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ABSTRACT: Infrared spectroscopy is a powerful tool widely used in research and
industry for a label-free and unambiguous identification of molecular species.
Inconveniently, its application to spectroscopic analysis of minute amounts of materials,
for example, in sensing applications, is hampered by the low infrared absorption cross-
sections. Surface-enhanced infrared spectroscopy using resonant metal nanoantennas, or
short “resonant SEIRA”, overcomes this limitation. Resonantly excited, such metal
nanostructures feature collective oscillations of electrons (plasmons), providing huge
electromagnetic fields on the nanometer scale. Infrared vibrations of molecules located in
these fields are enhanced by orders of magnitude enabling a spectroscopic
characterization with unprecedented sensitivity. In this Review, we introduce the
concept of resonant SEIRA and discuss the underlying physics, particularly, the resonant
coupling between molecular and antenna excitations as well as the spatial extent of the
enhancement and its scaling with frequency. On the basis of these fundamentals,
different routes to maximize the SEIRA enhancement are reviewed including the choice of nanostructures geometries,
arrangements, and materials. Furthermore, first applications such as the detection of proteins, the monitoring of dynamic
processes, and hyperspectral infrared chemical imaging are discussed, demonstrating the sensitivity and broad applicability of
resonant SEIRA.
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1. INTRODUCTION
Infrared (IR) fingerprint vibrations contain valuable molecular
information because the vibrational properties are directly
linked to the molecular constituents, their chemical bonds, as
well as their configuration.1 Consequently, an unambiguous,
nondestructive, and label-free detection of substances is
possible (see Figure 1a), making infrared spectroscopy a

powerful and indispensable tool. Particularly, Fourier transform
infrared (FTIR) spectroscopy is widely used in various fields of
research, in industry, and in other applications for fast and
routine structural investigations of chemical compounds,
monitoring of processes, and identification of substances.1,2

In basic research, for instance, transport properties in organic
electronic devices are characterized,3 or small dust particles and
samples from meteorites are identified.4 Applied to process
monitoring, pollutants are detected, or components in
industrial production processes are inspected for defects.2

Moreover, infrared spectroscopy is routinely applied in health,
pharmacy, safety, food, and forensic sciences to identify
substances.1 It is possible to identify counterfeit paintings5 or
to discriminate between healthy tissue sections and tumors,

employing infrared chemical imaging.6 Additionally, structural
information can be obtained, for example, on conformational
states of proteins, which is of paramount importance for
biological and medical applications.7

However, due to the low molecular absorption cross-sections
of mid-infrared vibrations (σabs ≈ 10−20 cm2), a considerably
large amount of material is needed. Consequently, a
spectroscopic characterization of minute amounts of analytes,
as required for sensing applications, is hampered. One
possibility to overcome this limitation is the use of collective
electronic oscillations at surfaces of metal nanostructures
(nanoantennas). Such localized surface plasmon polariton
resonances (LSPRs), often called particle plasmon resonances,
strongly depend on the nanostructures’ geometry and material
but can also be understood as propagating surface plasmon
polaritons (SPPs).8,9 On the nanometer scale, the resonant
excitation is accompanied by highly confined and enhanced
electromagnetic near-fields, which nowadays are commonly
used to enhance light−matter interaction, for example, in
surface-enhanced Raman scattering (SERS),10 enhanced
fluorescence,11 or surface-enhanced infrared absorption
(SEIRA).
Already in 1980, Hartstein et al. applied this concept to

infrared spectroscopy, which was later named surface-enhanced
infrared absorption.12−14 Employing a thin film of randomly
arranged Ag nanoparticles with plasmonic resonances located in
the visible spectral range (not resonantly tuned to the infrared
vibrations), he found that the infrared vibrations of a molecular
film beneath the nanoparticles were enhanced by a factor of 20.
A significantly stronger enhancement by approximately 5 orders
of magnitude is obtained if especially sharp LSPRs or particle
plasmons (sometimes termed antenna resonances in the IR and
THz region) are resonantly tuned to the respective infrared
vibration (see Figure 1b). In contrast to the very broad
excitation spectra of random metallic nanostructure ensembles
as, for example, metal-island layers, sharp plasmonic resonances
need certain prerequisites that we will explain later. This
approach of SEIRA based on sharp plasmonic resonances for
which we introduce the term “resonant” SEIRA was first
demonstrated by Neubrech et al. in 2008 and enabled the
detection of approximately 50 attograms of analytes located in
the plasmonic hot-spots of a single nanoantenna (see Figure
1c).15 In the following years, numerous studies were dedicated
to the fundamental processes underlying resonant SEIRA as
well as the optimization of the signal enhancement.
Furthermore, advanced preparation techniques of metal
nanostructures, enabling the fabrication of homogeneous
SEIRA substrates on large areas at low costs for routine
applications, were developed. Beyond the detection and
characterization of molecular substances with unprecedented
sensitivity, numerous applications of resonant SEIRA were
demonstrated, for example, hyperspectral infrared chemical
imaging16,17 probing plasmonic near-fields,18−20 or monitoring
of dynamical processes.21,22 Whereas this Review mainly
focuses on the mid-IR spectral range, the presented concept
is also applicable to other wavelength ranges, for example, the
THz spectral range.23−25

The main objective of this Review is to provide a profound
understanding of the physics underlying resonant SEIRA and to
discuss early applications. First, a short historical perspective of
SEIRA with large areas of more or less random arrangements of
metallic particles is given. Because of the very broad plasmonic
absorption, the importance of resonance tuning for SEIRA

Figure 1. (a) Characteristic infrared vibrations of selected molecular
species. The fingerprint region containing skeletal vibrations is
hatched. (b,c) Principle of resonant surface-enhanced infrared
spectroscopy (SEIRA): Infrared vibrations of molecules located in
the enhanced electromagnetic near-field of a plasmonic nanostructure
(nanoantenna) are enhanced if the plasmon (red) is resonantly
matched to the molecular vibration (blue).
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enhancement is low, and so we will use the term “nonresonant”
SEIRA also in relation to earlier work that was intended to
exploit plasmonic resonances but could not clarify a
benefit.26−31 Further information about this topic, including
biological applications, can be found, for example, in ref 32. In
the following section, the prerequisites for resonant SEIRA as
well as its fundamental properties of this approach including
details on the resonant coupling mechanism and the signal
enhancement are discussed. With this background, different
ways to optimize the signal enhancement are presented ranging
from the design of nanostructures to postfabricational tuning.
As discussed in the subsequent section, also strong coupling of
molecular and plasmonic excitations may occur if phononic
excitations are enhanced. The potential of resonant SEIRA for
applications is discussed in the last section of this Review.

2. NONRESONANT SURFACE-ENHANCED INFRARED
ABSORPTION

Only three years after the discovery of surface-enhanced Raman
scattering,33,34 SEIRA with rough metal island films was
identified.12 Interestingly, a kind of SEIRA of gas molecules
on small metal particles was already measured as the so-called
anomalous transmittance in experiments much earlier, but had
not been put into context with the plasmonic behavior of metal
films originating from their granular morphology.35 In fact, the
optical properties of molecules adsorbed on metal island films,
but also on continuous metal films with various degrees of
roughness, are dramatically changed, leading to effects such as
SEIRA. SEIRA was found to be strongly dependent on the
metal surface morphology that is the result of specific
preparation conditions, such as substrate temperature, deposi-
tion rate, substrate material, and surface morphology.36−42

Enhancement factors, defined as the ratio of enhanced
vibrational signal and an unenhanced reference measurement
(see section 3.4), of 1−3 orders of magnitude have been
reported often in the literature.12,37,38,41,43 Furthermore, the
SEIRA effect has been observed on island films of the noble
metals but also on other metals, such as Pt,44 Sn,32 Ru,45,46

Pd,38 and Fe.47,48 Similar to surface-enhanced Raman
scattering, at least two different mechanisms are supposed to
contribute to the total SEIRA enhancement,14,49 that is, an
electromagnetic effect (plasmonic effect, related to the free-
electron optical response and its near-field) and a chemical
effect (related to charge transfer upon adsorption, which has
consequences for the frequencies and infrared activity of
molecular vibrations).

2.1. Electromagnetic Effect

In the infrared, below the onset of interband transitions, the
optical properties of metals are determined by collective
oscillations of free charge carriers. These plasmonic oscillations
give rise to the high metallic reflection up to the plasma edge,50

because electromagnetic waves with frequencies below the
plasma edge are attenuated inside the metal. However, surface-
plasmon polaritons as mixed excitations of plasmonic and
photonic nature can also exist in the IR range.51,52 The SPPs
consist of a plasmonic excitation within the penetration depth
of a few tens of nanometers in the metal and of an
electromagnetic near-field that exponentially decays with the
distance from the metal surface.8 Vibrational dipoles of
molecules located inside the near-field might show enhanced
vibrational signals because plasmonic excitations are accom-
panied by enhanced near-fields. This near-field enhancement is

larger the closer the frequency is to the resonance and can be
further increased by a kind of lightning rod effect that occurs at
sharp apexes.31 Thinking in terms of IR absorption, SEIRA
enhancement is proportional to the ratio of the near-field
intensity to the intensity of the external (or average) field.53

Usually, the plasmonic response of a material with free
charge carriers can be reasonably described by the Drude
dielectric function with only two parameters (plasma frequency
and relaxation rate of free charge carriers).54,55 For almost all
metals, the dielectric function has a very strong negative real
part in the IR. Especially in the mid-IR, for most metals the
absolute value of the real part is larger than that of the
imaginary part, which describes electronic damping of
plasmonic excitations. For such low electronic damping, it
seems to be surprising that metal films consisting of small
particles interact with IR light, because small metal particles are
known to have resonances in the visible range. Indeed,
individual particles with a geometrical aspect ratio of the
order of one have their plasmonic resonances in the visible
range.8 The resonance position shifts to lower frequencies if the
particles have other aspect ratios, for example, are very flat or
are very elongated, respectively (see section 3.1). Yet also
almost spherical particles can have resonances in the infrared
due to the interaction with other particles in a layer.
For randomly grown island films, the distribution of particle

size and distance broadens the infrared spectrum significantly;
thus it looks like a smooth background in infrared trans-
mittance.56−59 The slope of that background is determined by
the density of the particles and changes its sign at the
percolation threshold; see Figure 2.
This optical behavior can be exploited for contact-free

measurement of electrical percolation, for example. However,
very close to the percolation threshold, distances between metal
islands are extremely small,56,60 which is beneficial for near-field
enhancement and consequently for the enhancement of the

Figure 2. IR transmittance at normal incidence of light for copper
films grown on MgO(111) at 300 K under ultrahigh vacuum
conditions. The spectra are shown for various average thicknesses as
indicated for steps of about 0.5 nm (open symbols). The model
spectra (solid lines) were obtained with the two-dimensional
Bruggeman model for a mixture of vacuum and copper for which
the electron scattering was adjusted for surface scattering. The free
parameter for the spectral fits was the filling factor. The transmittance
is normalized to that of the bare substrate before deposition.
Percolation is observed at about 5 nm where the filling factor of the
fit is 50%.
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molecular vibrations. The normal-incidence IR transmittance at
percolation is nearly frequency independent, which can be
attributed to a balancing overlap of two contributions, one from
separate islands and the second one from the fully coalesced
area.61 Because of the random nature of the metal island film,
the local field enhancement spatially varies on the layer in
relation to morphology.62 Interestingly, the signal enhancement
appears already for metal island layers that have only absorption
tails in the infrared and the main absorption in the near-
infrared.53 Figure 3 shows such a case for carbon monoxide

(CO) adsorbed on copper islands grown on magnesium oxide
(MgO(001)). Because metal-island films can be produced
much easier and cheaper than by nanolithographic methods,
they are still interesting structures for surface-enhanced
vibrational spectroscopy even though the vibrational signal
enhancement is small as compared to resonant SEIRA.
Especially for a strong SEIRA enhancement, the vibrational

line shape looks asymmetric.44 First attempts to explain
nonresonant SEIRA spectra including the line shape and
frequency of the molecular vibration as well as the plasmonic
part with the Maxwell−Garnett effective medium approach
failed.49 Later, it turned out that the packing density of metal
islands in SEIRA-active layers is too large to be described by
this model. However, the Bergman theory (as the more
elaborated approach44) and the Bruggeman approach (as the
easiest description valid for small particles and packing densities
close to the percolation threshold) give a qualitative
explanation of the observed line shape.47 With the Bruggeman
model, it was shown that the largest SEIRA signal is obtained at
the percolation threshold and that electronic damping should

be as low as possible for high SEIRA signals.47 In this study, a
mixture of a metal dielectric function with a Lorentzian
vibrational oscillator was used to model the experimental
results. This kind of mixture corresponds to the coupling
between the vibrational and plasmonic dipoles, which can be
interpreted in analogy to Fano-type interaction (see section
3.3). So, there is not only the influence of the plasmonic
excitation on the vibrational one (i.e., the SEIRA enhancement
proportional to the near-field intensity), there is also the
feedback of the vibrational excitation on the plasmonic one,
which becomes important for plasmonically resonant objects
that not only absorb radiation but also scatter it in a similar
amount63 (see section 3.3.4). In all kinds of SEIRA, the
coupling is mediated by the plasmonic near-field and increases
with the near-field strength. This is corroborated also by
experiments with dense packing of particles.64 The dense
packing also means small gaps in which the near-field is
especially enhanced.53

A very interesting controlled approach to SEIRA-active
substrates is the application of dense two-dimensional
hexagonal arrays of identical particles, for example, core−shell
spheres, whose resonance is governed by the shell thickness and
particle diameter.65,66 As the next more sophisticated structure,
nanoparticles, with metal shells and a nonmetal core, with a
nonlinear optical material coating have been introduced
recently. With such engineered nanoparticles, nonlinear process
can be selectively supported, for example, the generation of the
difference-frequency in the infrared, as shown in ref 67. Further
developments based on artificial hybrid nanostructures with
metallic components have been suggested as tunable infrared
absorbers.68

Nonresonant SEIRA spectra usually are measured in
transmittance geometry on a transparent substrate or as
attenuated total reflectance (ATR) with the metal particles
on the ATR prism. The ATR geometry is beneficial for sensing,
especially if multiple reflections are realized.69,70 This method
has been successfully applied to biomolecular sensing and
monitoring molecular reactions on a microsecond time scale.71

Using a tailored functionalization, sensing via SEIRA of the
vibrations of a certain atomic group in a catcher molecule
becomes even more specific so that molecular changes due to
pollution can be detected.72

For certain applications, for instance, in bioscience, a well-
defined and perfect functionalization of the metal surface is
desired. Unfortunately, metal roughness hampers the formation
of such ordered layers of functional molecules, potentially
leading to a loss of their functional properties. A small
roughness may be beneficial even though the SEIRA enhance-
ment is low as compared to rougher surfaces and an especially
high photometric accuracy is needed. The success of this
approach utilizing high-quality and smooth gold surfaces has
been demonstrated in various studies, for example, in studies of
interactions of membrane proteins that have been immobilized
on a strongly reflecting gold surface via self-assembled
monolayers.70

2.2. Chemical Effect

On smooth metal surfaces, the chemical effect might enhance
infrared vibrational signals. For example, it is known that
molecules adsorbed on an electrode surface change their
infrared response with the applied voltage, which allows for
monitoring chemical reactions in relation to the applied
potential.13,73,74 Furthermore, a chemical effect is also observed

Figure 3. IR transmittance at normal incidence of light for carbon
monoxide (CO) adsorbed on a copper island film with an average
thickness of only 0.2 nm. The transmittance is normalized to that of
the bare copper film before deposition. The copper film has been
grown at 300 K (see Figure 2), but the CO exposure (at 2 × 10−8

mbar and given in Langmuir L = 1 Torr μm) is done at 100 K. At 100
K, CO adsorbs only in the first layer on Cu and not on MgO(001).
The CO signals correspond to the C−O stretching vibration of CO on
Cu(111) facets and show a signal enhancement of about 10.
Nevertheless, the copper islands do not show infrared absorption as
can be concluded from Figure 2.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00743
Chem. Rev. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.chemrev.6b00743


on metal surfaces that are smooth on the micrometer scale, but
rough on the atomic scale. By comparing ethylene adsorbed at
low temperature on copper films with different surface
roughnesses, chemical enhancement of almost infrared inactive
modes was demonstrated.75 Also, on layers consisting of
nanoparticles with a sufficient surface roughness (meaning the
existence of atomic steps and high-index surface orientations), a
chemical enhancement of certain vibrational modes of
molecules directly adsorbed on the metal was observed
additionally to the electromagnetic enhancement.47,76−78 Both
the electromagnetic and the chemical enhancement change the
vibrational line shape, but in contrast to the electromagnetic
effect in SEIRA, the chemical enhancement concerns only
selected vibrational modes. For these modes, the coupling
between vibrational and electron−hole pair excitations is not
negligible.79−81 Because chemical effects are unwanted in
studies in which precise information on the number of
molecules is searched for, functionalized surfaces could be
beneficial to suppress coupling between electron−hole pairs
and vibrational excitations of the target molecules. In this
respect, approaches utilizing layers of metal nanoparticles that
have been produced with a functionalizing shell before
arranging them in a certain pattern are promising also for
SEIRA applications. Furthermore, such approaches provide the
additional benefit to arrange nanoparticles in an ordered
pattern in a plane or on curved surfaces of larger particles,
which allows for tuning of the plasmonic spectrum.82

3. FUNDAMENTALS OF RESONANT SEIRA

In the following section, the prerequisite for resonant SEIRA,
the underlying physics, and the key parameters for applications
will be discussed.

3.1. Resonant Infrared Nanoantennas

Resonant surface-enhanced infrared spectroscopy benefits from
confined electromagnetic near-fields of tailored nanostructures.
For the preparation of such structures, a variety of nano-
fabrication methods are available including electron beam
lithography (EBL),83 direct laser writing (DLW),84 colloidal
hole mask lithography,85 interference lithography,86 nanostencil
lithography,87,88 chemical preparation methods,89,90 nano-
sphere lithography,91−93 photolithography,94 as well as
combinations of these methods.95 In many studies, simple
linear nanorods with micrometer lengths and nanometer cross-
sectional geometries are used as model systems. Such linear
antennas feature pronounced plasmonic resonances in the
infrared spectral region caused by collective oscillations of
electrons.90,96 Please note that the terms plasmonic resonance
and antenna resonance (or combinations of it) are used
synonymously within this Review. In our opinion, it is not
necessary to distinguish between them for our nanostructures
with resonances in the infrared. Both terms describe the
identical physical phenomena, which is a mixed state of
collective electronic excitations and photons localized at a
metallic surface (localized or propagating surface plasmon
polariton). The term plasmonic emphasizes the electronic
nature, while the term antenna represents the photonic one. In
the infrared, the antenna-like resonances along the symmetry
axis with length L can be considered as a standing wave
phenomenon in analogy to radio frequency (RF) antennas.
However, the main difference is the nonzero penetration depth
of the electromagnetic radiation into the material, resulting in a
compressed effective wavelength as compared to the wave-

length of external infrared radiation as explained by Novotny.97

For a half-wave dipole antenna, the resonance frequency is then
given by

λ = +L
m

na a
2

1 2 (1)

where m is the mode number and n is the refractive index of the
surrounding medium. The constant a2 accounts for the phase
associated with the reflection at the antenna end, and the
parameter a1 depends on the antennas geometry and its
material. Both parameters become more important for smaller
nanoparticles with resonances in the near-infrared and visible
spectral region.97,98 In these spectral regions, electronic
damping within the metal caused by optical absorption in the
metal dominates over radiation damping, and retardation
becomes less important. In the mid-IR, however, both damping
mechanisms significantly influence the antenna resonances and
require a careful design to achieve an optimum SEIRA
enhancement.63 Considering eq 1 again, the resonance
wavelength scales linearly with antenna length L (see also
Figure 4a) and the refractive index of the surrounding medium.

Both effects need to be taken into account for an optimized
design of tailored nanostructures for resonant SEIRA.
Especially the dependence on the length offers a simple access
to the nanofabrication of structures with desired resonance
frequencies. In contrast, the change of the refractive index
caused by adsorbed analyte is often difficult to predict, because
it depends on the adsorbate itself and its layer thickness.83,101

Hence, elaborated simulation approaches such as finite different

Figure 4. (a) Relative transmittance (parallel polarization) for
nanowires (w = 58 ± 10 nm, h = 60 nm as known from preparation,
and 5 μm wire−wire distance) with different L as given (±73 nm).
Because all of the IR spectra were taken with an aperture of 16.67 μm
in diameter, a different number of nanowires (an approximate value is
indicated together with the length L) contribute to the IR signal for
different L. Adapted from ref 99. Copyright 2008 AIP Publishing.
Topography (b) and experimental s-SNOM images of a single Au
nanoantenna obtained with p-polarized detection (c). Antenna length
is 3.8 μm. For details, see ref 100. Reprinted with kind permission
from ref 100. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA.
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time domain (FDTD), finite element simulations, or boundary
element methods102 are required.
From the transmittance spectra in Figure 4a, the ratio of

extinction cross-section and geometric cross-section can be
calculated. Close to the fundamental resonance, it is much
larger than 1, indicating the capability of plasmonic nano-
antenna to harvest light.96 On the nanometer scale, infrared
scattering near-field optical microscopy (s-SNOM) reveals that
the electromagnetic fields of such a resonantly excited
nanoantenna are highly confined within a few tens of
nanometers around the tip ends (Figure 4c).63,103,104

Consequently, the near-fields are strongly enhanced as
compared to the incident infrared radiation. Typical near-field
enhancements, defined as the ratio of electromagnetic field with
and without plasmonic structures, found in numerical
simulations are of the order of 10−100 depending on the
nanostructure.15,95 As demonstrated in several studies, such
enhancements significantly improve the light−matter inter-
action on the nanoscale. For example, electromagnetic near-
fields have been applied to sensing applications such as
refractive index sensing,105 enhanced fluorescence,11 SERS,10

and resonant SEIRA. To achieve the maximum enhancement in
these field-enhanced spectroscopic methods, detailed knowl-
edge of the spectral dependence of the near-field is required.
When comparing the maxima of the far-field extinction and
near-field intensity, a slight spectral red shift is found for the
near-field.104 It results from damping and can be deduced from
a driven harmonic oscillator model.106 In addition to the
fundamental resonance, higher order modes are observed in
near- and far-field studies of nanoantennas.16,107 For SEIRA
applications, they are of minor interest due to their lower dipole
moment and consequently lower field enhancement. A further
increase of the field enhancement is obtained if interacting
nanoparticles are used instead of single or noninteracting
nanoantennas.100,103 The impact of the interaction between
nanoantennas on the SEIRA enhancement will be discussed in
section 4.4.

3.2. Experimental Observation

In 2008, Neubrech et al. demonstrated the benefit of resonant
nanostructures for surface-enhanced infrared absorption.15 In
their experiments, single gold nanostructures with different
lengths were prepared by electrochemical deposition in etched
ion-track membranes, transferred to an infrared transparent
substrate, and covered with a 2.8 nm thick self-assembled
monolayer of octadecanethiol (ODT) acting as a model analyte
(see Figure 5a). ODT is an alkanethiol, which selectively
chemisorbs on gold surfaces via a sulfur−gold binding and thus
ensures a localization of the molecules in the confined and
strongly enhanced electromagnetic near-fields of the nano-
structures (see Figure 5b).
Relative transmittance spectra (transmittance measured at

the position of the nanoantenna divided by the transmission of
the bare substrate) were recorded with a diffraction-limited
infrared microscope (IR microspectroscopy) connected to a
synchrotron light source enabling SEIRA studies of single
nanostructures. As seen in Figure 5c, the extinction spectra are
dominated by the fundamental plasmonic excitations of the
nanoantennas around 3000 cm−1 if light polarized parallel to
the long antenna axis is used (Epar). According to eq 1, a shift of
the plasmonic resonance is found with varying length. In
addition to the broadband antenna resonance, narrowband
spectral signatures appear at 2855 and 2927 cm−1, which are

assigned to symmetric and asymmetric CH2 vibrational modes
of ODT. If perpendicularly polarized light (Eper) is used, no
plasmon is excited in the infrared spectral range, and no
enhanced near-fields are present. Consequently, no enhanced
vibrational bands are found, which clearly prove the enhance-
ment effect by the plasmonic antennas (red line in second panel
in Figure 5c). As further proof of principle, the plasmonic
resonance frequency (defined as the frequency of maximum
extinction or minimum transmittance) is varied with respect to
the molecular vibrations. The strongest signal enhancement is
observed close to the best match of the plasmonic and
vibrational frequency. If the antenna is completely detuned
(lower panel), no vibrational signals are observed, demonstrat-
ing the resonant nature of the enhancement effect. Moreover,

Figure 5. (a) Schematic drawing of the measurement geometry. (b)
Calculation of the near-field intensity 1 nm above the surface of a gold
nanowire (in vacuum, L = 1.31 μm, diameter D = 100 nm) at the
fundamental antenna resonance (λres = 3.41 μm). The color scale
(shading) indicates the magnitude of the enhancement. (c)
Experimental extinction cross-sections σext (normalized to the
geometrical cross-section σgeo) for four octadecanethiol (ODT)-coated
wires with different L as indicated and D = 100 nm on CaF2. The
electrical field is polarized parallel (Epar, black curves) and
perpendicular (Eper, red lines) to the long antenna axis. The noise
level slightly varied depending on the incoming IR intensity. The right
panels display magnifications of the vibrational signals. Dotted lines:
ODT vibration frequencies. Figure adapted with permission from ref
15. Copyright 2008 The American Physical Society.
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the line shapes of the enhanced vibrations clearly differ from
Lorentzian absorptions bands and additionally change with
tuning as a consequence of the phase-dependent electro-
magnetic interaction between both excitations. Depending
whether the broadband plasmonic and narrowband molecular
vibrations are matching or not, dips or asymmetric profiles are
observed. This situation can be treated analogous to coupled
harmonic oscillators with strongly differing widths108 or the
quantum mechanical interaction between a continuum and a
discrete state (Fano-resonances),109,110 both producing asym-
metric line-shapes as discussed in section 3.3. The variation of
enhancement and line-shape with tuning is in good agreement
with full electromagnetic simulations (boundary element
method) and clearly demonstrates the resonant nature of the
SEIRA approach under consideration.

3.3. Theory and Modeling

The key to understanding the enhancement mechanism in
resonant SEIRA is the interaction between plasmonic and
molecular excitations, which require a model accounting for
resonant coupling. Often, modified functional forms of Fano-
resonances109−111 or coupled harmonic oscillators108 are used
to derive an intuitive understanding or to fit experimental
SEIRA spectra. From these fits, the individual properties of the
molecular and the plasmonic excitation are extracted, but a
detailed understanding of the coupling is not possible. Hence,
more elaborated ab initio models are required, for example, a
generalized Fano-formula including molecular losses.112 Never-
theless, the model of coupled harmonic oscillators,108 the
temporal coupled mode theory (TCMT),22 the analogy to
Fano-resonances,109,110 and a recently developed coupled
point-dipole model113 provide intuitive understanding of the
processes underlying resonant SEIRA.
As a typical signature of resonant coupling, resonances with

asymmetric line shapes are observed. In SEIRA studies, the
narrowband asymmetric vibration profiles appear as modu-
lations on the broadband plasmonic background as shown
exemplarily in Figure 6a. In the corresponding experiments,
nanoantenna arrays with different lengths were covered with a
5.4 nm thick layer of the organic molecule 4,4′-bis(N-
carbazolyl)-1,1′-biphenyl (CBP) featuring several IR active
vibrational bands in the fingerprint region (500−1500
cm−1).111 In contrast to the studies described in section 3.2,
the molecules were deposited from the gas phase, resulting in a
homogeneous molecular layer, which covers the antennas as
well as the bare substrate. Depending on the antenna length,
plasmonic resonances with different resonance frequencies and
enhanced molecular vibrations with different line shapes are
found in the infrared spectra (Figure 6a). To characterize the
impact of resonance position on the vibrational line shape, a
baseline-correction was performed. Here, an adapted version of
the asymmetric least-squares smoothing algorithm proposed by
Eilers was applied to remove the plasmonic background.111,114

As a result, enhanced molecular vibrations with asymmetric line
shapes varying with tuning are obtained (see Figure 6b). Their
origin will be discussed below.
3.3.1. Fano-Formalism. In another context, a quantum

mechanical study of the autoionizing states of atoms,
resonances with asymmetric line shapes were discovered by
Ugo Fano in 1961.115 In contrast to Lorentzian-type line
shapes, Fano-resonances feature an asymmetric profile (Fano-
profile) given by the following expression:

γ ω ω
ω ω γ

∝
+ −
− +

I
q( )

( )
0

2

0
2 2

(2)

where ω0 is the resonance frequency, γ is the width of the
resonance, and q is the Fano-parameter describing the
asymmetry of the vibration. In a microscopic picture, the

Figure 6. (a) Relative transmittance spectra Trel of four selected
nanoantenna arrays with different antenna length l (see legend)
resonant in the fingerprint region of CBP. All arrays (sample positions
TSM) and the background positions (TCBP) were covered with an
evaporated 5.4 nm film of CBP. Thus, only enhanced signals appear in
the relative transmission spectra Trel = TSM/TCBP. The purple curve
indicates perpendicular polarization, with respect to the long antenna
axis. To extract the enhanced CBP vibrational signals, a baseline
(dashed black curve) was determined iteratively with an adaption of an
algorithm proposed by Eilers. The plasmonic far-field resonance
frequency ωres is defined as the minimum of the baseline. (b) Baseline
corrected relative transmittance spectra of selected nanoantenna arrays
in the fingerprint spectral region of CBP. The plasmonic resonance
positions ωres of respective antenna (length is given on the left) are
marked with triangles. The signal strengths of the enhanced molecular
vibrational modes are obtained as peak-to-peak value S, shown
exemplarily in the figure. Both signal strength as well as line shape vary
with the spectral position of the plasmonic resonance. The spectra are
shifted, and the data for l = 0.79 μm are multiplied by 5 for better
visibility. Adapted from ref 111 with permission. Copyright 2015 The
PCCP Owner Societies.
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asymmetry arises from the constructive and destructive
interference of two excitation pathways. In particular, one
excitation path is a broad spectral line or continuum, and the
other one a narrow or discrete resonance. However, because
interference is a general wave phenomenon, Fano-resonances
are not only found in quantum mechanical systems, but also in
classical optics.116,117

In line with this, the concept of Fano-resonances can also be
applied to resonant SEIRA. Here, the plasmonic excitation
corresponds to the continuum or broad resonance and the
discrete excitation or narrow resonance to the molecular
vibration (see Figure 7a). Consequently, the asymmetric line
shape of the vibrational signal results from constructive and
destructive interference of the electromagnetic field from the
plasmonic resonance and the spectrally much narrower field
associated with the vibrational dipoles of the molecules.109,110

Depending on the phase of the electromagnetic interaction,
which is described by the parameter q in the Fano-model,
different kinds of line shapes are observed as shown in Figure
6b for different vibrational bands of CBP. For a perfect match
corresponding to an antiphase interaction, an antiabsorption
(induced transmission) peak appears in the spectrum. As the
antenna is detuned with respect to the vibrations, progressively
decreasing vibrational signals with clearly asymmetric profiles
are observed.
3.3.2. Coupled Harmonic Oscillators. From a classical

point of view, the resonant coupling can also be understood in
terms of two coupled harmonic oscillators (see Figure 7b),

which provide an intuitive description of the main features of
Fano-resonances. Hence, the model was applied to describe
numerous coupled systems and physical effects such as the
classical analogues of electromagnetic induced transparency
(EIT).116 With respect to SEIRA,108 the plasmonic mode is
strongly driven by incident infrared light and therefore called
“bright” mode. In contrast, the far-field radiation only weakly
interacts with the molecular vibration due to the low molecular
cross-section and is referred to as approximately “dark”.
Enabled by the coupling (parameter μ in Figure 7b) to the
bright antenna mode, the molecular vibration can also be
excited. Consequently, the vibration is not directly observed as
an absorption feature in the spectrum, but appears as a
modulation on top of the plasmonic resonance. Also, in this
model, line-shapes ranging from antiabsorption to asymmetric
Fano-profiles appear with dependence of resonance tuning.

3.3.3. Temporal Coupled Mode Theory. An important
extension to the coupled oscillator model is the temporal
coupled mode theory (TCMT).119−121 It provides further
insights into Fano-resonant systems and reveals important
parameters for an optimized design of resonant nanostructures
used for SEIRA as shown by Adato et al.108 In particular, it
illustrates how intrinsic (material absorption) and external
losses (radiation) of plasmonic antennas influence the
enhanced vibrational signals and their line-shapes in the
absorption spectra. In the coupled mode theory, the response
of a single cavity coupled to input and output traveling waves

Figure 7. (a) Schematic illustration of excitation paths in Fano-resonances. Incident IR radiation with frequency ωIR excites a quasi-continuum state
(plasmonic resonance). The discrete state (molecular vibration) is only weekly excited via IR light (dotted arrow) and driven by the coupling with
the plasmonic state. (b) Traditional, damped harmonic oscillator conception of a coupled bright (A) and dark (P) mode. Mode A is driven by
external radiation, via g·Einc, and experiences damping at a rate γA. Mode P is dark, and hence does not interact directly with external radiation or the
driving field. Its damping rate, γP, is typically much smaller than γA. The two modes are coupled by some rate, μ. (c) Schematic of generalized cavity
model used in temporal coupling mode theory (without the absorber present). (d) Peak absorption for the generalized cavity shown in (c), as
calculated from eq 3 evaluated at ω = ωA, as a function of external to intrinsic damping rate. The colored arrows indicate the relevant movements
along the curve for the three different ellipsoids in (e). (e) Critical coupling effects in scattering by an absorber-coated nanoparticle. Absorption
cross-sections (Cabs, normalized to particle volume) for three different length (semiaxis a) Ag prolate spheroidal particles (dashed curves). The solid
curves show the same, but where the Ag particles are coated with a 5 nm thick shell of a model material exhibiting an absorption band aligned with
the particle resonance (colored regions at the bottom of the panel). (f,g) Absorption (blue), scattering (red), and extinction cross-section (black)
spectra of a dominantly absorbing antenna (g) and an antenna that dominantly scatters (f). The resonance frequency of the hosting antennas is kept
at approximately 1250 cm−1. (a) The sample is a dielectric layer homogeneously covering the antenna surface (thickness t = 10 nm). For more
details, see ref 63. Adapted with permission from refs 118 and 63. Copyright 2013 American Chemical Society and 2015 American Chemical Society.
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(s+ and s−) through one port is described by the coupled mode
equations (see also Figure 7c):

ω γ γ κ= − + + +
A
t

j A A s
d
d

( )A A A0 e (3)

and

κ= − +− +s s A (4)

Equation 3 describes the dynamic evolution of the amplitude A
of the resonance (|A|2 is the energy stored in the system) and
eq 4 the propagation of the traveling waves. In this expression,
the driving term is given as Aκ depending on the amplitude of
the traveling wave A and the fraction κ, which is coupled into
the resonant mode. The mode frequency is denoted as ωA, and
the net sum of losses is given as γ. It consists of a nonradiative
part γA0 accounting for the intrinsic material losses and γAe
describing the external losses due to radiation into the far-field.
In contrast to a driven harmonic oscillator, the driving term
described by the rate κ is constrained and related to the
damping rate. This is a consequence of the time reversal
symmetry and energy conservation and one of the key features
of TCMT.120−122

Using scattering theory, the absorption Cabs of the cavity can
be calculated from the coupled mode equations:
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On resonance (ω = ωA), the absorption depends on the ratio of
external to internal damping rates. It is maximum for γA0 = γAe,
which is known as critical coupling, and smaller than 1 for the
undercoupled (γA0 > γAe) and overcoupled (γA0 < γAe) regimes
(see Figure 7d).
This behavior has an important impact if a second oscillator

(e.g., a molecule) is added to the system (plasmonic resonance)
as discussed by Adato et al.108 The molecular vibration is not
directly driven by the incident wave but coupled to the bright
cavity mode. In the TCMT, the coupling of a weak infrared
vibration can be thought of as adding an additional amount of
damping to the internal plasmonic losses, which changes the
ratio of external to internal damping rate. Applied to SEIRA,
this coupling leads to different kinds of lineshapes, even though
the tuning between the plasmonic and molecular resonance
remains unchanged. Figure 7e illustrates this situation. Here,
absorption spectra for coated and uncoated silver prolate
spheroidal particles with different lengths are depicted. The
plasmonic resonances are perfectly matched to the respective
molecular vibrational bands, but show significantly different line
shapes ranging from dips (EIT-like) to peaks (analogue of
electromagnetic induced absorption, EIA)123 depending on the
ratio of external to internal losses. Also, intermediate line
shapes with nearly vanishing signal enhancements are observed.
Consequently, a careful nanostructure design for an optimum

SEIRA enhancement is required. In addition to the plasmonic
near-field enhancement and spectral tuning, the ratio of
external and internal losses needs to be considered. In the
nanofabrication process, the radiative losses can be engineered
via the particle geometries and the internal losses via the choice
of different materials or material of different crystalline quality.
Additionally, the optical properties of the adsorbed molecular
species itself influence the ratio of damping rates, which is a
minor effect for low loss molecular vibrations, but impacts the

design if spectrally broader vibrations, such as phonons, are
enhanced.63

3.3.4. Numerical Calculations. Even though the above-
mentioned results enable intuitive understanding and provide
helpful design rules for loss engineering, the picture is still
incomplete. So far, only absorption properties of the coupled
system are discussed. In the infrared, however, also scattering
significantly contributes to the plasmonic extinction, partic-
ularly for thicker antennas. Hence, to gain a full understanding,
the scattering cross-section of the coupled molecular plasmonic
system needs to be included. This has been done exemplarily
for linear antennas in a numerical study by Neuman et al.100

Utilizing the total field scattered field approach in FDTD
simulations, the scattering, extinction, and absorption cross-
sections of gold nanoantennas coated with an artificial molecule
are numerically calculated. By changing the diameter of the
nanoantenna, the radiative losses are changed, and con-
sequently the ratio to the internal ones as well. This results
in increased or decreased absorption cross-sections (see Figure
7f and g) at the molecular vibration in accordance with the
TCMT. However, the molecular feature still appears as a dip in
the scattering cross-section independent of the external loss
(which is related to the nanoantenna diameter). For a certain
diameter, this behavior may result in decreased vibrational
signal strength in the extinction cross-section, which is the
experimentally accessible quantity in SEIRA studies. As shown
by more detailed simulations,63 the best SEIRA performance is
found for a ratio of scattering to absorption cross-section of
approximately 1. Hence, the results again emphasize the need
for a detailed engineering of external and internal losses of
nanostructures for resonant SEIRA.

3.4. Vibrational Signal Enhancement

With respect to applications of resonant SEIRA, the enhance-
ment of the molecular vibration is the key parameter because it
defines the sensitivity. Following its definition, its spatial extent
and its dependence on the spectral tuning with respect to the
plasmonic resonance will be discussed. Furthermore, its scaling
with wavelength and plasmonic near-field enhancement will be
considered.

3.4.1. Spectral Tuning. Because of the resonant nature of
the molecule−plasmon coupling, the enhanced vibrational
signal strengths strongly depend on the plasmonic resonance
frequency with respect to the vibrational one. This fact requires
a tailored design of antenna resonances for an optimized SEIRA
performance. To detail this behavior, an enhancement factor for
each vibration shown in Figure 6 is estimated and plotted
versus the tuning ratio ωvib/ωres in Figure 8.
The enhancement factor is calculated by normalizing the

enhanced vibrational signal strength S to the respective
nonenhanced vibration signal strength and the number of
molecules actively contributing to the signal. The latter is
discussed in detail in section 3.4.3. The tuning ratio ωvib/ωres,
however, relates the plasmonic resonance frequency ωres
(indicated by triangles in Figure 6b) to the respective
vibrational frequency ωvib. A tuning ratio of 1 describes a
perfect match of the far-field extinction maximum to the
vibrational resonance; any other value smaller or larger than 1
indicates detuning. Interestingly, the highest enhancement is
found at a ratio slightly smaller than 1 and not at exactly 1. This
fact is in agreement with experimental and theoretical
investigations where a spectral shift between near- and far-
field response was observed and discussed in terms of a driven
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damped harmonic oscillator.104,106 Because the probed
molecules are located in the antennas near-fields and the
vibrational signal enhancement scales with the near-field
intensity,18 a red shift of the enhancement with respect to
the plasmonic far-field extinction is found. For the investigated
configuration, a shift of 50 cm−1 is extracted, which increases if
highly damped systems are used.104,106 However, for SEIRA
applications, the shift is of minor importance, particularly if
broad vibrational absorptions are investigated, for example,
amide vibrations of proteins with line widths of about 50 cm−1.
Hence, a good rule of thumb for most SEIRA applications is
that the antenna resonance frequency should be matched to the
molecular vibration of interest.
3.4.2. Spatial Extent and Scaling with Plasmonic Near-

Field Enhancement. As a matter of fact, the molecular
infrared absorption is proportional to the change of the dipole
moment, the orientation of the molecule with respect to the
incident radiation, and the square of the applied electric field E
at the side of the molecule.1 This dependency was also proven
to be correct for nonresonant SEIRA.14 For resonant surface-
enhanced light−matter interaction, also including resonant
SEIRA, the relation requires a more detailed consideration. In a
s-SNOM measurement, the recorded light intensity elastically
scattered from an individual object located in the hot-spots of a
resonantly excited plasmonic nanoantenna scales with the
fourth power of the local near-field.104 Furthermore, the
electromagnetic enhancement in SERS also scales with the
fourth power of the local plasmonic fields.124,125

For resonant SEIRA, Dregely et al. investigated the relation
between enhanced vibrational signal and plasmonic near-field
intensity by evaluating the SEIRA enhancement of selectively
positioned nanometer-sized molecular probes.18 First, employ-
ing EBL, arrays of gold nanoantennas with lengths matching a
vibrational band of the molecular probe hydrogen silsesquiox-
ane (HSQ) at 2252 cm−1 were fabricated. In a second electron
beam step, patches of HSQ were placed at different distinct
positions with respect to the antennas; see Figure 9a.
Subsequent SEIRA spectroscopy of the respective samples
reveals the strongest vibrational signals for molecular patches

located at the antenna tips. Shifting the molecular patch toward
the center of the antenna or to the bare substrate yields reduced
signal strengths (see Figure 9b). Such behavior is quantitatively
expected from simulated near-field distributions of resonantly
excited nanoantennas, where the electric fields are also confined
around the tips (see Figure 9d). For a quantitative analysis, the
enhanced vibrational signal strengths are extracted and plotted
versus lateral patch positions in Figure 9c. Additionally, the
integrated near-field intensity (E/E0)

2 in the patch volume as a
function of patch position is shown. A very good agreement
between the integrated near-field intensity and the enhanced
vibrations probed in the far-field is observed. On one hand, this
result proves that the enhanced vibrational signal scales with
the electrical field squared. Additionally, local fields may slightly
alter the enhancement as derived from a coupled dipole−dipole
model introduced by Rezus et al.113 On the other hand, this
demonstrates that the enhanced vibrational signal is highly
confined around the tip ends.
In fact, the field and signal localization depend on the

antenna geometry and arrangement. Nanoantennas arranged in
a cross geometry provide higher near-fields in the junction than
at the outer ends of the rods due to near-field interaction
between different arms as demonstrated by Brown et al. (see
Figure 9e and f).126 Consequently, the enhanced vibrational
signals are strongest for molecules located in the gap as was
experimentally demonstrated for 50 nm thick SiO2 patches
deposited in the respective areas. In agreement with FDTD
simulations, a significantly stronger SiO2 vibration is found for
material placed in the junction even though 4 times less
material is used (see Figure 9e and f).
While in the above-mentioned studies, arrays of plasmonic

nanostructures were employed to study the localized SEIRA
enhancement, single nanoobjects were used in a recent work by
Vogt et al.19 Utilizing advanced nanomanipulation techniques,
single SiO2 spheres (diameter approximately 200 nm) were
placed on distinct positions in resonantly tuned single nanoslits
prepared in a continuous gold film. The plasmonic resonance
was tuned to the SiO2 vibration, which is in fact a localized
surface phonon polariton. In analogy to the work by Dregely et
al., the enhanced vibrational strength is extracted from relative
reflectance measurements and plotted versus the lateral SiO2
sphere position in the slit. As expected from near-field
simulations, the highest signal enhancement is observed if the
nanoparticles are localized in the slits center.19 It decreases if
the particle is moved toward the slit ends, demonstrating once
more the localization of field and signal enhancement (see
Figure 9 g and h).
From a different point of view, the molecules act as a probe

for the near-field and thus provide an elegant way to obtain
information on the near-field distributions of plasmonic
particles as will be detailed in section 6.1.

3.4.3. Sensitivity. To quantify the sensitivity of SEIRA, a
common benchmark parameter is needed. In some studies, it is
the number of molecules from which the enhanced vibrational
signal arises.15,127 Commonly, this value is given per nano-
antenna even though arrays of nanoantennas are measured. The
definition is exact for single particle measurements but may be
misleading for arrays. In array measurements, a much larger
number of molecules contribute to the measured vibrational
signal, and single particle studies would result in a drastically
reduced signal-to-noise ratio, hampering the detection of the
enhanced signal. Furthermore, the use of the number of
molecules as a figure of merit also has its limitations. It is more

Figure 8. Normalized enhancement factor of the seven strongest
modes of CBP in the considered spectral fingerprint range versus the
ratio of molecular and plasmonic resonance frequencies ωvib/ωres. As a
guide to the eye, a Lorentzian was fitted to the measured data (red
curve). The vibrational signal enhancement peaks at ωvib/ωres = 0.95
revealing a red shift of the maximum plasmonic near-field intensity
with respect to the far-field antenna resonance (ωvib/ωres = 1, black
line). Adapted from ref 111 with permission. Copyright 2015 The
PCCP Owner Societies.
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demanding to detect a single diatomic species as compared to a
single protein. Hence, the molecular weight or, more precisely,
the number of bonds contributing to the enhanced signal
should be a more suitable quantity, even though the oscillator
strength varies also from bond to bond.
Sometimes, the sensitivity is characterized in terms of

concentration (molar) calculated from the number of detected
molecules adsorbed in the hotspots multiplied by their
weight.126,128 This definition comes along with its own
limitations, because it may suggest that the quantity can be

detected outside of a solution. This, however, requires a
targeted delivery of the solute to the nanometer-scale near-
fields, which is a challenging task in microfluidics and
nanofluidics. Nevertheless, a first approach utilizing super-
hydrophobic surfaces was already applied to resonant
SEIRA.129

A further commonly used definition of SEIRA sensitivity is
the enhancement factor (EF), which relates the enhanced signal
strengths to standard IR techniques (transmission, reflec-
tion).15,83,130,131 It is defined as

Figure 9. (a) The scanning electron micrographs show nine samples with different HSQ patch positions and a fixed antenna length (scale bar 500
nm). (b) Measured vibrational signals for the nine samples (spectra shifted vertically) with the black dashed line indicating the vibrational band of
HSQ at 2252 cm−1. The scanning electron micrographs with colored labels and the colored spectra correspond to the patch positions of Figure 3. (c)
The red circles are the strength of the measured vibrational signal in (b) as a function of the patch position. The blue curve is the simulated
vibrational strength for 19 different patch positions normalized to the experiment (multiplied by a factor 0.85). The green curve is the simulated
near-field intensity enhancement I/I0 summed in the volume of the HSQ patch shifted in 10 nm steps along the x axis. I and I0 are the near-field
intensities with and without antenna, respectively (I = |Ex|

2 + |Ey|
2 + |Ez|

2). (d) The numerical calculated top view of I/I0 in the plane 10 nm above
the antenna is shown for the dipole antenna. (e,f) SEM images at a 75° tilt showing silica patches deposited in the junction (f) and on the ends of the
rods (e) for gold antennas with L = 1800 nm. Corresponding FTIR absorbance spectra for 3 × 3 arrays of antennas with silica patches (red) and
without silica patches (blue) for the spatial arrangements shown in (e) and (f). (g) Simulated electric near-field intensity of a nanoslit at resonance
when excited with light polarized with the magnetic field component parallel and electric one perpendicular to the slit. Fields recorded in a plane
parallel to the substrate at half height of the slit. The positions where the silica spheres have been placed are indicated. (h) Measured (black, mirrored
copies in gray) and simulated (blue) enhanced phononic signal of single silica spheres (nominal diameter 237 nm) positioned at various sites of
plasmonic nanoslits, and simulated average near-field intensity (red) at the sites, where the silica spheres are located. (a−d) Adapted with permission
from ref 18. Copyright 2013 Macmillan Publishers Ltd.: Nature Communications. (e and f) Reprinted with permission from ref 126. Copyright 2013
American Chemical Society. (g and h) Adapted with permission from ref 19. Copyright 2017 American Chemical Society.
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where ISEIRA is the enhanced and I0 the unenhanced signal
strength. Furthermore, ASEIRA and A0 denote the areas
(volumes) covered (filled) with molecules in SEIRA or
reference measurements, respectively.130,131 Particularly, the
active area (volume) ASEIRA in SEIRA spectroscopy is not well-
defined and requires a detailed consideration. As seen in Figure
9c, the enhanced SEIRA signal mainly originates from the
molecules located in the antenna hot-spots, for example, the tip
ends for a linear antenna. On the basis of this finding, a
commonly used approximation for the active area is the surface
of the tip ends.130 This is an admittedly rough approximation,
in particular if the entire sample including nanoantennas and
underlying wafer is covered with a homogeneous thin film of
analytes and not exclusively the surface of the nanostructure.
However, following this definition, an enhancement factor of

500 000 as compared to standard IR transmittance spectrosco-
py is found for the ODT covered cylindrical nanoantenna with
hemispherical tips as discussed in section 3.2. This corresponds
to the detection of about 100 000 ODT molecules adsorbed on
this single antenna, or approximately 50 attograms of ODT.
Typical enhancement factors found in other studies range from
1000 to 100 000 depending on the antenna shape, material, and
arrangement as discussed in section 4.
3.4.4. Wavelength Scaling. From both experiments and

numerical calculations, it is known that the plasmonic near-field
intensity of a resonantly excited nanostructure tends to increase
with its size.132,133 As was discussed in section 3.4, the
sensitivity of SEIRA is directly linked to the near-field intensity
of the plasmonic structure. Consequently, by increasing the
antenna length and hence decreasing its resonance frequency, a
higher SEIRA enhancement is expected. In a recent study by
Weber et al., this dependence was detailed for linear
nanorods.134 The authors performed resonant SEIRA studies
with fullerenes C60 and C70 as probe molecules, which exhibit
characteristic absorption bands over a broad spectral region
from 500 to 1500 cm−1. Antennas of varying lengths were used
to match the plasmonic resonances to the vibrational bands of
interest, and the enhanced vibrational signal was determined.
With respect to signal enhancement, an increase of 1 order of
magnitude was found going from mid-infrared frequencies
(1500 cm−1) to the far-infrared (500 cm−1). This result is in
good agreement with numerical FDTD simulations of the
integrated near-field intensity, as illustrated in Figure 10.
Additionally, antenna theory135,136 was used to obtain an

analytical expression for the scaling of the SEIRA enhancement
with wavelength. A proportionality to λ3 of the SEIRA
enhancement is found, which is in good agreement with
numerical simulations as well as experimental data (see Figure
10). This behavior is expected to remain valid down to single-
digit THz frequencies but will break down eventually due to the
influence of the material dispersion.
This result also suggests a large potential for the use of

plasmonic enhancement in THz spectroscopy as demonstrated
in several studies.23−25

4. OPTIMIZATION OF VIBRATIONAL SIGNAL
ENHANCEMENT

The enhancement of IR vibrational signals is highly dependent
on geometrical and spectral properties of the near-fields of the
nanostructures. Therefore, over the last 10 years, researchers

strived to optimize geometries and materials of nanostructures,
their arrangements, the underlying substrates, and experimental
measurement configurations as reviewed in the following.
4.1. Geometrical Properties

Enabled by the rapidly growing progress in micro- and
nanostructure fabrication, a variety of differently shaped
nanostructures arranged in various geometries have been
explored to optimize the SEIRA enhancement or a certain
antenna functionality as discussed in the following.

4.1.1. Nanoantenna Shape. The first experiments using
resonantly excited nanostructures for SEIRA were carried out
using linear rod shaped nanoantennas (see section 3.2).15

Although the linear antenna represents one of the simplest
nanostructures, it is still commonly used, due to its high
performance and its simplicity. Besides the well-known half-
wave dipole antenna, several other concepts have been
transferred from radio frequency antenna design. One example,
extensively used in the RF frequency range, is the quarter-wave
monopole antenna. Typically, the antenna element is arranged
perpendicular to a semi-infinite ground plate, which requires
advanced nanofabrication methods for three-dimensional
structures. However, Adato et al. have shown that the semi-
infinite ground plate can be replaced by using a small nanorod
as a wire reflector.137 The proposed structure is shown in
Figure 11a together with the current density illustrating the
operation principle. Additional advantages are the compact
geometry and the possibility to combine two monopole
antennas within a single nanoparticle. In such a configuration,
the wire reflector isolates the two monopoles, enabling an
independent tuning of each element, which can be exploited for
dual-band resonant SEIRA also (see section 4.5). The inset of
Figure 11a shows the near-field excitation at the resonance
frequency of such a monopole antenna, where a single hot-spot
is observed. Moreover, resonant SEIRA was also reported for
nanocross geometries.138

Another geometry established for resonant SEIRA is
represented by split-ring resonators (SRRs); see Figure 11b.
Essentially, an SRR is an optical antenna, which is excited
resonantly if the perimeter of the SRR is equal to a half integer
multiple of the wavelength.127 Consequently, the SRR
resonance can be tuned from the terahertz to the visible
spectral range by varying the radius of the SRR. As compared to
linear nanorods, SRRs are compact nanostructures with a
nanometer-sized gap, offering potentially larger near-field
enhancement inside the gap region, which will in turn lead to

Figure 10. Experimentally determined normalized signal enhancement
in SEIRA (●) and normalized integrated near-field intensities of
nanoantennas obtained from numerical FDTD simulations (red ■)
and classical antenna theory (red line) as a function of the vibrational
frequency f vib. More details are found in ref 134. Adapted with
permission from ref 134. Copyright 2016 American Chemical Society.
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higher signal enhancements. In 2009, such structures have been
used by Cubukcu et al. to detect minute amounts of ODT with
zeptomolar sensitivity.127 Moreover, asymmetric SRRs140 were
employed as SEIRA substrates to sense a monolayer of bovine
serum albumin (BSA) proteins.141 Asymmetric SRRs are
plasmonic structures consisting of two arcs with the same
center of curvature but different arm lengths. This asymmetric
configuration results in a symmetric (bright) and an
antisymmetric (dark) mode, whose interference leads to the
formation of Fano-shaped peaks, with a high Q-factor and,
consequently, a higher local optical field intensity.142 As shown
recently, the enhancement of such structures is further
increased if metal−dielectric−metal stacked structures are
used, where a thin dielectric layer is sandwiched between two
metals. Chae et al. have shown that such asymmetric SRRs
composed of two silver layers separated by a silver oxide layer
provide 44% larger enhancement as compared to the same
structure made from pure silver.127 In the experiments, both
kinds of structures were covered with a PMMA layer and

characterized using a photothermally induced resonance
technique. The authors claim that the additional enhancement
is caused by the dielectric layer, which provides an extreme field
confinement and enables the synergistic excitation of the
plasmonic modes of the two metal layers. Besides their
capability for resonant SEIRA, SRRs offer the additional
advantage of a low-cost and large-area nanofabrication as shown
by Cataldo et al. employing hole-mask colloidal nano-
lithography.85

Another low-cost lithography technique, employed for the
fabrication of SEIRA substrates, is nanosphere lithography. The
technique relies on the use of self-assembled spherical particles
as a shadow mask for subsequent metal evaporation and can be
used to fabricate hexagonally arranged triangular nanoparticles
on a large scale (see Figure 11c).143,144 Hoffmann et al.
demonstrated that the plasmonic resonance of such triangular
shaped particles is tunable from 3 to 13 μm by varying the
diameter of the spheres and the refractive index of the
underlying substrate. Furthermore, they sensed enhanced
absorption bands of a PMMA layer spin coated on top of the
nanostructures. The highest enhancement of the vibrational
bands was found for low refractive index substrates as a result of
the reduced image charges induced inside the substrate.92

A further development of nanosphere lithography is the
nanosphere template lithography. This technique uses an
oblique deposition angle and an additional argon ion milling
step to fabricate nanocrescents (Figure 11d).145 The structures
benefit from the lightning rod effect originating from the
tapered ends of the crescents, and therefore show SEIRA
enhancements factors of up to 50 000.139

4.1.2. Antennas Supported by Metal Films. Nanostruc-
tures supported by a metallic layer, also known as perfect
absorbers, are another kind of nanostructure for resonant
SEIRA. In general, perfect absorbers can be understood as
layers that have zero-transmission and reflection coefficients: R
= T = 0.146 Typical designs of perfect absorbers in the infrared
spectral range consist of nanostructures on top of a metallic
sheet, separated by an isolating spacer layer. The metallic sheet
guarantees the zero-transmission, whereas the layer thickness of
the spacer layer is used to tailor the reflectance of the system.
To ensure zero reflection, the thickness of the layer is adjusted
to create a reflected plane wave that interferes destructively
with the wave radiated by the nanostructures itself. This
concept has been applied to resonant SEIRA, for example, by
Chen et al.,147 by placing a monopole antenna on top of a gold
sheet separated by a magnesium fluoride (MgF2) spacer layer.
By varying the layer thickness of the MgF2 spacer layer, the
authors optimized the optical path difference to reach
destructive interference and therefore minimum reflectance.
With this configuration, more than 90% peak plasmonic
absorption combined with very narrow resonances are
achievable. Similar systems employing nanocrosses148 or
nanodiscs149 have been used for resonant SEIRA. Depending
on the kind of nanoantenna and adsorbed molecule, enhance-
ment factors of up to 2.2 × 106 are observed.149

To detail the benefit of antennas supported by metal films for
SEIRA, systematic numerical and experimental studies have
been carried out by Brown et al. using fan-shaped antennas on
top of a reflective gold layer separated by a silicon dioxide
spacer.150 The fan-shaped antennas consist of two rods with
semicircular ends (see Figure 12a) separated by a nanometer-
sized gap. As compared to linear antennas, the fan-shaped
geometry offers two additional advantages, high spatial near-

Figure 11. Selected nanoparticle geometries used for resonant SEIRA.
(a) Simulated current density of a monopole antenna (lower panel) as
compared to a dipolar antenna (upper panel). One-half of the
monopole antenna is formed by an image, rather than a physical
structure. The near-field enhancement normalized to the incident
electromagnetic field (insets) of the monopole antenna shows a single
hot-spot in contrast to the dipolar antenna providing two hot-spots.
(b) SEM and simulated electromagnetic near-field distribution
(normalized to incident field) of a split-ring resonator. Scale bar is 1
μm. (c) Triangular shaped nanostructures and (d) nanocrescents, both
fabricated by nanosphere template lithography allowing for large-area
and low-cost nanostructure fabrication. (a, c, and d) Adapted with
permission from refs 137, 92, and 139. Copyright 2011 American
Chemical Society, 2011 American Chemical Society, and 2009
American Chemical Society. (b) Adapted with permission from ref
127. Copyright 2009 AIP Publishing.
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field confinement within the nanogap and an expansive electron
reservoir in the semicircular ends. To optimize the structure
with respect to the vibrational enhancement, the spacer layer
was varied, and the influence on the electromagnetic near-field
was evaluated. Supported by numerical calculations, the authors
found that the thickness of the spacer layer has to be adjusted
carefully to the incident wavelength. The optimum enhance-
ment was achieved for a layer thickness slightly smaller than a
quarter of the wavelength. Following this approach, the near-
field intensity can be increased by nearly an order of magnitude
(see Figure 12a).150 The additional enhancement above the
reflective plane is provided through constructive interference of
scattered electromagnetic waves and therefore is strongly
dependent on the scattering cross-section of the nanostructure
in use. Consequently, large nanostructures with high volumes
and hence large scattering cross-sections, such as fan-shaped or
bowtie antennas, benefit more from this effect than low-volume
structures such as thin rods.150

4.1.3. Antennas on Pedestals. A further step toward
maximum SEIRA sensitivity can be achieved by elevating
nanostructures from the substrate, for example, by placing them
on pedestals. As compared to nanostructures located directly
on the substrate, this geometry features two main advantages.
First, the overlap between plasmonic near-field and molecular
layer and therefore the sensing area is increased if the cross-
section of the pedestal beneath the nanostructure is slightly
smaller than that of the nanostructure itself (see Figure 12b).
Second, the effective refractive index of the advanced substrate
is further diminished, leading to a blue shift of the resonant
wavelength.151 Consequently, for a desired resonance fre-
quency, the length of the nanostructures can be increased as
compared to nanostructures directly located on top of the
substrate. Hence, more electrons contribute to the plasmon
oscillation, and therefore an increased near-field intensity is
generated (see also section 3.4). Following this approach, Cetin

et al. demonstrated that the sensing area of nanorings placed on
pedestals is nearly doubled and that the SEIRA signal is nearly
tripled as compared to nanoantennas directly placed on the
substrate (see Figure 12b).152 In a more detailed study, Huck et
al. revealed that the height of the pedestal also plays a crucial
role and can be used to maximize the near-field intensity by
exploiting interference effects as discussed previously.151

Improvements of the SEIRA enhancement of 1 order of
magnitude and more are feasible following this approach.

4.1.4. Babinet’s Principle: Nanoslits. So far, only SEIRA
sensing platforms based on solid metal nanoparticles are
discussed. However, according to Babinet’s principle, so-called
inverse nanostructures, consisting of nanoapertures in a
continuous metallic film, also feature plasmonic resonan-
ces.153−156 Recently, the use of these structures for resonant
SEIRA has been studied by comparing their optical properties
with those of their particle counterparts. As a direct
consequence of Babinet’s principle, only minor differences in
the far-field responses of a nanoantenna and the corresponding
counterpart, a nanoslit, are visible (see Figure 12c).
Importantly, several quantities exchange their respective roles
in the inverse nanoslit system, for example, reflectance and
transmittance or perpendicular and parallel polarization of the
incident light.151 In contrast to the similar far-field response, the
comparison of the near-field of a nanoantenna and a nanoslit
brings forward major differences, as depicted in Figure 12c.
Following Babinet’s principle, these differences can be
understood as a consequence of the commutation of electric
and magnetic field components. The well-known dipolar
pattern of the electric hot-spot of a nanoantenna transforms
into a single hot-spot in the center of a nanoslit, reminiscent of
the magnetic field component. Huck et al. demonstrated that
this single, extended hot-spot is beneficial for resonant SEIRA
as it produces a signal of molecules adsorbed on the sidewalls of
the slit, which is approximately 3 times higher as compared to

Figure 12. (a) Fan-shaped nanostructure on top of a reflective substrate. The upper panel shows a schematic illustration as well as a SEM image, and
the lower panel shows the near-field enhancement of a fan-shaped antenna directly placed on the substrate (black curve) as compared to a structure
placed on top of a gold mirror, separated by a spacer layer (red curve). Reprinted with permission from ref 150. Copyright 2015 American Chemical
Society. (b) Nanoantennas on pedestals: The upper panel shows the near-field distribution of planar nanostructures and nanostructures placed on a
pedestal. The benefits for resonant SEIRA are seen in the lower panel, which shows the SEIRA signal of protein layers adsorbed on both geometries.
Reprinted with kind permission from ref 152. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA. (c) Nanoslit geometry: Near-field amplitude
(normalized to incident IR radiation) of a nanoantenna and a nanoslit. Whereas the nanoantenna features two hot-spots, a nanoslit features only one
extended hot-spot at the center of the slit. The lower panel shows the SEIRA signal of a monolayer ODT adsorbed on a nanoantenna/nanoslit array
with the very same geometry. Much bigger SEIRA signals are obtained for the slit geometry. Reprinted with permission from ref 151. Copyright 2015
American Chemical Society.
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the SEIRA signal generated by the corresponding particle
structure (linear nanoantenna; see Figure 12c).151 Interestingly,
the increase in SEIRA signal strength is a consequence of the
larger hot-spot volume (more molecules) and of the higher
near-field intensity. However, the SEIRA enhancement also
crucially depends on the slit width. For small widths, an
increased SEIRA signal was observed.151 An additional gain of
the near-field intensity is obtained by squeezing the light in a
point-like hot-spot,157 for example, by using inverse bowtie
antennas as shown by Cetin et al.158 In this study, the
fabrication of bowtie shaped apertures with gap-sizes in the sub-
10 nm regime was demonstrated, and a corresponding near-
field intensity of |E|2 > 65 000 was calculated. This extremely
high near-field intensity is promising for resonant SEIRA, but
has not been demonstrated yet.
In other studies, more complex geometries of inverse

nanostructures, for example, nanocrosses,110 H-shaped nano-
apertures,152 and Jerusalem cross-shaped nanoapertures,159

have been utilized for SEIRA. Furthermore, inverse nanostruc-
tures have also been combined with reflective metallic layers to
exploit interference effects,160 as discussed in section 4.1.2.

4.2. Material Properties

The choice of the plasmonic material strongly influences the
absorption cross-section of nanoparticles and hence the SEIRA
enhancement (see section 3.3). As shown by Neuman et al. for
a linear gold antenna, the ratio of absorption (mainly
determined by the plasmonic material) and scattering (mainly
given by the antenna geometry) cross-sections crucially impacts
the SEIRA enhancement.63 Consequently, an optimized SEIRA
structure requires a tailored adjustment of material and
geometry. Typical materials used for resonant SEIRA include
“classical” metals (e.g., Au, Al, or Ag), highly doped
semiconductors, and graphene as reviewed in the following.
So far, the majority of resonant SEIRA studies are carried out

using gold nanostructures, as gold combines several advan-
tages.15,161 First, the dielectric function of gold follows a nearly
perfect Drude-type behavior in the infrared spectral range with
a low damping rate,162 leading to sharp plasmonic resonances.
Second, gold is stable under ambient conditions and
biocompatible and therefore promising for SEIRA applications
in biology and medicine.
Another metal suited for SEIRA is aluminum as was recently

demonstrated by Cerjan et al. In contrast to gold, aluminum

Figure 13. Different materials employed for resonant SEIRA: (a) Aluminum cross-antennas for self-calibrating SEIRA. SEM image recorded under
an angle of 75° (left panel), spectra before and after functionalization with stearic acid (middle panel), and Fano peak ratio between the enhanced
signal of the C−H peak (marked in green in the middle panel) normalized to the Fano peak intensity of the Al2O3 resonance at 900 cm−1 for
different stearic acid concentrations (right panel). (b) Left panel shows an SEM image of ITO antennas; the middle and right panels show IR spectra
of Au and ITO antennas with very high antenna densities for different antenna lengths. (c) SEIRA utilizing graphene nanoribbons. SEM image (left
panel), SEIRA spectra for different PMMA layers covering the graphene nanoribbons (middle panel), and resonance position in dependence of the
layer thickness (right panel). Reprinted with permission from refs 163−165. Copyright 2016 American Chemical Society, 2013 American Chemical
Society, and 2014 American Chemical Society.
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forms a thin self-passivating oxide layer of about 2−4 nm
thickness, which is ideally suited for a variety of attachment
chemistries with numerous functional groups,163 enabling the
localization of molecules in the plasmonic hot-spots. In the
above-mentioned studies, aluminum cross-antennas (see Figure
13a, left panel) providing two polarization-dependent plas-
monic resonances are investigated with respect to SEIRA.
One plasmonic resonance is tuned to the phononic excitation

of an Al2O3 layer (see also section 5), whereas the other one is
tuned to the vibrational band of molecules adsorbed on the
antennas (see Figure 13a, middle panel). By calculating the
ratio between the enhanced signal strength of the molecular
and phononic vibrations, the authors introduce a measure for
the molecular coverage. This concept was demonstrated by
immersing aluminum nanoantennas in different concentrations
of steric acid. As the concentration is increased, the coverage of
molecules attached to the aluminum also increases. Con-
sequently, the enhanced molecular signal strength increases,
whereas the phononic remains almost constant (see Figure 13a,
right panel). This approach utilizing oxide layers of plasmonic
materials as a reference offers an elegant way to determine the
number of molecules present on the nanoantennas and is
therefore called self-calibrating SEIRA.
A further interesting type of material for SEIRA is doped

semiconductors, which feature several interesting advantages.
First, access to a wide range of semiconductor fabrication
techniques is available, enabling high material quality. Second,
doped semiconductors promise on-chip integration of
plasmonic antennas, detector, and read-out electronics. Third,
the plasmonic resonance is tunable via the doping level.
However, to obtain plasmonic resonance in the infrared
spectral region, very high doping concentrations are needed.
So far, the use of this material type has only been demonstrated
for a restricted spectral region below 1500 cm−1 using heavily
doped indium arsenide, indium antimonide, zinc oxide, or
germanium nanostructures.166−169 Furthermore, the enhance-
ment is much lower as compared to gold nanostructures for
two reasons: First, the relatively low bulk plasma frequency of
the material (typically located in the IR) leads to a high
penetration depth (in the order of the geometrical dimensions,
or even higher), causing high electromagnetic fields inside the
material, which are therefore not available for sensing. Second,
due to the operation at frequencies close to the plasma
frequency, the optical properties of the nanoparticles are
dominated by internal damping (electronic losses), whereas
external losses (radiation damping) are comparably small.
However, as discussed in section 3.3.4, the highest enhance-
ment is expected if both damping mechanisms contribute
equally.
SEIRA experiments employing indium tin oxide (ITO)

nanostructures have been reported by Abb et al.164 ITO is a
transparent (in the visible) conducting oxide with a large
bandgap and a free charge carrier density between those of
doped semiconductors and noble metals. In contrast to metal
nanostructures, ITO structures are dominated by plasmonic
absorption, whereas plasmonic scattering can be completely
neglected. This fact was exploited to create high density ITO
arrays shown in Figure 13b. In contrast to gold nanostructure
arrays, the ITO antennas do not couple to neighboring
antennas due to the negligible light scattering, which is a
consequence of the lower electron density and the smaller
volume of ITO nanostructures. Whereas a shift of the
resonance frequency and a broadening of the resonance are

observed for high density metal nanostructure arrays, the
response of ITO nanoantennas is nearly unaffected even for
very high densities (see Figure 13b middle and right panels for
a comparison of Au and ITO antennas). Therefore, the lower
enhancement provided by a single ITO antenna is counter-
balanced by the density of ITO nanoantenna arrays.
Graphene is also considered as a promising candidate for

resonant SEIRA.148,170−172 First experiments were carried out
with graphene nanoribbons as depicted in the left panel of
Figure 13c. Outstanding properties of graphene are very strong
light confinement and the possibility of postfabrication tuning
by electrostatic gating. The latter is discussed in more detail in
section 4.5. The strong light confinement has been investigated
by Li et al.,165 whose results are shown in the middle and right
panels of Figure 13c. By investigating graphene nanoribbons
coated with PMMA layers of different thicknesses, the authors
found a plasmonic red-shift and a saturation of the SEIRA
signal for very thin PMMA layers of approximately 20 nm
thickness. In contrast, the confinement for Au antennas is much
lower, as, for example, shown by Neubrech et al. (see also
section 3.4 and section 6.1).101 Furthermore, Rodrigo et al.
have shown that SEIRA signals of graphene nanoribbons can
outperform that of gold nanoantennas by a factor of 3.171

Additionally, the resonances of graphene nanoribbons can be
tuned electrically,171 allowing for shifting of the resonance over
several vibrational bands.

4.3. Nanoscopic Properties

An aspect of resonant SEIRA that is only rarely considered up
to now is the impact of nanoscopic properties, such as antenna
morphology or analyte adsorption, on the signal enhancement.
As known from surface science, the infrared absorption
(vibrational frequency, line width, and strength) of molecules
adsorbed on metal surfaces crucially depends on the orientation
of the molecular dipole moment with respect to the surface
normal and incident radiation, the type of adsorption
(chemisorption or physisorption), the adsorption sites, and
the crystalline orientation of the surface itself.173 Even though
the effects are of fundamental nature, they have a tremendous
impact in applications, for example, when molecular vibrations
of proteins in the presence of gold surfaces are investigated.174

For SEIRA spectroscopy using resonantly excited nano-
antennas, the situation is even more complex due to the
resonant and highly nonuniform nature of the confined near-
fields. Recently, Iwasa et al. developed a model for molecules
interacting with such arbitrary nonuniform electric fields as
present in SEIRA.175 Utilizing a multipolar Hamiltonian, the
light−matter interaction is treated by a spatial integral of the
inner product of molecular polarization and spatial field
distribution. As a result, the authors find that the electric field
lines as well as the intensity gradients of the nonuniform fields
significantly impact the enhanced molecular vibration. This
allows an assessment of the orientation of the respective
vibrational groups in the plasmonic fields if the metal surface is
well-defined, for example, atomically flat.
However, the experimental realization of tailored nanostruc-

tures with such well-defined surface properties is a challenging
task. On one hand, approaches of chemical syntheses providing
high crystalline quality and high aspect ratios (which are
necessary for the formation of high-quality IR resonances) are
rarely available.176 On the other hand, lithographically prepared
nanostructures often consist of evaporated materials with low
crystalline quality.99 Furthermore, a certain surface roughness is
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inherent to the evaporation process in standard nano-
fabrication, which also impacts the SEIRA enhancement as
demonstrated by Aksu et al.87 In another study, where porous
gold nanoantennas as a 3D extension of surface roughness were
investigated, SEIRA enhancements comparable to those of solid
nanostructures were found.89 Additionally, single nanostruc-
tures should be investigated instead of nanoobjects arranged in
arrays to avoid averaging effects caused by fabrication
inhomogeneities. Together, these factors make studies of
nanoscopic properties highly demanding.
As an initial study in this field, individual linear nanoantennas

were tailored by focused ion beam milling from monocrystal-
line gold platelets and covered with a self-assembled monolayer
of ODT. As compared to nanoantennas of lower crystalline
quality prepared by EBL and thermal evaporation of gold, a
significantly higher SEIRA enhancement factor of 3.6 × 106 was
obtained. The factor corresponds to the detection of
approximately 15 000 molecules or 7 attograms of chemically
bound ODT, which is to our knowledge the best value reported
so far. We attribute the increased enhancement to an improved
formation of the chemisorbed ODT self-assembled monolayer
on the high crystalline quality surface of the nanoantenna and a
reduced plasmonic damping.
The above-mentioned examples demonstrate the impact of

nanoscopic properties on the enhancement in resonant SEIRA,
particularly if molecular species are chemically bound to SEIRA
substrates. In sensing applications, this effect might be of
significant importance for the chemical functionalization of
nanoantennas to selectively bind certain biomolecules.177 A
detailed study of the role of molecular adsorption in resonant
field-enhanced spectroscopy techniques including SEIRA,
however, requires sophisticated approaches in analogy to
surface science.

4.4. Interaction between Resonant Nanoantennas

The sensitivity of resonant SEIRA is further increased if
interacting nanoparticles are used. Commonly, one distin-
guishes between near-field interaction of pairs of nanoantennas
separated by nanometer sized gaps (dimers) and the excitation
of collective plasmonic oscillations in arrays of periodically
arranged nanostructures. While near-field coupling offers high
field intensities, preparing such structures with small gaps as
well as subsequently filling those gaps with molecules remains
challenging, especially on large areas. In arrays of plasmonic
structures, however, a different type of interaction mediated by
the far-field can arise. In contrast to the near-field interactions,
fabricating SEIRA structures that benefit from far-field
interactions is simple and straightforward with standard
fabrication techniques. This makes those structures more
promising for use in practical applications, unless one is
interested in very small detection volumes, where extremely
high field intensities are necessary.
4.4.1. Near-Field Interaction. As is known from numerical

calculations (see Figure 14a), the near-field intensity is
enhanced by several orders of magnitude in nanometer sized
gaps of resonantly excited antenna dimers.95

This effect is attributed to the attractive electromagnetic
force between both dimer arms and was first reported for
SEIRA by Dregely et al.18 Using the approach described in
section 3.4, the authors found that the enhanced vibrational
signal of a molecular patch (size 200 × 200 × 30 nm3) increases
by roughly a factor of 6 when placing it in the 55 nm gap of an
antenna dimer instead of on one of its ends.18 Similar results

were observed for other geometries.91,126 The possibilities of
using such nanogaps in SEIRA were studied in detail by Huck
et al.95 The authors fabricated antenna dimers with gap sizes
down to 3 nm by standard EBL and subsequent photochemical
metal deposition.178 The SEIRA enhancement was then probed
with a molecular layer of CBP. Figure 14b illustrates the scaling
of the SEIRA enhancement as a function of gap size. An
increase of 1 order of magnitude was found when decreasing
the gap size from 50 to 3 nm corresponding to enhancement
factors on the order of 105. Similar values could be achieved
using buried nanocavities in metal films, which were fabricated
via atomic layer deposition in combination with template
stripping.179

4.4.2. Far-Field Interaction. For a single resonantly
excited nanoantenna, the local electric field intensity is
determined by the incident field and the excited LSPR. For
an array of periodically arranged antennas, however, this local
field intensity also depends on the electric fields created by all
other antennas in the array. As the near-field is confined to tens
of nanometers around the antenna,101 for separations larger
than 100 nm this contribution is dominated by the scattered
far-fields of the antenna. The strength of the contribution
depends on the phase shift, which in periodic arrangements, as
illustrated in Figure 15a, is determined by the spacing between
antennas.
As demonstrated by Adato et al.,83,180 there is a critical

periodicity

λ=
+

·d
i j

nc

2 2

inc (6)

where n is the refractive index of the substrate and λinc is the
wavelength of the incident electric field, the constructive
interference condition is met, and collective excitations arise.
Here, i and j denote the order of the collective excitation
parallel and perpendicular to the long antenna axis. The benefit
of such collective excitations was first demonstrated in ref 83,
where a SEIRA enhancement of 105 was achieved by combining
collective and individual antenna resonances. In ref 84, the
authors investigate the coupling for both directions for a
longitudinal excitation of the antennas arranged in arrays with
rectangular periodicity. These excitations are known as Rayleigh
anomalies or grating orders and due to their radiative nature
suffer from damping upon propagation through the substrate.83

As confirmed by several studies, this damping leads to a

Figure 14. (a) Near-field distributions of a single antenna and an
antenna dimer with a gap size of 10 nm at respective resonance
frequencies obtained from FDTD simulations. The intensity of the
single antenna was multiplied by a factor of 20. (b) Signal
enhancement of molecules located in the gap of an antenna dimer
(blue ●, experiment; red ■, simulation) as a function of gap size gx.
Dashed lines are fits to the data. Reprinted with permission from ref
95. Copyright 2014 American Chemical Society.
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broadening of the far-field response and a drop of the
plasmonic near-field intensity.84,164,180−183 However, as dem-
onstrated by Adato et al., periodicities slightly smaller than the
critical periodicity dc result in a significant narrowing of the
plasmonic far-field response, as well as an increase of the near-
field intensity. This originates because the phase shift between
two antennas is close to a multiple of 2π, resulting in a large
contribution to the local field intensity, while the radiative
grating order has not formed yet and therefore the antenna
resonance does not suffer from damping. These effects are
illustrated in Figure 15b and c, while Figure 15d shows the
impact on the SEIRA enhancement. When analyzing the
enhanced vibrational signal strength as a function of the
antenna spacing, it is obvious that the highest density of

antennas does not result in the strongest signal. Small spacings
between antennas can lead to the excitation of several grating
modes of different orders, which are spectrally close to the
antenna resonance (see eq 6). Because of radiation damping,
those modes are broadened and overlap, which results in a
dramatic loss of near-field intensity.84 As discussed in several
studies,84,142,180 due to the radiation pattern of a dipole antenna
this effect is more prominent for the transversal spacing Dy. The
highest SEIRA enhancement was consequently found for
distances just below the critical transversal spacing. Addition-
ally, it is also possible to tune the spectral position of the
grating order without any modification of the SEIRA substrate
by varying the angle of incidence in the experiment.184

The far-field coupling has also been investigated for
plasmonic nanoslits in metal films.95,160 Interestingly, the
influence of the transversal spacing Dy remains dominant for
these inverse antenna structures, because the directional
radiation characteristic remains unchanged according to
Babinet’s principle. In contrast to antennas, where the strongest
field enhancement was found close to the first transversal
grating order at λinc/n (see eq 6), the first grating order for slits
appears at λinc/2.

95 In addition, Huck et al. discovered stronger
coupling for nanoslits when compared to nanoantennas. Both
effects are caused by the fact that slits couple via surface
plasmon polaritons (SPPs) at the gold−air interface, whereas
rod antennas couple via dipolar fields propagating within the
substrate. The wavelength of these SPPs is independent of the
refractive index of the substrate and close to the vacuum
wavelength in the infrared. Examples of other geometries that
exhibit far-field coupling include gratings94,185 and micro-
arrays.186 As compared to the preparation of nanoantennas
commonly used for SEIRA, such geometries provide the benefit
of a simple fabrication on large areas, which is desirable for
practicable applications.

4.5. Broadband Signal Enhancement

Usually molecules provide several vibrational bands most often
located within the fingerprint region in the mid infrared spectral
range (see Figure 1a). However, the enhancement of those
vibrations is only possible within a limited bandwidth provided
by the plasmonic resonance, usually covering only one or few
absorption lines. Although the plasmonic resonance can be
tuned to any of these vibrational lines, this may not be sufficient
for a characterization and unambiguous identification of
molecular species. To minimize the number of false positive
results, or to characterize unknown substances, an adequate
enhancement of the whole fingerprint region is desirable. In
some cases, for example, for organic semiconductors, the
fingerprint region can be covered by the plasmonic response of
a single nanoantenna.151 Other molecules, however, with
spectrally separated vibrations, require other solutions. One
solution to overcome this problem is the use of several
nanostructures with different lengths and hence resonances
tuned over the whole spectral range of interest. However, this
approach is time-consuming and requires a large amount of
nanostructures to be covered with molecules, which might be
not available in sufficient quantity. Other solutions that address
this problem are dual- or multiband plasmonic structures or
nanostructures, which can be tuned after the fabrication process
(postfabrication tuning). Both approaches will be discussed in
the following section.

4.5.1. Dual- and Multiband Nanostructures. One
approach for a dual-band plasmonic nanostructure is the

Figure 15. (a) Illustration of evanescent (left) and radiative (right)
diffractive far-field coupling in periodic nanoantenna arrays. The type
of coupling changes at the critical periodicity dc. (b) Numerically
calculated distribution of near-field intensity for an isolated antenna
and a periodic antenna array (d = 1.6 μm). (c) Reflectance spectra
(measured with an IR microscope (NA 0.4)) of periodic antenna
arrays and a randomized antenna distribution with antennas of the
length 1.1 μm. The spectral position 1/λc of the collective mode of the
order (i = 1, j = 0) for each periodicity d is indicated by the dashed
lines at the top. (d) Relative transmittance spectra of antenna arrays
(2.6 μm length, 140 nm width, antenna spacings along the short
antenna axis (Dy) and the long antenna axis (Dx) in μm are indicated
by the colored numbers in the plot) covered with a 5 nm thick layer of
CBP. The SEIRA enhancement of the molecular vibrations of the CBP
depends critically on the spacing Dy. Reprinted with permission from
refs 86 and 83. Copyright 2016 American Chemical Society and 2009
National Academy of Sciences.
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combination of two monopole antennas. A design of monopole
antennas, which consists of an antenna element and a long bar
oriented perpendicular to the antenna, acting as a nanoreflector,
has already been introduced in section 4.1. Adato et al. have
demonstrated that two of these monopole antennas can be
combined within a single nanostructure, yet still operating
independently.137,187,188 The system in use in combination with
the near- and far-field spectral response is depicted in Figure
16a and b.

Obviously, the nanostructure features two hot-spots with
different resonance frequencies, which can be individually tuned
to match two selected vibrational bands. The benefit of such a
configuration for resonant SEIRA was demonstrated by
simultaneously sensing two widely separated bands of thin (4
nm) PMMA layer, the CO vibration located at 1733 cm−1

and the C−H stretching vibration at 2900 cm−1.
Dual-band nanostructures have not only been designed for

particle nanostructures, but have also been investigated for
nanoapertures. For example, a design based on H-shaped
nanoapertures with extended arms has been proposed by Cetin
et al.189 The dual-band resonant behavior of the aperture
system originates from the individual spectral response of the
constituting aperture elements, the H-shaped aperture and the
rectangular parts forming the extended arms. Both resonances
are excited with the same polarization, whereas a third
resonance is supported for the perpendicular polarization.

The authors have proven that the resonances can be
individually tuned and used to enhance the vibrational signal
of thin protein layers. Another dual-resonant aperture is given
by the geometry of a Jerusalem cross. Dual-band response is
obtained by the superposition of the spectra of the constituting
vertical and horizontal H-shaped apertures.189

Although the hitherto introduced concepts of dual-band
nanostructures feature two resonances, which can be
individually tuned to different resonance frequencies, they
lack the possibility to enhance two spectrally separated
vibrational bands of the very same molecule. The reason for
this is that the above-mentioned concepts are based on the
combination of two plasmonic constituents fabricated within
one nanostructure. Therefore, the hot-spots of the different
resonance frequencies are spatially separated, again requiring
one to functionalize different hot-spots with the same molecular
species. Routes to overcome this limitation are the use of higher
order plasmonic excitations or broadband log-periodic
trapezoidal antennas, already known from radio frequency
technology.128 The design is shown in Figure 16c together with
the far-field extinction cross-section (shown in Figure 16d),
which features four distinct resonances located in the mid-IR
region. Each resonance is related to a pair of induced horizontal
dipoles, which, in turn, induces a local vertical dipole.128,190 The
outstanding property of the log-periodic trapezoidal antenna is
the near-field distribution, shown in Figure 16e, which
concentrates the light at the same tip end for all resonances.
Therefore, it is possible to enhance different vibrational modes
of the very same molecules within a broad spectral range. This
was demonstrated for AT-EG6-COOH self-assembled mono-
layers by evaluating five enhanced vibrational bands in a
spectral window of 3 μm, all showing enhancement factors
exceeding 105.128 Furthermore, such log-periodic trapezoidal
antennas enable simultaneous detection by surface-enhanced
fluorescence, Raman spectroscopy, and infrared absorption,
with relevant enhancement factors.128

4.5.2. Post-Fabrication Tuning. Another route to obtain
broadband plasmonic enhancement is to tune the plasmonic
resonances of particular nanostructures in situ. Recently, three
different approaches for postfabrication tuning of plasmonic
resonances have emerged. Plasmonic resonances can be tuned
by, first, changing their geometry, second, changing the charge
carrier density of the plasmonic material, and third, changing
the refractive index of the surrounding material. Hereinafter, all
three will be reviewed.

4.5.2.1. Elastic Substrates. Changing the geometry of
plasmonic nanostructures is, for example, possible by
fabricating them on compliant substrates, such as organic
polymers. By applying tensile strain on the substrate, the
arrangement and geometry of the structures thereon are slightly
modified.131,191 One example following this idea, introduced by
Pryce et al.,131 is illustrated in Figure 17a.
The authors fabricated double U-shaped split-ring resonators

on top of a flexible polydimethylsiloxane (PDMS) substrate.
This geometry is well-suited for tunable resonances, as the
resonance frequency of the split-ring resonators strongly
depends on their geometry. By applying strain, the outer SRR
arms bend inward, increasing the coupling with the inner SRR,
leading to a red-shift of the resonance. The spectral change
together with SEM images depicting the change in geometry
are shown in Figure 17b. Following this approach, it was
possible to tune the resonance frequency over the C−H
vibrational band provided by the PDMS substrate acting as a

Figure 16. (a) Near-field distributions of two combined monopole
nanoantennas at the two corresponding resonance frequencies. The
two monopole antennas are used for dual-band resonant SEIRA, as
depicted in (b) for enhanced vibrational signals of PMMA. (c) SEM
image of a multiresonant log-periodic trapezoidal nanoantenna. (d)
Corresponding far-field extinction and (e) near-field distributions at
the respective resonance frequency. Reprinted with permission from
refs 147 and 128. Copyright 2012 American Chemical Society and
2012 American Chemical Society.
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SEIRA probe. Furthermore, the authors have shown that for up
to 10% strain, the tuning is elastic in nature and becomes
inelastic for higher values. However, inelastic deformation is
also interesting for postfabrication tuning, as a bigger tuning
range in the range of Δλ = 1 μm is accessible. In the
experiments, strains as high as 50% without delamination or
distortion of the metallic elements are observed.131,191

Whereas the above-mentioned experiment tunes the
resonance frequency by employing near-field coupling, the
same approach has been used by Aksu et al. to tune the
resonance frequency by exploiting far-field coupling effects. By
changing the periodicity of a nanoantenna array by applying
tensile strain on a PDMS substrate, a slight shift of the
resonance frequency of the collective excitation was observed.
One drawback of this method is the use of elastic substrates
(such as PDMS or parylene-C), which typically consist of
organic polymers featuring vibrational excitations themselves.
These vibrational lines might be difficult to distinguish from
infrared excitations of target molecules.
4.5.2.2. Graphene. Another possibility to tune plasmonic

resonances after fabrication is changing the properties of the
plasmonic material. For example, graphene nanostructures
fabricated on top of a silicon substrate covered with a SiO2-
layer can be used. By applying an electrostatic field across the
SiO2 layer through a bias voltage, the Fermi level of the
graphene is modified leading to a change in charge carrier

density, which linearly scales with the voltage (see Figure 17c).
The experimental realization published by Rodrigo et al. is
shown in Figure 17d.171 By varying the voltage between 20 and
230 V, a resonance tuning between 1450 and 1800 cm−1 was
achieved and applied to sense the vibrational fingerprint of a
thin protein layer. Together with the high spatial confinement
and the high enhancement factor of graphene plasmons, this
approach represents a promising SEIRA sensing platform, that
is, for modulation spectroscopy.

4.5.2.3. Phase Change Materials. A change of the refractive
index of the environment of plasmonic nanostructures can also
be used for postfabrication tuning. Following this concept, a
huge contrast in the refractive index within the IR spectral
range, for example, provided by phase change materials, is
required. A shift in resonance wavelength of 1 μm,
corresponding to a relative shift Δλ/λ = 10%, has been
reported by Kats et al. for nanostructures on top of a vanadium
dioxide (VO2) layer.192 VO2 provides a thermally driven
insulator-to-metal phase transition at around 67 °C leading to
significant changes in the refractive index.
Another interesting phase change material for plasmonic

applications is germanium antimony telluride (Ge3Sb2Te6, or
short GST). It offers the possibility to optically, thermally, or
electrically induce a phase-transition between an amorphous
and a crystalline phase. This phase transition is related to a
change in refractive index, allowing one to reversibly tune
plasmonic resonances. Michel et al. have shown that this
approach allows shifting the plasmonic resonance of aluminum
nanoantennas for several hundred wavenumbers, corresponding
to a tuning figure of merit (resonance shift over full width at
half-maximum) of 1.03 by inducing the phase-transition by
thermal annealing193 with femtosecond laser pulses.194

Thermally induced phase changes resulting in shifts of the
resonance position of aluminum patches of more than 500 nm
have also been demonstrated by Tittl et al.195 However, even
though the concept of phase change materials is promising for
SEIRA applications, it has not been applied yet.

4.6. Pushing the Detection Limit

The ultimate goal in resonant SEIRA is to spectroscopically
detect and characterize single molecules attached to individual
nanostructures. Besides a targeted delivery of molecules to the
plasmonic hot-spots, this vision requires single particle
spectroscopy, in particular, infrared microspectroscopy. How-
ever, already diffraction limited infrared microspectroscopy of
single particles is challenging due to the low brilliance of
thermal light sources (globar) commonly used in standard
FTIR spectroscopy.196 Consequently, the key to single
molecule sensitivity is not only to maximize the SEIRA
enhancement, but also to apply and develop advanced infrared
light sources such as synchrotrons,197 quantum cascade lasers
(QCL),198 or optical parametric light sources.199 Combining
plasmonic nanostructures with spatially resolved imaging
techniques, such as s-SNOM,104,200,201 photothermal induced
resonance (PTIR),140,142 or scanning tunneling microscopy
(STM),202 can help to overcome the targeted positioning of
molecules in the antenna hotspot. Furthermore, SEIRA with
nanometer resolution is enabled by the use of such techniques.

4.6.1. Brilliant Light of Advanced Light Sources. A
good measure for the performance of a light source is the
brilliance of the emitted radiation. As compared to typical
thermal light sources for FTIR spectroscopy, IR synchrotron
radiation is 3 orders of magnitude more brilliant, enabling

Figure 17. Postfabrication tuning of plasmonic nanostructures: (a)
Illustration of tuning by stretchable substrates. The resonance
frequency is tuned by applying tensile strain to the flexible PDMS
substrate hosting double U-shaped split-ring resonators. (b)
Reflectance spectra for tensile strains up to 50% together with
corresponding SEM images visualizing geometrical changes. (c)
Charge carrier concentration of graphene with dependence of the
applied gate voltage. The plasmonic resonance frequency of graphene
nanoribbons strongly depends on the charge carrier density as shown
in (d) for several gate voltages. Fano-type line-shaped peaks on the
plasmonic resonance are induced by a protein layer covering the
graphene nanoribbons. The vertical gray stripes mark the amide 1 and
amide 2 bands of the protein layer. (a) and (b) reprinted with
permission from ref 191. Copyright 2010 American Chemical Society.
(c) and (d) reprinted with permission from ref 171. Copyright 2015
AAAS.
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hyperspectral infrared chemical imaging at the diffraction limit
as well as single particle spectroscopy.90,197 Consequently,
synchrotron radiation was applied to resonant SEIRA using
single nanostructures. In early experiments, Neubrech et al.
detected 100 000 ODT molecules (approximately 50 atto-
grams) chemisorbed on a single gold nanowire.15 Later, single
nanorods and nanoslits functionalized with collagen-peptides
and poly-L-lysine enabled the spectroscopic detection of
approximately 5000 (∼40 attograms) and approximately 7000
(∼53 attograms) peptides, respectively. The latter experiments
were performed in aqueous solution, maintaining the protein’s
physiological functionality and hence demonstrating the
applicability of resonant SEIRA for studies of biological
relevance.
The detection sensitivity can be further improved if highly

brilliant radiation of an infrared laser is used as demonstrated
by Steinle et al.203 In the experiments, a fiber-feedback optical
parametric oscillator (OPO) was coupled to a conventional
FTIR spectrometer equipped with an infrared microscope. In
comparison to thermal light sources, the femtosecond laser
system emitted light with an approximately 4 orders of
magnitude higher brilliance. Although the spectral bandwidth
was limited (typically 80 cm−1), it allowed for spectroscopy of
single vibrational bands. Furthermore, the center wavelength
was easily tunable in the spectral range between 2400 and 4700
cm−1. Employing such brilliant radiation, SEIRA studies of
single gold nanostructures covered with an ODT monolayer
were performed. As compared to infrared microspectroscopy
utilizing synchrotron radiation, a significantly improved signal-
to-noise in an approximately 10 faster acquisition time was
achieved (Figure 18a−c). This superior performance enabled
the detection of approximately 10 000 ODT molecules (∼5
attograms) based on their enhanced CH2 vibrational bands.
In another study by Hasenkampf et al., a quantum cascade

laser was applied to infrared spectroscopy and resonant
SEIRA.205 In contrast to the above-mentioned parametric
concept, a QCL emits narrowband IR radiation (approximately
1 cm−1) and hence requires a reliable and fast spectral tuning.
As a demonstration, the authors acquired chemical maps of
resonant nanoantennas as well as SEIRA spectra of nano-
antennas covered with CBP. The spectroscopic data were
recorded in a significantly reduced acquisition time as
compared to studies with conventional thermal light sources,
demonstrating the benefit of the QCL.
4.6.2. Scattering Near-Field Optical Microscopy. A

further improvement of the SEIRA sensitivity in terms of
localization can be achieved if nanostructures covered with
molecules are investigated by infrared scattering near-field
optical microscopy. Scattering SNOM allows for a laterally
resolved infrared imaging with nanometer scale resolution and
even near-field spectroscopy if broadband light sources are
used.201,206 Because of the possibility to distinguish different
materials on the basis of their IR vibrations at wavelengths
much smaller than the incident light, s-SNOM exhibits huge
potential for applications. It was applied to near-field imaging of
graphene plasmons,188 chemical imaging of composition,
domain morphologies, order/disorder, molecular orientation,
or crystallographic phases,207 and also resonant SEIRA by
Hofmann et al.208 By the use of a CO laser that emits narrow-
band IR radiation at distinct wavenumbers between 1650 and
1800 cm−1, near-field images of gold triangles covered with a
poly(ethyl methacrylate) (PEMA) layer were acquired.
Depending on the polarization of the incident light, different

plasmonic hot-spots were generated. However, it should be
noted that the plasmonic resonance is influenced by its
interaction with the tip if no special detection schemes are
applied, in particular if a metallized tip is used.209 By tuning the
laser over the enhanced CO vibration of PEMA, a Fano-type
line shape as a signature of resonant coupling was observed in
analogy to far-field SEIRA spectroscopy. As compared to
reference measurements on gold and other surfaces, the authors
find only a slight increase of the vibrational signal strength,
which may result from an imperfect tuning of the CO
vibration and the antenna resonance due to its interaction with
the SNOM tip. According to the authors, also different
orientation of the enhanced near-fields as compared to those
predominantly probed by the tip may play a crucial role.
Even though s-SNOM enables near-field spectroscopy of

nanometer-sized probes, a targeted delivery of molecules in
plasmonic hot-spots remains a challenging task.210 An elegant
way to overcome this limitation is the use of metallic atomic
force microscopy (AFM) tips with tailored resonant excitation
instead of nanoantennas placed on a substrate (see Figure 18d
and e). Following this approach introduced by Huth et al.,204

the tip itself provides a plasmonic field enhancement required

Figure 18. (a,b) Polarization-dependent SEIRA with a single ODT-
covered nanoantenna illuminated by IR synchrotron radiation. The
spectra close to the symmetric ODT vibration (3.425 μm, dashed line)
acquired with the OPO (c, t = 17 min) provide a significantly
improved signal-to-noise ratio as compared to synchrotron studies (b,
t = 170 min). (d) A resonant gold tip is fabricated with focused ion
beam milling and attached to the cantilever. (e) Electron energy loss
spectroscopy (EELS) map of a FIB fabricated resonant antenna tip at
the peak position in the energy loss spectrum. Adapted with
permission from refs 203 and 204. Copyright 2015 Optical Society
of America and 2012 American Chemical Society.
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for resonant SEIRA. Consequently, it allows for a flexible
enhanced detection of molecules placed anywhere on the
substrate and is not restricted to fixed hot-spots. Thus, a
targeted delivery of molecules is no longer required. In good
agreement with numerical simulations, the authors demonstrate
an enhanced sensitivity as compared to nonresonant gold tips.
An even higher sensitivity may be achieved if resonant tips are
combined with a scheme such as that by Xu et al., where less
than 1000 carbonyl groups were detected with s-SNOM
operated by an optical parametric oscillator.211 In such
experiments, even single molecule sensitivity seems to be
within reach.
In the aforementioned studies, tunable laser systems hamper

broadband mid-IR spectroscopy. A combination of s-SNOM
and synchrotron light sources, however, allows for accessing the
entire infrared spectral range and consequently an unambig-
uous identification of molecular species.201,212 Employing
resonant nanoantennas in such advanced spectroscopic setups
could enable broadband infrared spectroscopy on the nano-
meter scale with unprecedented sensitivity as preliminary
studies indicate.207

5. FROM SEIRA TO STRONG COUPLING: PHONON
POLARITONS

Resonant SEIRA is not restricted to sensing of organic or
biologic molecules but offers also great potential for the
detection of ultrathin layers of phononic materials. This was
first demonstrated by Neubrech et al. by investigating
nanoantennas fabricated on top of a 3 nm thick silicon dioxide
(SiO2) layer supported by a silicon wafer.213 The phononic
SiO2 stretching vibration of the native SiO2 layer couples to the
near-field of nanoantennas. In contrast to organic molecules,
such as ODT, where the Fano-type peaks are detected at the
molecular frequency (or transversal optical frequency, TO), the
situation is more complex in case of ionic materials featuring
strong oscillators with a negative real part of the dielectric
function ε(ω). The enhanced phononic signal of such materials
was instead observed close to the longitudinal optical (LO)
frequency, which is given by the maximum of the energy-loss
function Im[−1/ε(ω)] and must be attributed to the excitation
of a surface phonon polariton. This is in contrast to the simple
idea of enhancing the signal of the SiO2 layer, because an
excitation of the phonon polaritons under normal incidence is
not possible without nanoantennas. Further experiments of
antennas on SiO2-substrates were carried out confirming this
behavior.91,182

To gain deeper understanding of the interaction between
plasmonic excitations of nanostructures and phononic
excitations of thin ionic films, Huck et al. systematically studied
plasmonic nanoantennas of different lengths located on SiO2
layers with various thicknesses.214 First, the authors investigated
nanoantenna arrays with different antenna lengths on top of an
8 nm SiO2 layer; experimental spectra are reprinted in Figure
19a.
Beside the antenna peak an additional peak close to the

frequency of surface phonon polaritons (SPhPs) was found,
which does not appear without the presence of nanoantennas.
The appearance of this peak is explained by a hybridization of
the antenna/SiO2 system, providing the momentum k∥ and the
field component Ez, necessary for an excitation of phonon
polaritons. For perfect agreement of plasmonic and phononic
excitation energies, strong hybridization leads to the formation
of a transparency window. This becomes more obvious in

Figure 19b, where the resonance positions of the hybridized
system are plotted as a function of the wavevector of the
nanoantennas. Furthermore, the evolution of this transparency
window was investigated by fabricating nanoantennas coupled
to SiO2 layers with increasing thickness. Thereby, a transition of
a Fano-type peak for thin layers to a transparency window
(strong coupling) starting at the LO frequency and extending
to the SPhP frequency for thicker layers was observed (Figure
19c). The authors attribute the extension of the transparency
window to the SPhP frequency to two reasons, the increased
number of oscillators and the changes of the dispersion relation
appearing for thicker layers. From a layer thickness of 30 nm
on, a full transparency window is formed. Consequently, the
antenna becomes invisible if it is coupled to an otherwise
forbidden transition of SiO2 layer. This behavior can be
comprehended by inspecting the near-field distribution of the
hybridized system, shown in Figure 19d. At the LO frequency,
where the transparency is reached first, the near-field is nearly
completely confined inside of the SiO2 layer. The electro-
magnetic near-field is thus fully transferred to the phonon-
polariton excitation, which cloaks the antenna.214 A similar
behavior was also reported by Shelton et al., using split-ring
resonators coupled to a SiO2 layer.

215

Figure 19. Strong coupling between phonon polaritons and plasmonic
nanorods: (a) Extinction per antenna calculated from relative
transmittance spectra of nanoantennas with different lengths l on
top of a 8 nm thick SiO2 layer. (b) Resonance position of hybridized
modes taken from (a) plotted versus the wavevector of the
nanoantenna. (c) Extinction per antenna for different SiO2 layer
thicknesses t as indicated in the figure. (d) The z-component of the
simulated electromagnetic near-field of a resonantly excited nano-
antenna on 30 nm SiO2. The dashed lines in (a) and (c) indicate the
spectral positions of the transversal optical (TO), longitudinal optical
(LO), surface phonon polariton (SPhP), and interface phonon
polariton (IPhP) frequency. Adapted with permission from ref 214.
Copyright 2015 Optical Society of America.
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6. APPLICATIONS OF RESONANT SEIRA

Resonant SEIRA has great potential for applications, because it
combines the specificity of infrared spectroscopy with the
sensitivity provided by metal nanostructures. The improved
sensitivity is of particular interest for applications in biology and
biomedicine, where an identification of minute amounts of
molecular species, sometimes laterally resolved, and a

monitoring of dynamic processes is required. However,
resonant SEIRA is also applied to obtain information on
plasmonic near-field distributions as discussed in the following.

6.1. Assessing Plasmonic Near-Fields

As discussed in section 3.4, the enhanced vibrational signal
strength in resonant SEIRA scales with the squared electrical
near-field of plasmonic structures. Knowing this relation,

Figure 20. SEIRA for near-field mapping on the (a,b) nanoscale, (c) Ångström-scale, and of (d−h) buried plasmonic structures. (a) Measured
extinction as deduced from the relative transmittance for selected thicknesses dCBP given in nanometers (numbers, left). The inset (blue, CBP layer;
orange, gold antennas; gray, substrate) indicates the respective normalization. Upper panel: For thick layers, several CBP vibrations are clearly visible
in the spectra measured with light polarized perpendicular to the long wire axis and normalized to the bare substrate (see inset). Lower panel: To
obtain the antenna-enhanced signal originating solely from molecules located in the plasmonic near-fields, the ratio of parallel (Epar) and
perpendicular (Eper) transmittance is calculated (see inset). Besides the broadband antenna resonance, which shifts with thickness, enhanced
vibrational CBP signals increasing with thickness are observed. The black dashed lines in the lower panel represent fits to the bare antenna resonance
curves. Please note the different scales in the respective panels. (b) Relative incremental enhancement (dIenh/ddCBP)/(dIref/ddCBP) at a certain
distance dCBP from the antenna (the quotient of the derivatives of the enhanced (dIenh/ddCBP) and unenhanced (dIref/ddCBP)) for the C−H
deformation vibration (ωvib = 1450 cm−1) versus the layer thickness dCBP. The simulated (blue symbols) data are normalized to the experimental
ones (black symbols). The red curve represents the numerically calculated near-field intensity enhancement I/I0 summed over the surfaces of a
cuboid defined by the antennas’ geometry and the respective layer thickness at certain distance dCBP (see inset). The inset depicts a cross-section,
where the surface of the cuboid surface is sketched as a black line. The dashed area indicates the substrate. A good qualitative agreement between the
decay of I/I0 and of the simulated and experimental increments is found from about 5 nm on with slight deviations around 80 nm (indicated by the
black arrow). (c) Development of the carbon monoxide (CO) vibrational signal with growing layer thickness. Peak area (integrated from 2100 to
2180 cm−1) of the vibrational signal of CO on a flat gold surface (Iflat, blue), absolute peak area of the Fano-type signal of CO on the antennas (Iant,
green), and the shift of the plasmon resonance (Δωres, red) are shown over the CO layer thickness dCO. Please note the different ordinate offset.
(d,e) Schematic view of the two-layer plasmonic structure embedded in a 160 nm thick dielectric matrix (PC403). Q (red) and D (blue) indicate the
patch positions at the quadrupole and the dipole, respectively. (f) Transmittance spectra for increasing structure size (spectra shifted vertically) with
the lower energy bright mode, the dark mode, and the higher energy bright mode tuned to the HSQ vibration, respectively. The spectral position of
the HSQ vibration is indicated by the black dashed line. Red (blue) curve is the transmittance when the patches are positioned at the quadrupole
(dipole). (g) Enhanced vibrational signals (baseline corrected) of HSQ for the three different modes with patches at the quadrupole (red curves) and
dipole (blue curves), which is supported by the simulated electric field amplitude on the structure surface (h). Adapted with permission from refs
101 and 20. Copyright 2014 American Chemical Society and 2012 American Chemical Society. Adapted with permission from ref 18. Copyright
2013 Macmillan Publishers Ltd.: Nature Communications.
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infrared vibrations might be utilized as optical probes and thus
offer an elegant way to obtain near-field distributions of
plasmonic particles. While near-field distributions on the
nanometer scale are easily accessible, for example, in s-
SNOM studies,216,217 field distributions of buried structures
or in the Ångström-scale vicinity of metal particles are hardly
accessible. Resonant SEIRA employing adequately chosen
probe molecules can provide such information as will be
discussed following. It should be noted that most of the
experiments are performed with ensembles of nanoantennas
resulting in averaged near-field properties of several nanostruc-
tures.
6.1.1. Nanometer-Scale. In 2014, the above-mentioned

concept was applied to characterize plasmonic near-fields and
SEIRA enhancements on the nanometer scale.101 During the
evaporation of the molecular probe CBP (approximate size: 2 ×
1 × 0.25 nm3) on linear nanoantennas, in situ infrared
spectroscopy was performed under high vacuum conditions.
Polarization-dependent transmittance spectra were recorded for
different average thicknesses ranging from 0 to 200 nm as
exemplarily shown in Figure 20a.
For light polarized perpendicular to the long antenna axis, no

plasmonic enhancement is present, and consequently a linear
increase of vibrational signal strength with layer thickness is
observed according to Lambert−Beer’s law. For parallel
polarization, however, a completely different behavior is
found. First, the plasmonic resonance shifts toward lower
energies with increasing layer thickness caused by the change of
the polarizability of the antennas’ surrounding. Second, the
narrowband CBP vibrations are plasmonically enhanced and
increase with layer thickness. To present this behavior in more
detail, the incremental enhancement is calculated from the
measured spectra (Figure 20b). It specifies the SEIRA
enhancement at a certain distance, for example, at 10 nm
away from the surface if no molecules are present at other
distances. In agreement with numerical simulations, the
experimental signal enhancement is strongest for the first
nanometers and vanishes for distances larger than approx-
imately 100 nm. With respect to sensing applications, this issue
is of particular importance. Vibrations of larger molecules, such
as proteins, bacteria or viruses, or molecules located far away
from the antenna surface because of functional layers, will only
be slightly enhanced.
Additionally, phononic excitations of SiO2 layers (see section

5) were used to probe the vertical near-field distribution of
electrical fields produced by nanoantennas.218 To demonstrate
this, Nishimura et al. fabricated slot antennas on thin SiO2 films
separated by Al2O3 spacer layers with several thicknesses. As a
result, the authors observed a decrease in SiO2-signal with
increasing Al2O3 layer thickness, because the near-field overlap
of the antennas with the SiO2 layer decreases.
6.1.2. Ångström-Scale. Molecular probes of smaller sizes

provide a significantly improved spatial resolution. Using CO
molecules (bond length of approximately 1.1 Å), Bochterle et
al. investigated the distance dependence of electromagnetic
fields normal to the antenna’s surface with Ångström-scale
resolution.20 In the experiments, nanoantennas resonantly
tuned to the CO stretching vibration at 2139 cm−1 were
cooled to 20 K allowing for a cold condensation of CO. During
the growth, in situ IR transmittance spectra were acquired,
normalized to the bare antenna without any CO and corrected
for the CO adsorbed on the substrate. Additionally, infrared
reflection absorption spectroscopy (IRRAS) of CO adsorbed

on a flat gold film without any plasmonic enhancement was
performed. From the transmittance and reflectance, respec-
tively, the peak area of the CO vibration is extracted and
plotted versus CO layer thickness in Figure 20c. As expected, a
linear scaling is found for the IRRAS measurements according
to Lambert−Beer’s law. In contrast, the antenna-enhanced
signals below 1 nm are suppressed and then rapidly increase for
thicker layers. The authors relate this delayed absorption to
quantum mechanical spill-out of the conduction electrons,
suppressing the local near-field106 and consequently the SEIRA
enhancement on the first few Ångströms. The same behavior is
found for the resonance shift with layer thickness, which is
intrinsically connected to the signal enhancement via the
plasmonic near-fields.

6.1.3. 3D Mapping of Buried Nanostructures. In the
above-mentioned studies, only the field distribution normal to
the surface is monitored. However, resonant SEIRA is also
capable to access spatially resolved near-field distributions if
selectively positioned molecular patches of nanometer
dimensions are used.18 Moreover, this approach is perfectly
suited for accessing the near-field intensity of deeply buried
plasmonic structures, which is a challenging task in s-SNOM
due to the near-fields rapidly decaying with tip surface distance.
As demonstration, Dregely et al. monitored the near-field
intensity of a stacked EIT-plasmonic structure by positioning
two patches of HSQ (200 × 200 × 30 nm3) near the
quadrupole (dipole) and a stacked dipole (quadrupole) on top
of it (Figure 20d and e). Caused by the near-field coupling
between the dipole and quadrupole, both excitations hybridize.
Consequently, a low and a high energy mode (bright modes)
with a transparency window between (dark mode) appear in
the relative transmittance changing with length.219 In Figure
20f, the red (blue) curve depicts the transmittance if molecular
patches are placed on the dipole (quadrupole) acting as probe
for the dipole (quadrupolar) near-fields. After a baseline-
correction, the enhanced HSQ vibrational signal at 2252 cm−1

is obtained (Figure 20g). Obviously, the enhanced vibrations of
the quadrupolar and dipolar fields are of equal strengths for the
low energy bright mode. For the dark mode, a clear signal is
found for the quadrupolar fields, whereas no signal is observed
for the dipolar ones. Considering the high energy mode, the
vibration enhanced by the quadrupolar fields is slightly
stronger.
These experimental results are in good agreement with

numerical near-field simulations of the plasmonic structure
(Figure 20h). As is characteristic of the dark mode, the
quadrupole is excited efficiently, whereas no dipolar mode is
excited. As a consequence, stronger quadrupolar near-fields and
hence stronger vibrational signal strengths are obtained. For the
bright modes, stronger near-fields are found at the dipole as
compared to the quadrupole, also in agreement with
experimental observations. In summary, the incorporation of
molecular probes in 3D buried nanostructures enables the
mapping of plasmonic near-fields in all dimensions.

6.2. Hyperspectral Infrared Chemical Imaging

Hyperspectral imaging is also known as chemical or
spectroscopic imaging. It combines conventional imaging
(e.g., at a fixed wavenumber) and spectroscopy to attain both
spatial and spectral information from an object.220,221

Particularly, hyperspectral infrared chemical imaging is ideally
suited for label-free and spatially resolved characterization of
molecular species. Often, this approach is combined with FTIR
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microspectroscopy and focal plane array (FPA) detectors to
assess inhomogeneous material distributions on the micrometer
scale with diffraction limited resolution.196 The method is
applied in biology and medicine to distinguish between healthy
tissues and tumors of unstained biological tissue sections.6,205

However, due to the intrinsically low infrared absorption cross-
sections, hyperspectral infrared chemical imaging of nanometer-
thick samples is out of reach. On the one hand, the use of a
more brilliant laser light source, for example, quantum cascade
lasers, is beneficial with respect to sensitivity, but on the other
hand suffers from narrowband emission preventing hyper-
spectral imaging.222−225

In contrast, resonant SEIRA provides broadband enhance-
ment, for example, in the molecular fingerprint region, and
enables hyperspectral infrared chemical imaging as first
demonstrated by Chen et al.16 Using a FPA detector, the
authors imaged vibrational bands of poly(methyl methacrylate)
(PMMA) and in another experiment human cervical cancer
cells attached to resonant plasmonic nanostructures. Kühner et
al. extended this concept to detect different vibrational bands of
various materials, which are enhanced by single or multi-
resonant structures.17 As schematically depicted in Figure 21a,
micropatterns of C60 and pentacene with 30 nm thickness were
prepared on tailored gold nanostructures by stencil mask
lithography.
Spatially resolved infrared spectra of the microstructured

sample were acquired with an FPA detector (64 × 64 pixels)
attached to an infrared microscope. Figure 21b shows such
representative relative transmittance spectra of areas with bare
nanostructures and areas of antennas covered with C60 and
pentacene. Because of the adsorption of the molecules on
nanoantennas, the polarizability of the surrounding media
changes, which can be utilized for refractive index sensing.8,105

Hence, the plasmon resonance is shifted toward lower energies.
A spatially resolved plot of this shift is shown in Figure 21c
(plasmon image or refractive index image). Dark areas indicate
a red-shifted plasmon resonance and correspond to C60 and
pentacene covered areas, respectively. The positions of the
respective micropatterns obtained in this way are in perfect
agreement with results from visible microscopy depicted by
dotted lines. However, even though refractive index imaging
allows for a localization of molecules, the detection is material-
unspecific, meaning that C60 and pentacene cannot be
distinguished.
In contrast, SEIRA enables a material-specific discrimination

between materials based on the specific vibrational bands as
demonstrated for pentacene and C60. Upon inspection of
Figure 21b, the enhanced vibrational bands of the respective
molecules appear as modulation on the plasmon resonance.
After a baseline correction, the enhanced signal strengths are
extracted and spatially plotted, resulting in the infrared
chemical images shown in Figure 21d and f for C60 (1430
cm−1) and pentacene (1300 cm−1). Obviously, the pentacene
(C60) microstructures are clearly visible if the signal strengths
are evaluated at 1300 cm−1 (1430 cm−1), whereas no C60
(pentacene) micropatterns appear if the signal strengths are
evaluated at 1300 cm−1 (1430 cm−1). In contrast, no molecular
signature and consequently no micropatterns are visible in the
chemical images extracted from reference measurements
without any plasmonic enhancement (perpendicular polar-
ization) as shown exemplarily for pentacene in Figure 21e. Both
results clearly demonstrate the significant advantage of resonant
SEIRA over conventional hyperspectral infrared chemical

Figure 21. (a) Schematic illustration of nanoantennas covered with
pentacene and C60. (b) Representative plasmon resonances of bare
nanoantennas (black curve) are shifted (Δω) with respect to
nanostructures covered with 30 nm of pentacene (blue) and C60
(red), respectively. The molecular vibrations of pentacene (1300
cm−1) and C60 (1430 cm−1) are enhanced if the electrical field is
polarized parallel to the long antenna axis (E∥, see inset). The dashed
lines indicate the strongest molecular vibrations used for chemical
imaging. (c) Plasmon imaging: The plasmonic resonance frequency is
plotted for each detector pixel. Uncovered areas appear bright and can
be distinguished from covered ones. However, a material-specific
identification of pentacene and C60 is not possible. Chemical imaging
of (d) C60 and (f) pentacene: Vibrational signal strength at 1430 cm−1

(1300 cm−1) for parallel polarization plotted for each detector
element. Only if the vibrational signals are enhanced (parallel
polarization) can the C60 and pentacene areas can identified. (e) For
perpendicular polarization, no signals are found as was exemplarily
shown for pentacene. Dashed lines in (c), (d), and (f) indicate the
positions of the microstructured pentacene and C60 areas, which can
be clearly distinguished in the chemical images.
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imaging in terms of sensitivity and over refractive index imaging
in terms of specificity. Kühner et al. further improved this
approach by employing nanocrosses with dual band plasmonic
enhancement.17 The use of such tailored structure enables
infrared chemical imaging in the fingerprint region and
simultaneously in the region between 2500 and 4000 cm−1,
where mainly stretching vibrations of single and double bonds
are located.

6.3. Sensing of Proteins

Besides an unambiguous and material-specific identification of
molecular substances, infrared spectroscopy and thus resonant
SEIRA allow for a label-free structural investigation of chemical
compounds. This is of particular interest in biology and
biomedicine for a detailed analysis of protein binding events or
for the determination of their conformational states, which are
crucial for the protein functionality.7 Incorrectly folded proteins
may lose their functionality and are suspected to cause
neurodegenerative diseases such as Alzheimer’s or Creutz-
feldt−Jakob disease.226 In typical IR studies, the identification
and structural analysis of the respective proteins are
predominantly carried out on the basis of the amide I (mainly

C−O stretch) and amide II (combination of C−N stretch and
N−H wagging) vibrations located around 1650 and 1450 cm−1

(see Figure 22a). Consequently, proteins are often applied as
model systems in resonant SEIRA to demonstrate the capability
of resonant SEIRA for ultrasensitive detection and monitoring
of binding events.

6.3.1. Detection of Proteins. Minute quantities of silk
fibroin83 and bovine serum albumin,227,141 often used as a
protein concentration standard in lab experiments, were
detected on the basis of their enhanced amide bands. In
other experiments, layers of streptavidin and specially designed
peptides,228,229 bilayers of protein (A/G) and immuglobulin
(IgG),87,152,158,171,230 and low quantities of ferritin,129 a
spherical protein complex that has its main function in cellular
iron storage, were adsorbed on nanostructures and identified
using resonant SEIRA. Beyond the detection of proteins itself
in most of the above-mentioned experiments, the proteins act
as molecular probes to characterize properties of the SEIRA
structure in use. In further experiments, the formation of a
bilayer consisting of protein and immunglobulin on resonant
nanoantennas was detected, demonstrating the capability of
SEIRA to identify binding events of proteins ex situ.22

Figure 22. (a) Molecular structure of the amide group and vibrational modes as indicated by arrows. (b) Schematic illustration of the plasmon
internal reflection (PIR) (not to scale). (c) Reflectance spectra before (dashed) and after (solid) streptavidin (SA) binding for the L = 2.2 μm
antenna array sampled in an aqueous media. The absorbance is displayed at the bottom of the panel (solid line) with units indicated by the scale bar.
(d) Schematic of protein-binding interactions measured. The gold antennas (Au film) are covered with a self-assembled monolayer of a biotin-
labeled alkanethiol (blue and red dots), to which SA binds. They are further functionalized with αG(M) IgG, which allows for a selective adsorption
of the respective target IgG (see text). (e) Time series of spectra taken during SA. (f) Peak integral (integrated absorbance) evolution over time
during the protein-binding measurements for the three samples. Abbreviations are as follows: αG(M), antigoat (mouse host) IgG; R(s), rabbit IgG;
M(s), mouse IgG. Vertical lines indicate the rinsing process. In all experiments, for each step the protein solution is introduced and allowed to flow
for 60 min (first horizontal line). Each step is followed by a 15 min rinse with a detergent (second vertical line), then pure buffer (third vertical line).
(g) Amide band peak integral used to assess protein binding. (h) Schematic of the biotin-labeled latex bead ((b)LB)−SA binding (compare labeling
in (d)). (i) Time-series absorbance spectra during the (b)LB-binding steps. The vibrational features at 1450 and 1490 cm−1 are associated with the
benzene ring; the vibrational feature at 1650 cm−1 originates from the OH vibration in H2O (see also (k)). (j) Evolution of the peak integrals
(integrated absorbance, units of mOD (optical density) cm−1) over time during (b)LB-binding steps. Vertical dashed lines indicate the rinsing
process. For details, see ref 22. (k) Specific chemical structures and their corresponding infrared fingerprints (peak integrals) used to monitor their
presence during the flow experiments. Reprinted with permission from ref 22. Copyright 2013 Macmillan Publishers Ltd.: Nature Communications.
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6.3.2. Fano-Resonant Asymmetric Metamaterials. In
2011, Wu et al. utilized a combination of refractive index
sensing and resonant SEIRA to detect proteins.230 Because of
the dependence of plasmons on the dielectric function of the
surrounding medium, refractive index sensing is another
promising application of plasmonic metamaterials.154,231,232 In
2011, Pryce et al. used coupled split-ring resonators as
substrates for SEIRA and refractive index sensing, demonstrat-
ing how both applications can be combined on the same
substrate.131 In other studies, nanoporous gold disks were
used.233 In refractive index sensing, the shift of the plasmonic
resonance is monitored, which makes its sensitivity directly
dependent on the used line width. In addition, a narrow
resonance corresponds to low damping and long plasmon
lifetimes resulting in high near-field intensities required in
resonant SEIRA. Thus, spectrally narrow line widths are
desirable for both applications. One approach to obtain such
narrow band resonances providing high near-fields is the use of
so-cal led Fano-resonant asymmetric metamaterials
(FRAMMs).234−236 Fano-type resonances have already been

described in section 3.3 for a coupled system consisting of a
plasmon resonance and a molecular excitation. However, they
also appear in merely plasmonic metamaterials when coupling a
bright (superradiant) to a dark (subradiant) mode of the
plasmonic system. Figure 23a illustrates this for a structure of
two parallel antennas oriented along the y-axis, coupled via a
third antenna, oriented along the x-axis. Such a structure
exhibits no in-plane inversion or reflection symmetry, making it
an asymmetric metamaterial.
Such FRAMMs were used in 2011 by Wu et al. as a

biosensor.230 In Figure 23b are plotted typical reflectance
spectra of the used FRAMMs before and after functionalization
with 3 nm-thick protein A/G monolayer. The resonance of the
superradiant mode ωD is located around 1900 cm−1. Going to
lower frequencies, a well-pronounced dip is visible, which is a
signature of the destructive interference between the two
coupled modes. After functionalization with a monolayer of a
material with a permittivity ε > 1, the Fano-resonance shifts
toward lower energies. Using temporal coupled mode theory
for the analysis of this shift, the authors precisely determined

Figure 23. (a) Schematic illustration of Fano-coupling in a plasmonic metamaterial. The superradiant dipolar mode with resonance frequency ωD
gets excited by incident light and couples to the subradiant quadrupole mode at ωQ with the coupling constant k via the plasmonic near-fields. (b)
Typical experimental and theoretical reflectivity spectra of a FRAMM before and after functionalization with a protein A/G monolayer. (c) Near-
field enhancement in a theoretical 10 nm thick layer on the FRAMM obtained from numerical (finite-element) simulations for x- and y-polarization
of the light. (d) Reflectance spectra of a Babinet-inverse FRAMM structure (slits in a 25 nm thick Au layer) before (black) and after coating of
PMMA molecule layer (blue, red) in a frequency range from 1467 to 2802 cm−1. (e) Difference of reflectivity ΔR of the spectra shown in (d) with
indicated signal strength DR in the frequency range from 1568 to 1901 cm−1. Reprinted with permission from refs 230 and 237. Copyright 2012
Macmillan Publishers Ltd.: Nature Materials and 2015 Macmillan Publishers Ltd.: Nature Materials.

Chemical Reviews Review

DOI: 10.1021/acs.chemrev.6b00743
Chem. Rev. XXXX, XXX, XXX−XXX

AA

http://dx.doi.org/10.1021/acs.chemrev.6b00743


the thickness of the monolayer and draw conclusions regarding
the protein orientation by taking the anisotropy of the
permittivity into account. For these experiments, the narrow
nonradiative resonance of the quadrupole mode located at ωQ
(see Figure 23b) has to be detuned from any vibrational modes
of the molecules as the permittivity is highly dispersive in their
spectral vicinity. However, by matching ωQ to the vibrational
modes, FRAMMs can be used for SEIRA because the highest
near-field intensities are present at the quadrupole resonance as
shown in Figure 23c. In a similar study, Cheng et al. found
enhancement factors of 105 using Babinet-inverted FRAMM
structures, which impressively prove the potential of this
approach.237 In other studies, FRAMMs were employed to
successfully distinguish between a monolayer of vertically and
horizontally aligned helical peptides based on their amide I and
amide II bands.228,229

6.3.3. In Situ Monitoring of Protein Binding Dynam-
ics. Resonant SEIRA spectroscopy in all of the above-
mentioned studies was performed under atmospheric con-
ditions outside the proteins native environment. As a
consequence, the proteins often change their structural
properties or lose their physiological functionality hampering
applications of resonant SEIRA to biological relevant systems at
that stage. Consequently, SEIRA spectroscopy in aqueous
solution is essential but hindered by the strong absorption of
water in the infrared, particularly at the amide vibrations. Adato
et al. overcame this obstacle by leveraging tailored arrays of
nanostructures not only to enhance the proteins vibrations but
also to redirect far-field radiation.25 This concept, referred to as
plasmonic internal reflection (PIR, see Figure 22b), has
similarities to attenuated total reflection (ATR), which is
conventionally applied to reduce the water absorption in IR
spectroscopy.196 In this traditional approach, IR radiation is
totally reflected at the ATR crystal−water interface, and only
molecules located in the evanescent field (with micrometers
spatial extent) are probed. In contrast, resonantly excited
nanoantennas as used in PIR provide a much stronger
confinement of the electromagnetic fields (only 100 nm), as
discussed previously.101 Consequently, the water absorption is
further reduced if the protein is located in the confined near
fields. Importantly, this approach requires a tailored design of
the scattering cross-sections of the resonant nanoantennas to
efficiently redirect the far-field radiation to the detector.187

Adato et al. utilized this advanced geometry to measure in
real-time molecular interactions between proteins as well as
chemically distinct particles. In a first series of experiments, the
authors studied the protein interaction as schematically
illustrated in Figure 22d. First, the nanostructures were
functionalized with a layer of streptavidin (SA). Figure 22c
shows a typical infrared reflection spectrum measured in PIR
geometry of nanoantennas before and after adsorption of SA.
The infrared optical response is dominated by the broadband
plasmonic response and the remaining water absorption
present in both spectra. The enhanced amide vibrations,
however, are hardly visible but clearly appear in the differential
absorbance spectra shown in Figure 22e. For each time step,
the respective spectrum is referenced to the spectrum taken
directly before the protein solution is introduced to the system.
Obviously, the signal strength of the amide vibrations increases
with time and saturates at a certain step, indicating the full
coverage of the antennas with the SA layer. The saturation is
also seen in Figure 22f (between 0 and 90 min), where the
integrated absorption of the amide vibrations in units of milli

optical density times wavenumber (mOD cm−1) is plotted
versus time.
For the demonstration of protein−protein binding, experi-

ments with three different IgGs (antigoat (mouse host)
(αG(M)), rabbit IgG (R(s)), and mouse IgG (M(s))) were
performed. In all three experiments, first, a second layer
consisting of biotin-labeled antirabbit (goat host) (αR(G)) was
attached to the SA (at time step 90 min), acting as a receptor
for αG(M) and R(s). Because of the amide vibrations of the
αR(G), the integrated absorption increases in all experiments.
At a time step of 190 min αG(M), R(s) or M(s) was added to
the respective samples.25 By monitoring the integrated
absorbance over the material-specific vibrational bands found
in the respective differential absorbance spectra (see Figure
22f), the binding events were tracked. In the study, the
absorbance of amide I and II vibrations can be used as proxy for
protein accumulation. Consequently, the trace shows the
successful binding of αG(M) to αR(G) in situ monitored
with resonant SEIRA (blue curve in Figure 22f). As expected, if
other target IgGs are added to the system (at time step 190
min), the binding is hindered (rabbit IgG (R(s)), red curve in
Figure 22f) or completely suppressed (mouse IgG (M(s)),
black curve in Figure 22f).
In a second series of experiments, Adato et al. monitored the

binding interactions between two chemically distinct species,
proteins and biotin labeled latex beads (Figure 22h). While
both materials, latex beads and proteins, have similar refractive
indices in the visible and near-infrared, making them
indistinguishable in refractive index sensing studies, their
molecular constitution is completely different. In contrast to
the protein streptavidin, styrene contains no amide bonds but
narrow vibrational bands at 1490 and 1450 cm−1 associated
with the benzene ring (Figure 22h). After introducing biotin
labeled latex beads into the system, such benzene vibrations
appear in the differential absorption recorded in PIR geometry
(Figure 22i). The localization of the latex-beads in the
enhanced electromagnetic near-fields of the resonant nano-
antennas covered with streptavidin is mediated by the biotin−
streptavidin binding. Similar to the above-mentioned results,
the integrated absorbance of the benzene vibrational band is
calculated enabling an in situ monitoring of the biotin−
streptavidin binding. Additionally, a broad feature at 1650 cm−1

is found in the differential absorption spectra, which decreases
with time (see also integrated absorbance in Figure 22j, lower
panel). The authors relate the reduction in intensity to the
water displacement as the beads bind at the nanoantennas
surface.
These results clearly highlight the capability of resonant

SEIRA in PIR geometry to distinguish and track chemically
distinct substances on the basis of the bond specific binding.

6.4. Real-Time Monitoring of Lipid Membranes

For a full understanding of biological systems, it is essential to
monitor their dynamics under varying conditions. In a first
study, Bagheri et al. demonstrated that resonant SEIRA is
suitable to trace such dynamic processes. In the experiments,
the degradation of a polymer was monitored by detecting the
decrease of its characteristic SEIRA signal after certain periods
of UV exposure.86

In a recent work of more biological relevance by Limaj et al.,
this concept was applied to a biological testing system, the so-
called lipid membranes.21 Bilayers of these membranes
constitute the surface of all living cells. As such they mediate
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between the environment inside and outside of the cell238 and
therefore play an important role in any organism. As illustrated
in Figure 24a, the authors used a biosensor based on resonant
SEIRA, consisting of gold nanoantennas covered with a layer of
silica (SiO2).

This layer was necessary to enable a homogeneous formation
of the supported lipid bilayers (SLB) on the sensor surface. The
measurements were performed in situ in the aqueous
environment inside of a fluidic cell. Lipid vesicles were injected
into the cell and adsorbed to the biosensors surface until a
critical coverage was reached upon which they ruptured and
formed the SLB. This formation was monitored by observing
the two CH2 absorption bands of the lipids located at 2855 and
2927 cm−1. Figure 24b shows reflectance spectra and
vibrational signals for different times after the lipid vesicle
injection. It is clearly visible how the vibrational signals increase
over time, which can be associated with the formation of the
SLB. To better analyze the kinetics, the authors integrated the
absorbance of these two bands and plotted them as a function
of time. As seen in Figure 24c for three different surface
materials, distinctly different profiles were recorded. For a self-
assembled monolayer of 16-mercapto hexadecanoic acid
(MHDA), the formation dynamics exhibit a decelerating profile
(Figure 24c, middle panel), which the authors attributed to the
strong interaction between lipid vesicles and the MHDA. This

interaction results in a reduced mobility and therefore
decreasing coverage speed, as more sites on the surface become
occupied. For Al2O3 a profile similar to that for SiO2 was found,
however, with a distinctly lower SEIRA signal (Figure 24c,
bottom panel). In addition, the signal is not stable over time
and decreases upon rinsing with phosphate buffer saline (PBS).
Those two effects are expected due to the low adhesion energy
of the vesicles on Al2O3. A stable bilayer can therefore not be
formed on this surface as the biosensor was able to correctly
detect. This demonstrates impressively the capability of
biosensors based on resonant SEIRA to trace the formation
kinetics of biological processes in real time and thus its
applicability to further analyze structure, functions, and
interactions of cellular membranes.

7. CONCLUSION AND OUTLOOK
Surface-enhanced infrared spectroscopy using resonant metal
nanoantennas has grown in scientific and technological
relevance from a fundamental effect to practical applications.
From the first demonstration of resonant SEIRA to elaborated
studies of the vibrational signal enhancement and the
underlying resonant coupling between molecular and plas-
monic excitations, the understanding has increased substan-
tially. As a result of these experimental and theoretical efforts, a
foundation has evolved that provides an intuitive physical
insight into resonant SEIRA and gives design rules for metal
nanostructures used in SEIRA applications.
On the basis of this fundamental knowledge, several routes

for an optimization of the signal enhancement have been
developed. It turned out that a careful design of the
nonradiative plasmonic losses (given by the nanostructure
materials) and the radiative plasmonic losses (given by the
nanostructure shapes and arrangements) is crucial for the
enhancement. These parameters, together with the antennas’
nanoscopic properties, provide versatile possibilities for an
optimized design of nanostructures that can be adapted to any
given experimental requirement. Such optimized nanoantennas
are likely to serve as substrates for surface-enhanced infrared
spectroscopy with single molecule sensitivity if highly brilliant
light of advanced light sources or combinations with near-field
optical microscopy are employed.
Even though single molecule sensitivity has not been reached

yet, resonant SEIRA has huge potential for applications in
several fields of research and industry. For instance, dynamic
processes such as the formation of planar biomimetic
membranes have been monitored, or biomolecules and proteins
have been detected without any chemical functionalization,
demonstrating the capability for label-free and nondestructive
material identification with unprecedented sensitivity. Combi-
nations of resonant SEIRA with refractive index sensing and
other field-enhanced techniques, such as enhanced fluorescence
or SERS, have led to the design of nanoscale sensing platforms
providing complementary chemical information.
In conclusion, while in the past a fundamental understanding

of the physics underlying resonant SEIRA was gained and first
applications were demonstrated, resonant SEIRA is now
developing toward a standard technique for the detection of
molecular vibrations with improved sensitivity. In the future,
the challenge remains to detect gases, protein folding events in
their native liquid environment, as well as single molecules,
ideally in an intracellular fashion. The latter one could be
achieved with nanoparticles or core−shell nanoparticles in an
aqueous environment, which can be tuned toward the mid-IR,

Figure 24. (a) Schematics of measurement configuration for
monitoring supported lipid bilayers (SLB) formation. (b) Reflectance
(top) and corresponding absorbance (bottom) spectra for different
times during SLB formation. Inset illustrates the symmetric (blue) and
antisymmetric (red) CH2 stretch modes of the lipids. Their spectral
position is indicated by the dashed lines of respective color. (c)
Integrated absorbance over CH2 modes as a function of time for
nanoantennas covered with a 15 nm thick SiO2 layer (top), a self-
assembled monolayer of 16-mercapto hexadecanoic acid (MHDA)
(middle), and a 15 nm thick Al2O3 layer (bottom). Differently colored
regions indicate injection of lipid vesicles, injection of phosphate buffer
saline (PBS), and rinse with PBS at a higher flow rate. Reprinted with
permission from ref 21. Copyright 2016 American Chemical Society.
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particularly if they are made from materials other than gold, for
example, titanium nitride, and so can semiconductor nano-
particles. This should aid resonant plasmonic SEIRA enhance-
ment also in cells with typical sizes of several tens of
micrometers.
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Hirscher, M.; Sönnichsen, C.; Giessen, H. Planar Metamaterial
Analogue of Electromagnetically Induced Transparency for Plasmonic
Sensing. Nano Lett. 2010, 10, 1103−1107.
(155) Yang, H. U.; Olmon, R. L.; Deryckx, K. S.; Xu, X. G.; Bechtel,
H. A.; Xu, Y.; Lail, B. A.; Raschke, M. B. Accessing the Optical
Magnetic Near-Field through Babinet’s Principle. ACS Photonics 2014,
1, 894−899.
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