The sur-
face area is calculated from a high-resolution microscopy
image of the nanostructure and multiplied by the surface
density of the molecular film. Raman reference measure-
ments are often performed on solutions or powdered
samples. Ny is then obtained from the focal volume and
the concentration or volume density of the molecules.
The surface-averaged enhancement EF.y, is to be com-
pared with EF,,,, that is, a surface integration of the local
field enhancement. Because EF,,;, refers to all molecules
on a plasmonic nanostructure, it underestimates the
enhancement in the SERS hotspot, because the hotspot is
only a tiny fraction of the total surface. Another approach
is, therefore, to estimate the number of molecules in the
hotspot Ny and impose that Nggrs = Nys. Finding the
number of molecules in the SERS hotspot requires simu-
lations in addition to the experimental input: the exten-
sion of the hotspot is obtained from simulation of the
local field enhancement. Together with the molecular
surface density, this area is converted into Nps. We will
refer to such an experimental SERS enhancement as
EFys. In many studies, EFy is taken as equivalent to
EF .« in the simulations.

3 | PLASMONIC HOTSPOTS

The enhancement of a Raman probe in SERS depends
strongly on the exact geometry of the plasmonic hotspot,
its strength and the position and orientation of the
molecule. These three factors make it very challenging to
compare the experimentally observed enhancement in
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SERS to theoretical predictions. We discuss a number of
recent papers that overcame these challenges and pro-
vided a quantitative comparison between SERS experi-
ments and theory.

3.1 | Spatial distribution of SERS
hotspots

Mapping the spatial distribution of SERS enhancement
within a hotspot requires a Raman probe that can be con-
trollably placed at different positions within a hotspot
with nanoscale precision. Awada et al.l*”! fulfilled this
requirement by functionalizing a sharp gold tip with
Raman active molecules (4-NTP). The tip was scanned
over a semicontinuous gold film with randomly distrib-
uted hotspots while recording the molecular SERS
enhancement as a function of tip position. As expected,
strong enhancement arises from small crevices in the gold
film. A precise mapping of the enhancement distribution
at a hotspot was impossible because the gold tip acts as an
optical antenna. Its interaction with the gold surface cre-
ates a dynamic gap-type hotspot whose spatial distribu-
tion differs from the surface hotspot. Miranda et al.l?®!
systematically studied such a gap mode and demonstrated
that the gold tip leads to a nontrivial near-field distribu-
tion that affects the magnitude of the SERS enhancement
and alters the local symmetry selection rules.*!

In a seminal work, Kusch et al.''*! devised an experi-
mental setup to parallel map the SERS intensity and the
EM near field of a SERS hotspot. A grating spectrometer
was implemented into a scattering-type scanning near-
field optical microscope. An ultrasharp silicon tip
mapped the elastically scattering light and served as the
Raman probe for SERS. Elastic light scattering gives
access to the near-field distribution E(w;) in space and
allows for a direct comparison with numerical simula-
tions.["")] Raman scattering from the silicon tip (Raman
shift 520 cm™) reveals the local SERS enhancement with-
out altering the local hotspot configuration as was the
case for metallic tips.?”! Canonical SERS hotspots formed
by plasmonic gold nanodimers were probed using this
technique. The dimers consisted of two discs with a
conical shape comparable with those shown in Figure 1b
further below, which allowed for the silicon tip to
reach inside the dimer gap for accurate mapping.
Kusch et al..'*showed that the spatial distribution of the
EM field enhancement in the plasmonic hotspots predicts
the intensity of the SERS signal and follows the simula-
tions of the local fields. The nanoscale SERS and scan-
ning near-field optical microscope resolution verified that
the EM enhancement theory is an excellent tool for cal-
culating SERS hotspots. It may be used to optimize
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FIGURE 1 (a)SERS (red) and Raman (black) spectra of carbon nanotubes filled with sexithiophene molecules yielding EFey, = 8-10%.

(b) Atomic force microscopy image of the samples used in the SERS measurements. It is overlaid with the geometrical outline of the

nanostructures for the FDTD simulations of local field enhancement in panel (c). (c) Local field enhancement of the gold dimer. An

integration along the line of molecules (black line) yields EF.p, = 810. (d) Top: measured (grey) and simulated (red) peak enhancement

factors of thiophene on gold dimers (inset) as a function of dimer gap size g. The lines are linear fits. Bottom: ratio between the fits of

measured and simulated enhancement over gap size. Panels (a)-(c) are reproduced from Mueller et a

Zhu et al.[?*

nanostructures for a specific distribution, size and shape
of SERS hotspot.

3.2 | Absolute measurements of SERS
enhancement

Comparing measured enhancement factors to theoretical
predictions requires an excellent knowledge of the metal
nanostructure that produces the hotspot and the molecu-
lar placement. A number of instrumental studies com-
bined SERS and Raman scattering with microscopic
images of the plasmonic nanostructures and numerical
modelling of the EM enhancement, summarized in
Table 1.°°3°! In this table, we included all studies that
compared experimental SERS enhancement factors with
the EM enhancement theory based on microscopic
images of the plasmonic nanostructure. The exact knowl-
edge of the plasmonic system is the crucial point. All
such studies used gold nanostructures and red laser exci-
tation. The plasmonic structures were imaged by trans-
mission electron microscopy, scanning electron
microscopy or atomic force microscopy. The high-
resolution images gave the input geometry for simula-
tions of the surface-averaged EM enhancement EF,,,, see
Equation (5). Except for Mueller et al.,'**! the molecules
in these experiments formed films on the nanostructure
gold surface. The measured enhancement factors EF,
likewise refer to the entire surface, Equation (9). We note

1.* Data in panel (d) are taken from

that the enhanced vibrations fall in a narrow
wavenumber range. There are no studies of low-energy
phonons <1000 cm ™" or modes above 2000 cm ™.

The measured SERS enhancement factors range
EF.,,=10%-10% typically induced by the field in gaps
between nanostructures, Table 1. The calculated EF.,,
also span four orders of magnitude 100-10°. Remarkably,
all studies find that the experimental SERS enhancement
exceeds the predictions of the EM enhancement theory
by two to three orders of magnitude. The EM enhance-
ment theory predicts the relative performance of a
plasmonic nanostructure very well but systematically
underestimates the total enhancement. In most papers,
there is no in-depth evaluation of the discrepancy, which
gets attributed to chemical enhancement and surface
roughness.'**332¢! There are two major aspects that make
these explanations questionable: first, there is no system-
atic difference between the EF.,/EF., ratio observed on
structures that were produced by wet chemistry and
electron-beam lithography. Such a difference is expected
if surface roughness was a key parameter. Second, differ-
ent molecules result in similar ratios between experiment
and theory, although chemical enhancement is highly
specific to the molecule-surface interaction.!*®! Absorp-
tion spectra measured on dyes deposited on silver
nanoparticles appeared to suggest widespread shifts in
the optical spectra of dye molecules on metallic sur-
faces.*”! However, a follow-up study found this to be an
artefact of the halides added as surfactant agents.BS] Gold
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TABLE 1 Measured enhancement factors EF.y, compared with simulated EF,y, of the EM enhancement theory
Experimental system Wyib w; Theory Ratio Remark
(cm™) (eV) EFe,y EFem EFeyp/EFem
AuNP trimers (wet chemistry), 1582 1.96 (633nm) 2-10° 1-10° 200 Simulation for coalesced NPs
PCEPE SAM[*”!
AuNPs with interior gap (wet 1190 1.96 (633 nm) .10 1-10° 200 EF.., via E*, peak value reported
chemistry), Cy3
functionalization!)
Au nanorod dimers (e-beam), BT 1074 1.59 (780 nm) .10 4-10° 200
SAMs, 5 nm gapl*?
Au nanodisc dimers (e-beam), TP~ 1074 Max. enh. .10 1-10° 3000
SAM, 2 nm gap'**!
Same as above, 5 nm gapt>* 1074 Max. enh. .10 2-10* 4000
Same as above, 10 nm gap>>! 1074 Max. enh. -107  3-10° 10 000
Au nanodisc dimer (e-beam), 1450 1.94 (638 nm) -10*  8-10% 100
a—6T aligned in nanotubes, 20
nm gap>*!
Au NP@mirror, TPT SAM**! 1585 Not given 10°—107  ~100 Only order of magnitude given
Au ellipsoid (single, wet 1072 1.92 (647nm) 8-10° 7-10* 110

chemistry), spin-coated BT!3®!

Note: The first column sketches the experimental system. The enhancement factors EF.,, were reported for a given Raman shift w,;;, and excitation energy w;.
Zhu et al.**! measured enhancement profiles and reported the highest enhancement observed.
Abbreviations: 6T, sexithiophene; BT, benzenethiol; e-beam, electron-beam lithography; NP, nanoparticle; PCEPE, 2-(4-pyridyl)-2-cyano-1-(4-ethynylphenyl)

ethylene; SAM, self-assembled monolayer; TP, thiophenol; TPT, terphenyl-thiol.

nanoparticles induced no changes to the optical response
of the dyes (other than in intensity). If anything, resonant
molecules like Cy3 were expected to lower their Raman
cross section by chemical interaction. However, the SERS
enhancement of Cy3 is again higher than calculated,!*!
see Table 1.

Two of the experiments provide further insight into
the relation between experimental SERS enhancement
and the EM enhancement theory. Mueller et al.!**! mea-
sured SERS enhancement on a-sexithiophene (a-6T) mol-
ecules that were filled into single-walled carbon
nanotubes,[6] Figure la. This is a remarkable Raman
probe for SERS, because it allows the determination of
the exact position and orientation of the molecules in the
microscopy images via the carbon nanotube, Figure 1b.
The 20 nm gaps in the Au dimer ensured >1 nm separa-
tion between the molecules and the gold. Chemical
enhancement and surface roughness could, therefore, be
excluded as major enhancement mechanisms in the
experiments. Nevertheless, Mueller et al.l**! found the
EF., to exceed the EM predictions by a factor of 100, Fig-
ure la,c, very similar to the other studies in Table 1. Zhou
and Crozier'**! observed a dependence of EFy,/EF.y, on
dimer gap size, Figure 1d. This cannot be explained by
chemical enhancement or surface roughness: the discs
forming the dimers were identical in their roughness
regardless of the gap. Also, roughness would yield

additional SERS enhancement for very small gaps,
because surface protrusions of the two discs get close and
form mini-hotspots. Nothing like this is evident from the
experimental data.®® The thiophene molecules were
anchored to the gold surface via thiol groups; chemical
enhancement is, therefore, also independent of gap size.
We propose that the stronger experimental SERS
enhancement is a consequence of collective effects aris-
ing from the plasmonic coupling, which have not been
identified so far. Although we cannot provide a physical
explanation for the phenomenon, we noted an interesting
scaling of the experimental data with the number of mol-
ecules in the SERS hotspot. In the following, we show
how this scaling removes the quantitative discrepancies
between experimental SERS enhancement and the EM
theory for a number of studies with distinct SERS config-
urations and Raman probes.

A fundamental assumption that underlies the analysis
of the experimental SERS data is that the intensity from
the various molecules adds up incoherently, see Equa-
tion (9), that is, the intensity of N molecules equals
N times the intensity of a single molecule. The intensity
of spatially coherent scattering, in contrast, scales with
N>13%1 Plasmonic antennas indeed induced spatially
coherent scattering in two-dimensional materials.!**4]
Beams et al.[*’! showed experimentally how the approach
curves in plasmonic tip-enhanced Raman scattering
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changed due to coherent scattering. They also observed
novel selection rules in tip-enhanced Raman scattering
that were characteristic of a coherent Raman
response.?**°%! Another interesting case was that spa-
tially coherent scattering was suggested to occur in a
molecular film in an optical cavity.[*! Shalabney et al.[**!
matched the energies of a silver cavity and the vibration
of a polyvinyl acetate film. The strong light-matter cou-
pling between the infrared vibrational transitions and the
cavity modes increased the Raman intensity by several
orders of magnitude. The authors proposed spatial coher-
ence of the hybrid infrared light-matter state as a possible
origin of the enhanced Raman response,'*?! although this
explanation was challenged in theoretical studies
(no alternative explanation for the experimental results
has been put forward).**) Another effect that gives rise to
N? scaling is cooperative Raman scattering, that is, the
equivalent process to superradiance in inelastic light scat-
tering. Hu and Huang!**! found the cooperative Raman
effect to scale with the number of molecules in the
vibrationally excited state. Similar effects were recently
studied within the framework of molecular
optomechanics.[*>**! For high-wavenumber vibrations,
cooperativity needs a population of the vibrational states
that is strongly out of thermal equilibrium.!*>*”! The
plasmonic enhancement required to populate the vibra-
tional states beyond unity cannot be reached with the
EFs listed in Table 1.14547-4]

In a pragmatic approach, we now examine how N*
scaling will affect the measured EF in Table 1 and their
comparison with simulation. We describe the SERS
intensity as the sum of an enhanced intensity originating
from the plasmonic hotspot and the background Raman
intensity from the remaining metal nanostructure.
Although the Raman part scales linearly with the num-
ber of molecules Ny, the hotspot intensity scales as the
number of molecules in the hotspot squared N

Isgrs = N# Osgrs + Naor, (10)

where oy is the Raman cross section, osgrs = EFy2 - or is
the enhanced SERS cross section, and EFy: the desired
enhancement factor. Comparing Equation (10) to the
standard definition of enhancement EF.,, in Equation (9)
and assuming a negligible contribution of the Raman
scattering background, we find

Ry = — (2 2EF (11)
Nz_Nd Nis o

Equation (11) will allow converting experimental
enhancement factors into the enhancement with N?

scaling. The conversion for the simulated enhancement is
obtained by correcting the averaged simulated enhance-
ment by the ratio of the total surface area S and the area
of the hotspot Sy, that is, EFpsem = S/Shs - EFem.

Mueller et al.>¥ provided all necessary data to calcu-
late the enhancement assuming N scaling directly from
their paper (Ng = 5500, Nq/Nps =38). We find EF\. =2-
10* for the measured and EFpgem =3-10* for the simu-
lated enhancement, which is an excellent agreement
keeping in mind the uncertainties in the experimental
part. The plasmonic enhancement studied by Zhu and
Crozier,'*¥! Figure 1d, has an implicit dependence on the
size of the hotspot (and thus the number of molecules),
because the hotspot area increases with dimer gap. Based
on the experimental data provided by Zhu et al.,**! we
simulated the local field enhancement, Figure 2a, and
the hotspot area as the dimer surface fraction that
accounts for 68% of the averaged enhancement; the area
increases like g”’® with gap size g, see Figure 2b. The
total number of molecules on the dimer is approximately
1.6 - 10°, see supporting information of Zhu et al.”*! We
calculate the measured EFy2 and simulated enhancement
EFys, om from the data in Figure 1d. Evaluated in this
way, the experimental and simulated data agree very
well, Figure 2c. The small drop of the experimental data
for the smallest gap sizes comes from the onset of quan-
tum effects; for example, electrons tunnelling through
the A-sized dimer gap.**! Scaling the SERS intensity with
N?  describes the experimental enhancement
surprisingly well.

Summarizing, measured SERS enhancement factors
exceed the predictions of the EM enhancement theory by
two to three orders of magnitude, see Table 1 and
Figure 1. The common explanation of an additional con-
tribution arising from chemical enhancement and surface
roughness appears questionable in view of the consistent
discrepancy from various molecules and plasmonic
nanostructures. The experimental basis would be
strengthened by a greater variety of plasmonic materials
and by studying Raman peaks below 1000cm™'. We
examined a potential scaling of the SERS intensity with
the square of the Raman probes as is characteristic for
spatially coherent scattering. When including this addi-
tional contribution to the SERS intensity, we found excel-
lent agreement between the measured and predicted
enhancement.

4 | PLASMONIC RESONANCES
IN SERS

In this section, we collect and discuss experiments on the
excitation energy-dependence of the SERS enhancement.
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FIGURE 2 (a)Simulated local field enhancement in a dimer with 1 nm gap, see Appendix B1. We define the hotspot as the area that

accounts for 68% of the total E* enhancement. (b) Surface fraction (left) and number of molecules (right) in the hotspot as a function of gap
size g. For the number of molecules, we used a surface density p, = 6.8 - 101 cem LB (©) EFy: (grey) and EFyg em (red) as a function of gap

size, that is, assuming N scaling of the scattering intensity in the hotspot. Compare with Figure 1d where the data were evaluated for linear

scaling of the intensity in the hotspot

By how much a plasmonic nanostructure enhances the
incoming or scattered electric field depends on the energy
of the EM radiation.!'”! An enhancement occurs if the
energy matches the plasmon resonance within the
plasmonic line width.?>?*! SERS is caused by the excita-
tion of optically bright, dipole-allowed plasmons with
very strong far-field coupling. Such modes have a line
width (full width at half maximum, FWHM) of several
100 meV. The decay is typically dominated by radiative
damping. There are ways to excite dipole-inactive modes
in plasmonic structures through field retardation and tai-
lored light-fields,*>**! but here, we focus on linearly
polarized light and plasmonic structures that may be
described within the quasi-static approximation. The
plasmon resonance with a width of several 100 meV leads
to a predicted EM enhancement with a FWHM of =300
meV for many gold nanostructures, see Figure 3a. The
simulations were done for ideal structures without imper-
fections, roughness, substrates and ligands.**** These
additional features are present in real plasmonic
nanostructures and inevitably further increase the
enhancement line width. For example, we repeated the
simulations of the Au dimer with a 30 nm gap (light grey
in Figure 3a) when placing the dimer on a Cr interlayer
and a SiO,/Si substrate as is typical for plasmonic struc-
tures from electron-beam lithography. The simulated
linewidth of the EM enhancement profile increased from
300 meV for the free standing structure in Figure 3a (30
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FIGURE 3 Plasmonic resonances in (a) simulations and

(b) experiment. (a) Simulated EM enhancement as a function of
excitation energy for various nanostructures: L, L-shaped trimer; 1
nm, dimer with 1 nm gap size; 2 nm, dimer with 2 nm gap size (all
from Wustholz et al.**); 30 nm, dimer with 30 nm gap (see
Appendix B1). The numbers indicate the FWHM for a fit by a
single Lorentzian. (b) Measured SERS enhancement as a function
of excitation energy for BT on Au nanodimers™*! (open and closed
symbols refer to Dimer IT and Dimer III of the reference), TPT in a
nanoparticle on a mirror configuration®! (open and closed
symbols refer to the mode at 1080 and 1585 cm™), 6T encapsulated
in a nanotube and placed in a Au nanodimer,?* and R6G on a
colloidal Ag surface.[[*!!] The numbers indicate the FWHM if the
data is fit by a single Lorentzian
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nm, light grey) to 500 meV on top of the adhesion layer
and the substrate (not shown). Due to the large plasmon
line width, SERS was predicted to enhance light scatter-
ing in a broad range of excitation energies.

We now compare the simulations with experiments
where the SERS intensity from an individual hotspot was
recorded as a function of laser excitation
energy.!?1:2526:3335] The measured SERS enhancement
profiles are much narrower, Figure 3b, than expected from
the EM enhancement theory, Figure 3a. The FWHM of
the resonance profiles was always well below 200 meV
and as small as 70 meV.[?1-2526:3335] The surprisingly nar-
row linewidth of the SERS enhancement is a second
remarkable discrepancy between the predictions of the
EM enhancement theory and the experimental findings.
The quality factor Q= wp /FWHM of the resonances in
Figure 3b is close to 20, exceeding the theoretical maxi-
mum allowed for gold within the quasi-static
approximation.**!Although this upper limit is no longer
strictly valid if field retardation is considered, retardation
leads to radiation as an additional damping mechanism
further increasing the FWHM.!*!! Most studies of SERS
enhancement profiles did not comment on the narrow
resonances. Dieringer et al.[2!! argued that the small
width of the R6G resonance on a colloidal silver surface
(black dots in Figure 3b was due to a molecular reso-
nance. Zhu and Crozier'>*! (red) and Wasserroth et al.12¢l
(green), however, ruled out molecular resonances at the
energy of the SERS resonance through reference mea-
surements without plasmonic enhancement. Lombardi
et al.l®! (blue) showed that their resonance is plasmonic
and not molecular: changing the plasmonic nanostruc-
ture shifted the SERS maximum up by 150 meV following
the plasmon energy.
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An interesting study examined how the molecular
resonance interplays with the plasmon resonance in a
SERS enhancement profile, Figure 4. SERS was mea-
sured on a carbon nanotube that lay in the nanocavity
of a plasmonic gold dimer, see Appendix B1.I°?' The
experiment controlled the polarization of the incoming
and scattered light. When the polarization was along
the nanotube axis, there was no plasmonic enhance-
ment. The corresponding Raman spectrum (black) is
shown in Figure 4. The radial breathing mode (RBM)
had a strong Raman intensity around ~1.93 eV, because
of the intrinsic excitonic resonance of the (7,5) nano-
tube.[>>*%5 A fit of the Raman resonance profile yields
an exciton resonance at 1.92 eV with a FWHM yp,,. =80
meV in excellent agreement with earlier measure-
ments.!®*%5 The resonance profile in Figure 4b appears
broader than 100 meV, because the incoming and outgo-
ing Raman resonances overlap. Now the polarization was
turned to be along the axis of the nanodimer. The incom-
ing and scattered light couple to the superradiant bright
plasmon of the dimer. The corresponding SERS spectrum
(red) in Figure 4a shows the same peaks as the spectrum
in the absence of plasmonic enhancement (black) but
with different intensities. This is the typical behaviour of
one-dimensional systems like carbon nanotubes where
only fully symmetric phonons are Raman active,[3*¢-5!
The SERS profile, Figure 4c, is a superposition of the
intrinsic nanotube resonance plus the plasmonic SERS
resonance. A fit of the SERS profile with Equation (7)
yields a plasmon resonance at 1.91 eV with y;, =80 meV.
Interestingly, the SERS profile in Figure 4c appears
narrower than the intrinsic Raman resonance in panel
(b), because the intrinsic and plasmonic resonance act
simultaneously. This was confirmed in a study of SERS
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FIGURE 4 Resonances in SERS and Raman scattering on a carbon nanotube. (a) Raman (black) and SERS spectrum (red) of a carbon
nanotube placed in a plasmonic gold dimer for A =638 nm. The Raman or SERS character of light scattering is selected by turning the

polarization direction of the exciting laser. (b) Raman and (c) SERS intensity of the radial breathing mode (RBM) in a carbon nanotube as a

function of excitation energy. From Ref.’*?
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and Raman resonances in 6T molecules: The molecular
resonance had a FWHM (130 meV) that exceeded the
width of the plasmonic resonance (70 meV) by almost a
factor of two.?®) The narrow resonance width is an
intrinsic property of the SERS effect.

SERS enhancement profiles have a narrow line width
of typically 100 meV and less, Figures 3b and 4c, which
contradicts the broad plasmonic resonances measured in
dark-field spectroscopy and extracted from simulations,
Figure 3a. The narrow resonances are not caused by
intrinsic molecular resonances, because they appear
irrespective of the molecular properties. A nonthermal
vibrational population through extremely strong SERS
enhancement was suggested to narrow the enhancement
profiles.[*>**! However, reaching this regime requires tiny
mode volumes or very strong light-matter coupling,*7#5!
which was not realized in the studies underlying Figures 3
and 4. Another idea to explain narrow SERS resonances
is the contribution of dark modes in the scattering pro-
Dark modes are plasmonic excitations with
vanishing dipole moment.!*¢ They are optically inac-
tive within the quasi-static approximation but can be
excited due to field retardation, by misalignment of
Gaussian beams and by structured light.!5*5:6%1 park
modes have smaller line width by approximately a factor
of two,®!] which would bring the expected width of the
SERS resonances much closer to the experimental values,
Figure 3. This suggestion, however, has to explain why
the SERS process is dominated by dark modes at the
expense of the bright plasmons.

CeSS.

5 | CONCLUSION

Surface-enhanced Raman scattering is an intriguing ana-
lytic technique with many applications in the life and
physical sciences and, potentially, industrial settings. It is
clear that the largest contribution to the SERS enhance-
ment is from localized surface plasmons and their EM
near fields. The so-called EM enhancement theory
describes SERS as a Raman effect that gets enhanced by
the increase in the local electric field and the change in
the density of EM states. The theory of EM enhancement
explains why metallic nanostructures strongly increase
the cross section for inelastic light scattering. In this
paper, we reviewed a set of experiments that test
advanced predictions of the EM enhancement theory. We
find that it correctly predicts the shape and size of SERS
hotspots. The EM enhancement theory, however, consis-
tently underestimates the magnitude of the SERS effect
by several orders of magnitude. It also predicts an energy
window for SERS enhancement that is by a factor of
three to five broader than observed experimentally. These

RAMA
SPECTROSCOPY

experimental results challenge further theoretical work.
Collective effects that arise from the plasmonic and
molecular coupling appear to be a promising route to
pursue. Recent proposals examined the regime for coop-
erative emission in SERS through a nonlinear increase in
phonon population. Although the predicted phenomena
would explain the additional enhancement found in
experiment and its narrow line width, the stringent con-
ditions for reaching the regime are beyond the standard
SERS experiments discussed here. The goal of this paper
was to scrutinize recent experiments that examined SERS
in a quantitative way under carefully controlled experi-
mental conditions. We would like to open a discussion
within the scientific community on how to further
develop the theoretical description of surface-enhanced
Raman scattering.
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APPENDIX A: DATA AND METHODS

This paper contained data that we took from previous
studies in the literature, unpublished data from our own
group and experiments that were presented as part of a
PhD thesis. In this section, we will specify the origin of
the digitized data and present the methods for the
unpublished experiments and simulations. All data can
be found in the repository REFUBIUM, under identifier
https://doi.org/10.17169/refubium-27805.

Digitized data: We digitized published data using
the software WebPlotDigitizer. Figure 1c contains data
from Zhu and Crozier.*® The grey dots are from
Figure 4a and the red dots from Figure 4b of the refer-
ence. The enhancement factors were extracted for gap
sizes 1-10 nm. The lines are fits to the digitized data.
Figure 3a contains the simulated SERS resonance curves
of an L-shaped trimer, a dimer with 1 nm and a dimer
with 2nm gap size that were taken from Wustholz
et al.l*®! The purple dots are from Figure 3b (dots, right
axis), the black dots from Figure 5d (red line) and the
dark grey dots from Figure 5d (black line) of the refer-
ence. The light grey data in Figure 3a were calculated by
us for a gold dimer with g=30 nm gap size. Details on
the simulations are given further below. All simulated
data sets were normalized to one at maximum enhance-
ment. Figure 3b contains experimental data from various
sources; the data were digitized and then normalized to
the maximum enhancement value: The closed (open) red
dots are from Figure 3b (Figure 3a) of Zhu and Cro-
zier.!**! The blue dots were taken from NP2 in Figure 3a
of Lombardi et al;'**' closed (open) dots represent the
enhancement measured for the 1585cm™ (1080 cm™)
mode. The green dots are from Figure 6b of Wasserroth
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et al.”**! The black dots were extracted from Figure 4c by
Dieringer et al.*!!

Simulations: Simulations were performed using the
commercial software package Lumerical FDTD Solu-
tions. The field amplitude enhancement in Figure 2a was
simulated by reconstructing the geometry of the gold
nanodisc dimer in Zhu et al.®®! Two Au discs of 90 nm
diameter and 20 nm height were placed 1 nm apart. The
upper edge of the Au discs was rounded with a curvature
radius of 3nm. The Au discs were positioned on top of
two 1 nm thick Ti discs with 94 nm diameter. The dimer
was placed on a 30 nm thick layer with refractive index
n=2 to mimick the SiN substrate in the experiments. A
0.25nm mesh was used to discretize space close to the
dimer. The materials were modelled by fitting the dielec-
tric functions of Au and Ti from Palik.[®? The dimer was
illuminated with linearly polarized light from the top and
polarization along the dimer axis using a total-field
scattered-field source. The electric field enhancement
was evaluated at a distance of 0.5 nm to the gold surface
with a curved point-monitor analysis group at the wave-
length 1=867 nm of maximum field enhancement. The
total SERS enhancement was calculated as the surface
average of the E* enhancement based on the data shown
in Figure 2a. The fractional surface area of the plasmonic
hotspot, see Figure 2b, was then calculated as the area
that accounts for 68% of the total SERS enhancement.
The data points for dimers with 2, 5, and 10 nm gaps
were obtained in a similar way.

The wavelength-dependent field enhancement of an
Au nanodimer with 30 nm gap in Figure 3a was simu-
lated as follows. The Au discs had a diameter of 100 nm
and a height of 40nm. A 0.5nm mesh was used to dis-
cretize space close to the dimer. The dielectric function of
Au was modelled by a fit of experimental data from John-
son and Christy.[®* The refractive index of the medium
surrounding the dimer was set to n=1. The dimer was
illuminated with linearly polarized light from the top and
polarization along the dimer axis using a total-field
scattered-field source. The field enhancement was
recorded by a point monitor positioned in the hotspot of
the dimer. The SERS enhancement in Figure 3a was cal-
culated with Equation (4) assuming a Raman shift of
wvip = 0.2 eV. We also simulated the SERS enhancement
for a dimer with realistic substrate, that is, 4 nm thick Cr
discs below the gold and a substrate that consisted of 300
nm SiO, and Si below. We extracted a spectral width of
480 meV from a fit of the simulated enhancement profile.

Experiment: The experimental data on the polariza-
tion dependence of the SERS and Raman resonance in
carbon nanotubes were taken from the PhD Thesis of
S. Wasserroth.[?! Briefly, the nanotubes of (7,5) chirality
were deposited in a gold nanodisc dimer using
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dielectrophoresis.!®?****] SERS and Raman scattering
were excited with fully tunable dye lasers that were
focused on the nanodimer by a 100x objective (NA 0.9).
We carefully centred the laser focus on the nanodimer
and optimized for maximum Raman/SERS sig-
nal.[2>26:56:54] The polarization of the incoming light was
controlled by a Fresnel rhomb. The polarization of the
scattered light was chosen by combining a 1/2 wave plate
to rotate the polarization with an analyser in front of the
spectrometer. The elastically scattered laser light was
supressed by a notch filter. The inelastically scattered
light was analysed with a single stage of a T64,000 spec-
trometer equipped with a CCD. The laser was tuned in
the energy region of the plasmonic and nanotube reso-
nance. To account for the varying sensitivity of the exper-
imental setup, we normalized the Raman spectra to the

intensity of CaF,, which is a standard reference material
in Raman spectroscopy. The resonance tuning was per-
formed for the incoming and scattered light polarized
along the nanotube axis and the dimer axis. The Raman
resonance curve was fit by the expression!%%%!

Mcnt

(wi — Went — Wyib — i}’cnt) (wi — Wcnt — i?’cnt)

IR = > (Al)

where My is the Raman matrix element, @q, the reso-
nance energy of the nanotube and y.,; its width. They
were used as fitting parameters. The SERS resonance was
fit by Equation (7) using Equation (A1) for the Raman
intensity. More details on the experimental conditions
and the analysis of the data are given in Wasserroth. 12!
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