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Abstract: Absorption, scattering, and fluorescence are 
processes that increase with electric field intensity. The 
most prominent way to enhance electric field intensity is 
to use localized or propagating surface plasmon polari-
tons (SPPs) based on metallic particles and nanostruc-
tures. In addition, several other, much less well-known, 
photonic structures that increase electric field intensity 
exist. Interference enhancement provided by thin dielec-
tric coatings on reflective substrates is able to provide 
electric field intensity enhancement over the whole sub-
strate and not only at certain hotspots, thereby being in 
particular suitable for the spectroscopy of thin surface 
layers. The same coatings on high refractive index sub-
strates may be used for interference-enhanced total inter-
nal reflection-based spectroscopy in much the same way 
as Kretschmann or Otto configuration for exciting propa-
gating SPPs. The latter configurations can also be used to 
launch Bloch surface waves on 1D photonic crystal struc-
tures for the enhancement of electric field intensity and 
thereby absorption, scattering, and fluorescence-based 
spectroscopies. High refractive index substrates alone can 
also, when nanostructured, enhance infrared absorption 
or Raman scattering via Mie-type resonances. As a further 
method, this review will cover recent developments to 
employ phonon polaritons in the reststrahlen region.

Keywords: SEIRA; SEF; SERS; interference enhancement; 
Bloch surface waves; phononics; nanophotonics.

1   Introduction
Nowadays, it is a quite common technique to enhance weak 
signals from comparably few molecules by enhanced elec-
tric fields arising from plasmonic particles and structures. 
The coupling between light and the particles and struc-
tures results in surface plasmon polaritons (SPPs), either 
localized or propagating, which rely on the existence of 
interfaces and are more or less confined to them. This con-
finement leads to strong local electric fields. Absorption 
and Raman scattering are processes that depend on local 
electric field strengths [1]. As the former is a one-photon 
process, it is proportional to electric field intensity (the 
squared field strength). For the latter, the scattered photon 
has a frequency somewhat different from the incom-
ing one; therefore, the signal depends on the product of 
electric field intensity at the frequency of the incoming 
photon and electric field intensity at the frequency of the 
scattered photon. Thereby, in particular, in Raman scat-
tering with its comparably low inelastic scattering cross-
sections, tremendous signal enhancements of up to 108 or 
larger are possible by surface-enhanced Raman scattering 
(SERS) also because a second mechanism contributes to 
the enhancement [2]. This mechanism, often called chem-
ical enhancement, is based on electronic interactions 
between the plasmonic material and the molecules and 
leads to enhancement factors between about 101 and 102 
for SERS. For infrared (IR) absorption, the enhancement 
factors are much smaller, as they scale with electric field 
intensity but also because chemical enhancement does 
not appreciably contribute and particle sizes and the 
resulting localized SPPs cannot match the frequencies 
of molecular vibrations. This is different for structured 
arrays, where locally very high enhancement factors can 
be reached [3]. Unfortunately, the interaction between the 
individual structures in the unit cells forces the density of 
structures to be low, as the field confinement is less ideal 
in the IR spectral range. As a consequence, the overall 
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signal is generally about 1 order of magnitude lower for 
surface-enhanced IR absorption (SEIRA) substrates con-
sisting of ordered arrays than that for particles using 
localized plasmon polaritons [4].

The literature about SERS is abundant with nearly 
20,000 papers since its discovery in the 1970s and, over 
the last years, about 100 reviews per year, which deal 
mainly or partly with plasmonic enhancement of Raman 
scattering. Although SEIRA has been officially discovered 
not long after SERS, namely in 1980, it is with about 500 
papers much less prominent in literature. With about 150 
publications per year, surface-enhanced fluorescence 
(SEF) comes in last.

Usually, surface enhancement is practically synony-
mous with plasmonic enhancement. Although plasmonic 
enhancement seems to be ideal in terms of the reach-
able enhancement, it has a number of drawbacks, in 
particular the strong absorption and the correspondingly 
high amount of heat generated in plasmonic structures 
as well as the already mentioned low confinement at IR 
frequencies. SERS has recently been shown to be a very 
complex interplay of different processes [5]. As revealed 

by a high-speed superresolution imaging technique, the 
metal adsorbate system formed between the plasmonic 
structure and the analyte is not stable but strongly influ-
enced by adsorption, desorption, and diffusion. The local 
structure and thereby the local field strength are accord-
ingly also permanently changed by added atoms and local 
clusters inside a hotspot. These findings are in line with 
a recent investigation and explanation of changing band 
intensities in tip-enhanced Raman spectroscopy [6]. A 
third contribution is delivered by the chemical interac-
tions that also fluctuate; finally, formation and destruc-
tion of local metal clusters might also play a role. Overall, 
it seems that a functionalized plasmonic nanoparticle is 
more than 98% of the time in an off-state. It is not surpris-
ing that, under these conditions, reproducibility is hard 
to obtain.

Alternative structures that also lead to considerable 
field enhancements or chemical interactions that enhance 
spectral signals are available but are by far less prominent. 
A much older method compared to plasmonics for enhanc-
ing electric fields is to employ interference enhancement 
(Figure 1A). Specifically, in combination with internal 

Figure 1: Schematic display of nonplasmonic enhancement mechanisms discussed in this review.
(A) Interference enhancement due to a layer of specific thickness deposited on a reflective surface. (B) BSWs in 1D photonic crystals 
launched by internal reflection. (C) BICs as representative for arrays of nonabsorbing or weakly absorbing dielectric nanostructures/
metasurfaces. (D) Structures for SPhPs.
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reflection configurations, remarkable enhancements can 
result, which are homogenous over the interface between 
sample and interference medium and can be controlled 
by the incidence angle. Alternatively, Bloch surface waves 
(BSWs) can be generated by 1D photonic crystals that reach 
about the same order of magnitude of enhancement as the 
interference effects (Figure 1B). Recently, purely dielectric 
structures have also been used to enhance electric fields 
by Mie-like electric and magnetic resonances, whispering 
gallery modes (WGMs), or resonances governed by bound 
states in the continuum (BICs; Figure 1C). Moreover, the 
use of surface phonon polaritons (SPhPs) instead of SPPs 
to enhance molecular vibrational modes in the IR is very 
attractive due to comparable enhancements combined 
with strongly reduced absorption in SPhP structures and a 
stronger near-field confinement (Figure 1D).

In the following, we will provide an overview of these 
methods and their application not only because they are 
interesting per se and can be used independently but also 
because hybrid plasmonic-nonplasmonic approaches 
might be able to further stimulate the development in the 
exciting field of surface-enhanced spectroscopy.

2   Methods

2.1   Interference enhancement

If one studies recent literature, it seems that employing 
interference enhancement, in particular for IR spectro-
scopy, is a very recent technique. In 2016, Ayas et al. intro-
duced a substrate consisting of an 80 nm Al layer, which is 
thick enough so that, for mid-IR radiation, transmittance 
is virtually zero [7]. On top of this, a dielectric material 
is placed with a thickness d = λ/4n, where λ is the wave-
length within the material and n is the index of refraction 
of the dielectric. In the ideal case, i.e. for a backplane con-
sisting of a perfect electric conductor and a nonabsorb-
ing dielectric, |E|2/|E0|2 = 4 would result from constructive 
interference of the waves reflected from the first and the 
second interface, which means that the intensity of the 
incident radiation |E0|2 would be enhanced fourfold. This 
seems to be not much compared to plasmonic enhance-
ments of IR radiation. However, this enhancement is 
homogenously available over the whole interface between 
dielectric spacer and sample and not only at certain hot-
spots. In particular, for thin films, this leads to consider-
ably higher overall signals than those from plasmonic 
nanoantennas. The latter have much higher local signal 
enhancements but generate overall signals for thin films, 

which are comparable to those of a freestanding thin film 
(a film on a substrate loses some signal compared to the 
freestanding film). Taking this together with the fact that 
such freestanding films generate signals that are at least 
for the medium strong peaks detectable with standard 
equipment, interference enhancement is often sufficient 
to render all peaks detectable. In addition, the spectral 
range, which is enhanced, is generally somewhat broader 
than for plasmonic enhancement, and a further advantage 
is that the resulting spectra can be quantitatively modeled 
and analyzed with dispersion analysis. Finally, the fab-
rication of the substrate does not require any advanced 
lithography techniques that are usually needed to create 
plasmonic structures.

Although Ayas at al. investigated their substrate at 
(near) normal incidence, a further boost of the signal inten-
sity is possible, if grazing incidence and s-polarized light 
is used and the thickness of the dielectric layer is adapted 
to this configuration, as suggested by He et al. [8]. Com-
pared to normal incidence, the signal intensity is about 
fourfold and the only additional requirement is a grazing 
angle reflectance accessory for the IR spectrometer. He 
et al. speculated that a “coupled oscillators’ energy trans-
fer between the molecules and the cavity underneath” is 
responsible for this extra boost. However, as illustrated in 
Figure 2, the additional enhancement is also available in 
the absence of any molecular layer, as absorption is also 
highly increased (because transmittance is zero for such 
substrates, absorptance = 1 – reflectance).

The electric field map provided in Figure 2 shows a 
further advantage, which is that the enhanced fields 
are not confined to the immediate vicinity of the inter-
face, so that also the signals of larger structures can be 
enhanced. Although the spectra show a background from 
the substrate, this background can be readily removed by 
employing dispersion analysis to the spectra. We would 
like to point out that the substrate background arises from 
the interference effect within the aluminum oxide (Al2O3) 
layer on the Au surface. To remove it properly, a simple 
subtraction of the background spectrum is not sufficient, 
but an analytical approach is required such as dispersion 
analysis.

Thus far, interference-enhanced IR spectroscopy 
suffers, although it has a compared to plasmonic enhance-
ment increased spectral range, from the problem that this 
range nevertheless does only cover parts of the IR spec-
trum. In plasmonics, the problem can be overcome using 
antennas with two or more resonances. For interference 
enhancement, Bakan et al. suggested to use phase change 
materials to remove this problem [9]. The phase change 
material, in this case VO2, is sandwiched between two 
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dielectric layers that are placed on the highly reflective 
substrate. VO2 shows a thermally induced insulator-to-
metal transition. As long as the VO2 is insulating, it forms 
together with the dielectric layer above and below a layer, 
the thickness of which is trimmed to have its enhance-
ment maxima at about 3 and 8 μm, whereas the enhance-
ment is maximal between 4 and 5 μm if VO2 is metallic. 
As a result, nearly the whole mid-IR spectral range can be 
covered with one substrate.

We have already addressed that interference enhance-
ment usually introduces an undesirable background into 
spectra, comparable to plasmon bands (cf. Figure  2), 
which, in contrast to the latter, could be removed by 
dispersion analysis. An alternative to applying disper-
sion analysis for background removal is to use a method 
employing interference enhancement that is intrinsically 
background free. Such a method is interference-enhanced 
internal reflection spectroscopy [10]. For this technique, a 
dielectric layer with an index of refraction as low as pos-
sible [e.g. n(MgF2) < 1.35] is applied on a high-index mate-
rial, which is also transparent in the IR spectral range 

[e.g. n(Ge) = 4, n(GeTe) = 7.3] [11]. Due to the refractive 
index difference, the interface between both materials is 
highly reflective. The second interface between layer and 
air can even be made an ideal reflector, if the incidence 
angle is slightly above the critical angle for the uncoated 
incidence medium, because then total reflection occurs at 
the interface between layer and air. The generated signal 
is also comparable to that of plasmonic enhancement in 
Otto or Kretschmann configuration. In contrast to these 
two methods, however, there is no background and the 
angular spread of the incident radiation can be 2 orders of 
magnitude larger. Certainly, the material to be investigated 
could also be the layer itself. In this case, larger enhance-
ments of |E|2/|E0|2 ≈ 80 are reached, if the incidence angle is 
slightly below the critical angle for the interface between 
incidence medium and absorbing layer [10].

This conveys the impression that interference-
enhanced spectroscopy is a comparably recent inven-
tion. In fact, IR interference-enhanced internal reflection 
spectroscopy has already be suggested under the name 
“bloomed layers spectroscopy” or “light condenser 
spectroscopy” in a rarely cited paper [12] published in 
1965 that seemingly never found practical application. 
One exception is the concept of using the sample itself 
as quarter-wave layer. This concept was employed by 
Huber-Wälchli and Günthard in 1978 to investigate the IR 
spectra of molecules isolated in argon matrices, which 
were deposited on the incidence media (ATR crystals) 
[13]. The authors used ATR crystals that allowed mul-
tiple reflections and found signal intensities that were 
comparable to those obtained in conventional transmit-
tance experiments with layers that were 50 times thicker. 
Unfortunately, this paper is cited about as often as [12] and 
obviously more or less forgotten. Somewhat surprisingly, 
conventional IR interference-enhanced spectroscopy was 
not invented before 1980 [14] but is known as buried metal 
layer IR reflectance absorption spectroscopy since then.

In exactly the same year, namely 1980, interference-
enhanced Raman scattering (IERS) was first applied 
by Connell et  al. [15]. Due to the much lower scatter-
ing cross-sections, spectra of thin films are usually not 
detectable for Raman spectroscopy. The authors investi-
gated the theoretical relations and provided the spectra 
of a thin film of tellurium with a thickness of 5 nm. The 
substrate was comparable to that of [7], except that the 
dielectric was SiO2 with a thickness of 80 nm. Although 
the authors suggested potential enhancement factors 
of up to 103, they experimentally found a value of 20. In 
fact, assuming that |E|2/|E0|2 = 4 and that both incident 
and scattered radiation are enhanced by the same factor, 
the overall maximum enhancement should not be larger 

Figure 2: Modeled reflectance spectra of 2 nm PE on an Au/Al2O3 
substrate for s-polarized radiation and an incidence angle of 80°.
Black line (1) indicates the uncorrected spectrum, whereas the green 
line shows the corrected spectrum after the removal of the substrate 
background by employing dispersion analysis. Please note that 
the corrected spectrum cannot simply be obtained via a simple 
subtraction of (1) and (2). Above the spectra, the field map of the 
substrate is shown. The two black lines indicate the position of the 
dielectric layer.
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than 16; however, geometrical factors have also to be 
taken into account. It needs to be emphasized again that 
the enhancement is the same over the whole area of the 
interface and an additional advantage over plasmonic 
enhancement is that the selection rules, peak shapes 
and relative intensities do not change. Furthermore, heat 
generation and missing reproducibility are no issues. 
Despite these advantages, IERS did not gain much atten-
tion until recently. After the discovery of the chemical 
enhancement of Raman scattering by graphene [16], its 
application has become new impetus, as both effects can 
be ideally combined [17–19].

Recently, Solonenko et  al. investigated the origins 
and limits of IERS in a detailed manner [20]. On the 
example of copper(II) hexadecafluorophthalocyanine 
(F16CuPc) deposited on SiO2 layers on an Si substrate, 
enhancement factors were systematically investigated 
and compared to theoretical calculations for three dif-
ferent excitation wavelengths (325, 514.7, and 632.8 nm). 
Accordingly, enhancement factors of up to 80 are real-
istic, which might be slightly increasable using a reflec-
tive layer with a metal instead of a high refractive index 
semiconductor.

Up to now, interference-enhanced Raman spectro-
scopy was solely used to enhance Raman signals from 
inorganic thin films and 2D layered materials such as gra-
phene. In case of the latter, the use of corresponding sub-
strates is of advantage, as the graphene layer can be seen 
with the naked eye, thanks to the interference enhance-
ment, and thus indicate a successful transfer of graphene 
onto the substrate. In addition, the enhancement allows to 
easily measure the Raman signals of graphene and assess 
its quality. Alvarez-Fraga et  al. showed furthermore that 
the substrates additionally increase fluorescence without 
any quenching effects [19]. The author also deposited an 
Ag-nanostructured film onto the substrate and found that 
the combination with plasmonics leads to enhancement 
factors of >105.

The first application of interference-enhanced Raman 
spectroscopy to biological samples was reported by 
Pahlow et al. [21]. The authors used an aluminum back-
plane with Al2O3 as the dielectric layer. The surface of the 
dielectric layer was silanized and modified with ferriox-
amine B (ferrioxamine B can be used to capture bacteria). 
Employing a dielectric layer thickness of 75  nm and an 
excitation wavelength of 532 nm, the signals were ampli-
fied by about a factor of 30 and reached intensity ranges 
where the spectra could easily be evaluated. The authors 
emphasized in particular also the possibility of exploit-
ing destructive interference to suppress unwanted signals 
from the surface modification.

With regard to interference-enhanced Raman spectro-
scopy, Mayerhöfer and Popp [10] suggested to use inter-
ference-enhanced internal reflection spectroscopy also in 
combination with Raman spectroscopy. With materials at 
hand, the authors found a maximum possible enhance-
ment of about 750 when the combination of rutile as prism 
and a soda-lime-silica glass with an index of refraction of 
1.5 is used (cf. Figure 3). Using MgF2 instead, an enhance-
ment factor beyond 103 should be possible.

2.2   Electromagnetic enhancement by BSWs

BSWs are waves that propagate on the surface of periodic 
dielectric layer stacks (1D photonic crystals; these layer 
stacks consist alternately of two materials with different 
refractive indices). BSWs are limited to the surface of the 
layer stack due to the photonic band gap of the photonic 
crystal on the one hand and on the condition of total reflec-
tion on the other hand, very much like for interference-
enhanced internal reflection. They can be considered as 
dielectric analogues of planar SPP structures (consider 
Kretschmann and Otto configuration, where the waves are 
also injected via prism using an internal reflection con-
figuration) but do not suffer from absorption losses [22]. 
One other big advantage is their easy tunability over the 
whole spectral range of interest.

Based on a semiclassical and fully analytical approach 
to compute the spontaneous Raman scattering cross-sec-
tions in an arbitrary multilayer structure, Delfan et  al. 
evaluated electromagnetic enhancement by BSWs, taking 
into account effects introduced by finite beam sizes [22]. 
They compared their results to those obtained from the 
bare prism and for two other comparable structures, which 
can also be used to enhance Raman scattering and light 
absorption, namely a metallic structure supporting SPP 
modes in Kretschmann configuration and a waveguide 
structure with prism coupling (cf. Figure 4). The authors 
found that the generation of BSWs leads to enhancements 
2 orders of magnitude larger than for the structure support-
ing SPP modes. This is certainly less than for traditional 
SERS substrates, as the authors pointed out, but the BSW 
structures can additionally be decorated by correspond-
ing SERS structures. It would be interesting to compare 
the performance of the BSW structures to that of a prism 
with a single layer, i.e. to the performance of interference-
enhanced internal reflection Raman scattering [10].

In a follow-up paper, the electromagnetic enhancement 
of the structure used in [22] was investigated experimentally 
by photon scanning tunneling microscopy [23]. Although 
theoretically the electromagnetic enhancement was 
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predicted to be on the order of 103, the authors observed a 
lower enhancement factor of 300 by near-field microscopy. 
As reason why the experimental value was three times less 
intense than predicted, the authors identified the divergence 

of the incident beam. The authors emphasized that a further 
advantage of the BSW structure is “the tunability of the pen-
etration depth … as it illustrates the capability to confine 
optical fields down to few dozens of nanometers”.
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Figure 4: Structure for generating BSWs in comparison with other structures for enhanced spectroscopy.
(A) multilayer structure with BSWs, (B) WG structure, (C) metallic structure with SP modes, and (D) bare prism of the reference. Reprinted with 
permission from [22]. © The Optical Society. (E) Sample design optimized for a laser line of λ = 633 nm, TE polarized and incident with an 
angle θ0 of 45°. The resulting sample is a 15-layer stack of alternated low (SiO2) and high (Ta2O5) index materials. The field distribution is given 
throughout the stack with field enhancement above 1000 at the interface with air. Reprinted from [23] with permission from AIP Publishing.

Figure 3: Electric field enhancement in dependence of the wavelength and corresponding electric field maps.
(A) Electric field distribution for a 60-nm-thick layer of inorganic glass with n2 = 1.5 on aluminum (normal incidence). (B) Electric field on 
the surface of the layer in dependence of the wavelength. (C) Electric field distribution for the suggested interference-enhanced internal 
reflection Raman scattering substrate (130 nm layer of an inorganic glass with n2 = 1.5 on rutile as incidence medium with n1 = 3.1 for an 
incidence angle of 18.85° and s-polarized light. (D) Electric field on the surface of the inorganic glass layer for the same conditions as in (C). 
Adapted and reprinted with permission from [10]. © Copyright 2018 American Chemical Society.
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In another paper, the authors determined the actual 
enhancement of Raman scattering and photolumines-
cence by their structure, which generates BSWs [24]. As 
a lower limit for the Raman scattering enhancement, the 
authors found an enhancement factor of 50 using Raman 
excitation at 780 and 1064 nm and a mixture of distilled 
water and acetone as sample. This lower limit results from 
a comparison of the peak height of a prominent Raman 
peak and the noise in a reference experiment, where the 
corresponding peak was absent. The authors compared 
the measured intensity profiles to calculated profiles, 
found good agreement, and determined the theoretical 
enhancement factor to be between 200 and 400, which 
concurs with the enhancement factor found from photo-
luminescence experiments.

A slightly different multilayer stack, consisting of 
alternating ZrO2 and SiO2 layers instead of Ta2O3 and SiO2 
layers, was employed by Boginskaya et  al. to generate 
enhanced Raman scattering by BSWs [25]. In addition, 
the authors decorated the end face of the multilayer stack 
with gold nanoparticles prepared by the citrate method. 
They found that the plasmonic effect gave an additional 
170-fold enhancement of the SERS signals of 2-nitro-
5-thiobenzoate chemisorbed on gold nanoparticles. The 
authors also speculated that the enhancement factor of 
between 200 and 400 found in [24] may be due to a pro-
portionality with ~|E|2 instead of ~|E|4.

The first paper considering BSWs for the enhancement 
of vibrational signals of analytes in the IR spectral region 
was published by Smolik et al. in 2018 [26]. The authors 
also presented the first observation of BSWs in this spec-
tral range. To generate the BSWs, the authors employed 
a structure made of successive layers of ZnSe and YbF3 
deposited on a CaF2 substrate. This structure allows waves 
to be coupled in inside the range from 6.6 to 10.6 μm. For 
the experimental verification, the authors used a tunable 
quantum cascade laser centered at 7.85 μm, for which 
the structure was optimized to yield a high enhancement 
factor. The angular width of the BSWs is about 0.4°, which 
gives a measure of the allowable beam spread to unlock 
this enhancement factor. It seems to be not very differ-
ent from that of interference-enhanced internal reflection 
spectroscopy; as for Raman spectroscopy, it would be inter-
esting to compare the achievable signal enhancements.

2.3   Electromagnetic enhancement by 
dielectric metasurfaces and arrays

Metamaterials are artificially engineered materials, typi-
cally with periodic structures and building blocks with 

lateral dimensions in the subwavelength range, leading to 
unique optical properties that cannot be found in natural 
materials, e.g. simultaneously negative εr and μr. If addi-
tionally the thickness of the metamaterial is in the sub-
wavelength range, it is called a metasurface. The idea of 
using dielectric arrays of nanostructures to enhance elec-
tric fields seems to originate from the beginning of this 
decade. Miroshnichenko and Kivshar demonstrated that 
all-dielectric oligomers show light scattering with “Fano 
resonances with strong suppression of the scattering 
cross-section” [27]. Fano resonances originate “from the 
optically induced magnetic dipole modes of individual 
high-dielectric nanoparticles”. In other words, individual 
dielectric nanoparticles show magnetic Mie scattering 
modes that couple in case of oligomers and arrays. As the 
corresponding modes are practically lossless, resonances 
that are very sharp compared to their plasmonic ana-
logues can be achieved. A further important difference is 
that dielectric structures are less sensitive to the distances 
between the individual particles than plasmonic struc-
tures, in particular in the IR spectral range, for which the 
near-field effects can extend to distances up to 100 nm [4, 
28, 29] due to stronger confinement of the fields within 
the structures. A very popular material for the structures 
of which dielectric metasurfaces and arrays consist of is 
silicon due to its high refractive index. An excellent review 
about silicon nanophotonics has been authored by Staude 
and Schilling [30]. In addition to silicon and depending on 
the wavelength range of interest, other materials are avail-
able, which were compiled in a review by Baranov et al. 
[11]. (These are certainly also of interest for the structures 
presented in the two preceding sections of this review.) 
Corresponding all-dielectric structures can also be used 
for light generation [31]. Finally, some of the concepts 
compiled in the following can already be found in a review 
focused on spectroscopy and biosensing with optically 
resonant dielectric nanostructures [32]. This review also 
provides an excellent introduction into the background of 
the methods.

A first theoretical demonstration of the possibilities 
for correspondingly low-loss electric and magnetic field-
enhanced spectroscopy with nanosized subwavelength 
dimers of silicon was published by Albella et  al. [33]. 
The authors identified the origin of the spectral features 
of the scattered radiation and the field enhancements 
and compared them to those of a simplified analytical 
dipole-dipole model. To evaluate the performance, they 
calculated the fluorescence of a single emitter, which 
could either be an electric or magnetic dipole. By finite-
difference time-domain (FDTD) simulations, the authors 
showed that the hotspots in the dimer gap reach about 



748      T.G. Mayerhöfer et al.: Structures for surface-enhanced nonplasmonic or hybrid spectroscopy

half of the electric field enhancement of a gold dimer with 
the same gap size in the near-IR (NIR) spectral region (see 
Figure 5).

In a follow-up paper, Caldarola et al. [34] further inves-
tigated nanosized subwavelength dimers of silicon, in par-
ticular with regard to electric field enhancement and heat 
conversion. The corresponding sample consisted of an 
array of Si nanostructures on a silicon-on-insulator (SOI) 
substrate. Each of the nanoantennas comprised two iden-
tical disks with a diameter of 220 nm, a height of 200 nm, 
and a 20 nm gap in between. The authors showed using a 
method of thermal mapping, which combined diffraction-
limited spatial resolution and molecular thermometry, 
that the light-into-heat conversion is indeed very low. 
The increase of the Raman signal was measured for poly-
methyl methacrylate (PMMA) films covering the arrays. 
Accordingly, a 1000-fold enhancement was found, very 
close to the theoretical value, which was exactly 103 (cf. 
Figure 6). In a second experiment, the authors included 
Nile red as analyte, a fluorescent dye, into the PMMA and 
determined an SEF with an enhancement factor of about 
1900, again very close to the theoretically expected value 
of 2000.

Tip-shaped dielectric structures made out of black 
silicon and CuO and their properties for enhancing Raman 
signals are in the focus of the work of Mitsai et al. [35]. The 
authors went one step further and did not only try to trace 
an analyte but to track in situ the p-aminothiophenol to 
4,4′-dimercaptoazobenzene catalytic conversion and 
found that this is possible down to a concentration level 
of 10−6 mol/l. The experimental investigations were com-
plemented with “FDTD calculations to reveal the electro-
magnetic enhancement provided by an isolated spiky Si 
resonator in the visible spectral range”. The calculations 

showed that the maximum electric field intensity 
enhancement results in a factor of about 25, which is in 
line with the results of other works. Compared to the Si 
tips, the CuO tips showed a slightly better performance. 
The authors emphasized that, due to the much lower heat 
generation in dielectric substrates, “chemically nonper-
turbing SERS detection” is possible.

As Si is Raman active, an investigation of the field 
enhancement within Si nanoparticles is possible by 
simply applying Raman spectroscopy. Bezares et al. inves-
tigated the corresponding Mie-like resonances in arrays 
of silicon nanopillars [36]. These resonances can also be 
observed by reflectance spectroscopy, where they shop up 
as reflectance dips in the spectra. The authors found that 
the resonance wavelength shifts approximately linearly 
with the diameter of the nanopillars. They also studied 
the interaction between the nanopillars and discovered 
an “oscillating blue shift as the pitch is reduced”. Con-
cerning the field enhancement inside the nanopillars, 
Raman measurements revealed relatively moderate signal 
enhancements between 5 and 30.

The enhancement of Raman scattering within the 
building blocks of metamaterials is also in the focus of the 
research of Dmitriev et al. [37]. In their work, the authors 
concentrated on single spherical particle of silicon 
and showed that “magnetic dipole modes have a much 
stronger effect on the scattering than electric modes of the 
same order” and thereby “confirm the importance of the 
optically induced magnetic response of subwavelength 
dielectric nanoparticles for enhancing light-matter inter-
actions”, also for the situation in which the enhancement 
of Raman scattering of material (analytes) close to the 
enhancing structure is of particular interest. Depending on 
the ratio of the sphere diameter to excitation wavelength, 

Figure 5: Comparison of the electric field enhancement of dielectric and metallic dimers.
(A) Near-field enhancement of the electric field amplitude as a function of wavelength calculated at the center of the gap in a silicon dimer 
with different separation distances. (B) Same as in (A) but for a gold dimer. Reprinted with permission from [33]. © Copyright 2013 American 
Chemical Society.
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different resonances are excited ranging from magnetic 
dipole, electric dipole, magnetic quadrupole to electric 
quadrupole resonances. The strongest Raman scattering 
is associated with the excitation of the magnetic dipole 
and a maximum enhancement factor of 140 is predicted 
based on finite-integral time domain calculations. This 
enhancement factor is confirmed by the experiments.

To understand enhancement factors for Raman scat-
tering generated within the building blocks of metama-
terials, Frizyuk et al. [38] developed a rigorous analytical 
theory to calculate Raman scattering from crystalline 
high-index dielectric nanoparticles. The corresponding 
approach is based on a Green’s function approach. The 
authors used Si nanoparticles as an example and showed 
that the already strong Raman response due to optical 
phonon modes is further enhanced by the particles’ Mie 
modes. The authors extended their approach to enable 
the calculation of Raman scattering in more complicated 
geometries, leading to problems that do not allow straight-
forward analytical solutions. Finally, the authors analyzed 
Raman scattering from a nanodisk and discussed the con-
tributions of the different Mie modes.

The existence of a strong magnetic dipolar response is 
of great importance for surface-enhanced Raman optical 
activity (SEROA) of dielectric particles as Wu et  al. have 
shown by theoretical considerations [39]. Accordingly, the 
SEROA signal is proportional to the magnetic polarizabil-
ity of the particle, and it is this polarizability that is signif-
icantly enhanced by its magnetic response. The authors 
calculated the circular intensity difference achieved in the 
presence of Si spheres and compared it to the one obtain-
able for gold spheres. For single spheres, they found a 
10-fold enhancement of the circular intensity difference, 
which can be further increased to 60-fold, if the hotspots 
of dimers are investigated.

Thus far, Si was used as model material due to its 
comparably high index of refraction and low absorption. 
Another material that shares these properties in the visible 
spectral range is GaP. Its usefulness for surface-enhanced 
second harmonic generation (SHG) and fluorescence was 
investigated recently by Cambiasso et al. [40]. The authors 
examined single GaP nanodisks first to exclude collec-
tive effects and found an increase of the SHG conversion 
signal of more than 3 orders of magnitude in comparison 

Figure 6: Array of nanostructures fabricated in Si on an SOI substrate.
(A) Scanning electron microscopy (SEM) image. Each nanoantenna consists of two identical disks with a diameter of 220 nm, a height of 
200 nm, and a 20 nm gap in between. Scale bar, 2 microns. SEM top-view (B) and lateral-view (C) images of a single nanoantenna, indicated 
in the rectangle in (A). Scale bar, 100 nm. (D) Numerical calculation results showing a scattering resonance at λ = 860 nm (vertical black 
line) and a low absorption cross-section for the Si dimer in PMMA. Note that the absorption curve is multiplied by a factor of 10. (E) Near-
field distribution map for the silicon structure excited at resonance, showing good confinement of the electric field in the gap. Note that 
the maximum enhancement value is 5.5. Scale bar, 100 nm. (F) Experimental 2D normalized Raman map, showing enhanced signal coming 
from the molecules close to the nanoantennas. (G) SERS enhancement factors obtained for each individual nanoantenna shown in (F) after 
volume normalization. The error bars show half the difference between the minimum and the maximum Raman intensity value in each 
nanoantenna. The dashed line corresponds to (Emax/E0)4 from (E). Adapted from [34].
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to the bulk. For GaP dimers, featuring a 35 nm gap, they 
found an enhancement of fluorescence of 3600 for dye 
molecules located in the gap. The authors attributed this 
increase to a significant lifetime reduction of the excited 
state together with the electric field confinement within 
the gap. The authors speculated that this enhancement 
could be increased even further if smaller gap sizes were 
realized in the future.

Usually, enhancing inelastic light emission processes 
with resonant excitation, like Raman scattering and fluo-
rescence, are related to increased scattering of the excit-
ing light. Typical examples are plasmonically enhanced 
Raman scattering and fluorescence. That it is also possible 
to enhance these processes and find an inverse correla-
tion was shown by Baranov et al. for the example of an 
enhanced Raman signal in case of decreased Raman scat-
tering [41]. Key to observe this behavior are individual Si 
nanodisks that are excited in the so-called anapole state 

(cf. Figure 7). In this state, electric and toroidal dipoles 
interfere destructively in the far field so that elastic scat-
tering is suppressed. At the same time, greatly enhanced 
near fields exist in the center of the nanodisks. The exist-
ence of these near fields is demonstrated via the Si Raman 
modes that are enhanced by a factor of 80.

That individual all-dielectric nanostructures based on 
the anapole effect can produce strong electric fields with 
intensity enhancements exceeding 3 orders of magnitude 
was investigated somewhat earlier on a theoretical basis 
by Yang et al. [42]. The authors used FDTD calculations, 
also on Si nanodisks, to demonstrate that, by anapole 
generation within the disk, high field enhancements 
are possible. The authors also noted a “subtle interplay 
among different resonant modes of the system”. To make 
this field accessible, the authors suggested to introduce 
a slot area inside the cylinders to fabricate high- contrast 
interfaces. The authors speculated that this design 

Figure 7: Electromagnetic calculations of far-field and Raman response of Si nanodisk arrays exhibiting a strong anapole state.
(A) Simulated extinction (1 – transmission) spectra of Si nanodisk arrays on glass in air versus wavelength and disk radius for linearly 
polarized light incident normally to the substrate plane. The nanodisks are ordered in a square lattice with periodicity of 500 nm and have 
a constant height of 70 nm. The dashed white line is a guide for the eye indicating the anapole state dispersion. (B) Electric dipole (P, red 
line) and toroidal dipole (T, green dashed line) contributions to the induced electromagnetic fields inside a nanodisk of radius of 180 nm 
obtained from multipole decomposition. The inset shows the total local electric field distribution at the anapole wavelength of ≈785 nm. 
(C) Spectrum of volume-averaged electric field energy inside the disk and the Purcell factor FP(ω) at the nanodisk center for the nanodisk of 
180 nm radius. (D) Calculated Stokes and anti-Stokes Raman intensity of the 521 cm−1 phonon line for an excitation wavelength of 785 nm 
wavelength (full lines) together with the extinction amplitude at 785 nm (dashed line) versus disk radius. The intensities are normalized to 
the Stokes Raman intensity of an unpatterned Si film of the same thickness and to the Si volume in the calculation domain. Reprinted with 
permission from [41]. © Copyright 2018 American Chemical Society.
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methodology is “readily extendable to other materials and 
other geometries”.

The anapole concept was further investigated by 
Sabri et al., who also suggested the use of slotted Si nano-
disks or cylinders with circular or rectangular openings to 
generate the anapole state and make the corresponding 
enhanced near-fields accessible [43]. In contrast to the 
preceding works [41, 42], the authors focused on a differ-
ent spectral range, 630–650 nm, and suggested to support 
their structure additionally by electromagnetic enhance-
ment by introducing a dielectric spacer of SiO2 on a gold 
backplane, thus combining the anapole-based enhance-
ment with that coming from interference. For this special 
configuration, the authors found an additional enhance-
ment of the electric field by roughly a factor of 4. In addi-
tion, the authors addressed the case in which the circular 
or rectangular opening is filled with water.

Anapole excitations are considered to lead to particu-
larly high electric field enhancements for materials with 
a very high index of refraction n and, at the same time, 
as low as possible index of absorption k, a condition that 
favors, for example, Si and Ge in their respective transpar-
ency regions. That also lower index materials such as TiO2 
can largely profit from anapole excitations was shown by 
Hüttenhofer et al. [44]. As the authors were interested to 
increase the photocatalytic activity of TiO2, the material 
needed to have k  >  0 to possess this activity, which was 
introduced by annealing the material and thus causing 
oxygen deficiency. Employing disks of this material with 
appropriate radii, the author proved experimentally that 
anapole excitations led to considerably enhanced photo-
catalytic activity by the increased photoreduction of Ag+ 
ions at a wavelength of 532 nm.

Enhancement factors of dielectric structures in the 
papers discussed up to this point were far from those 
obtainable by plasmonic enhancement. Apart from hybrid 
approaches, a possibility to overcome this limitation is to 
use two different mechanisms of enhancing the local elec-
tric field as in the preceding work. In contrast to SPPs in 
the visible and NIR spectral range, Mie-like modes are not 
so tightly bound; therefore, collective modes, i.e. lattice 
resonances are possible, very much like in case of SPPs in 
the mid-IR spectral range [3, 4]. Such lattice resonances, 
which are comparably sharp features, can be easily tuned 
to the spectral position of an exciting laser line. The gap 
mode of dimers, which can be tweaked independently, 
is usually a very broad feature and can be employed, 
for example, for enhancing the intensity of Raman scat-
tered photons. Further enhancement is achieved as in 
the aforementioned work using a reflective substrate 
under a dielectric spacer. This configuration was recently 

investigated theoretically by Černigoj et al. [45], and the 
authors reported enhancement factors comparable to 
those that can be reached by plasmonic structures. Exper-
imental confirmation of these enhancement factors is still 
missing.

An alternative way to realize enhancement factors that 
are comparable to those of plasmon-based SERS is to use 
WGM resonances in a silica sphere supported by a pillar 
on a silicon substrate [46]. As Huang et al. have pointed 
out, “the linewidth of a typical WGM resonance is much 
narrower than that of plasmonic resonances in metallic 
nanostructures”. In addition, the WGM mode often shifts 
and the sphere cannot be considered as small compared 
to the wavelength, which affects the phase-matching con-
ditions. In addition, WGMs can usually only be excited 
by evanescent fields. Therefore, a normal micro-Raman 
setup cannot be used, which is a significant disadvantage. 
Accordingly, the authors employed a tapered fiber coupler 
using a narrow-linewidth tunable laser instead. With this 
configuration, the authors obtained an enhancement 
factor of 4.9 × 103 for the bare silica sphere and a factor 
of 1.4 × 104 for the rhodamine-6G peak at 1510 cm−1. Theo-
retically, an enhancement of up to 1 × 108 should be pos-
sible. The authors determined as most important reason, 
responsible for the lower enhancement factors, the 
linewidth of the Raman bands, which is large compared 
to the WGM resonance. Overall, the authors speculated 
that, with certain optimizations, single molecule sensitiv-
ity should be possible.

Nanocylinders or nanopillars of silicon were 
already studied in [36], but in this reference the authors 
focused on the enhancement of Raman scattering and 
the pillars were directly carved out of silicon. In con-
trast, Iwanaga employed arrays of nanocylinders or 
rods on SOI substrates to enhance the fluorescence 
of rhodamine-590  molecules [47]. The experiments 
were complemented by numerical calculations of the 
optical response by the rigorous coupled-wave analysis 
method. According to these calculations, the metamate-
rial should be able to increase the electric field inten-
sity by a factor of about 50 in the hotspots. This alone 
cannot explain the experimentally found fluorescence 
increase of about 1000. Additional reflectance meas-
urements indicate that fluorescence-emitting electronic 
transitions are changed due to the metasurface; as a 
consequence, the radiative transition rate ratios must 
be considerably modified. The author also emphasized 
that, in contrast to plasmonic enhancement, where both 
fluorescence and Raman scattering would be affected in 
the same way, the dielectric metasurfaces enhance fluo-
rescence much stronger.
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Thus far, the presented papers have focused on the 
enhancement of Raman scattering and fluorescence. For 
the enhancement of IR signals, usually not Mie resonances 
but so-called BICs are used instead, which are comparable 
to substrates with anapole states for suppressing signals 
in the far field. According to Koshelev et al. [48], BICs “rep-
resent a general wave phenomenon observed in acoustics, 
hydrodynamics, and optics”. The authors pointed out that 
this concept originally occurred in quantum mechanics. 
Later, the explanation of this phenomenon was based on 
destructive interference for the special case that the cou-
pling constants with all radiating waves disappear via a 
continuous tuning of the parameters. Although true BICs 
have infinite values of the Q factor, they are optically not 
observable, because they have vanishing resonance width. 
By distorting the symmetry of the structures, so-called 
quasi-BICs can be excited, which still have very high Q 
factors but nonvanishing resonance width (cf. Figure 8). 
In the further course, the authors discussed the physics of 
the BICs and linked peculiarities in transmittance spectra 
and Fano resonances, which have been used for architect-
ing dielectric metasurfaces for IR sensing.

Going further, BICs can also be used to enhance 
Raman and fluorescence signals in principle. A particu-
lar structure that was designed by Romano et al. for this 
goal consists of arrays of cylindrical holes in Si3N4 on an 

SiO2 substrate [49]. The authors pointed out that BICs can 
be generated by two different mechanisms, namely the 
structures can be designed in a way that their mode sym-
metry is incompatible with the symmetry of propagating 
fields. According to the authors, these modes are therefore 
called symmetry protected. In addition, destructive modal 
interference can be generated outside the confinement 
region. This so-called resonance trapping is the mecha-
nism that is used for the Si3N4 photonic crystal structure. 
For rhodamine-6G, the authors reported a fluorescence 
enhancement of about 103 compared to the unstructured 
substrate and after the signal had been normalized to the 
effective near-field volume. About the same enhancement 
factor is reported for the Raman signals of crystal violet. 
Additionally, the authors employed Au nanoparticles and 
noted that the SERS signals increased by a factor of 13 if 
the Si3N4 substrate is used.

The first use of BICs for the enhancement of IR signals 
was reported by Tittl et al. [50]. Actually, it is less the pure 
enhancement, which is in the focus of this work, but the 
use of the metasurfaces to develop an approach that “can 
resolve (IR) absorption fingerprints without the need for 
spectrometry, frequency scanning, or moving mechani-
cal parts”. This is of particular interest for developing 
miniaturized sensors and devices for the mid-IR spectral 
range. The structure of the metasurfaces follows one of 

Figure 8: Quasi-BICs can be excited by symmetry distortions.
(A) A square lattice of tilted silicon-bar pairs with a design of the unit cell. Parameters: period is 1320 nm, bar semiaxes are 330 and 110 nm, 
height is 200 nm, distance between bars is 660 nm. (B) Eigenmode spectra and transmission spectra with respect to pump wavelength 
and angle θ. Error bars show the magnitude of the mode inverse radiation lifetime. (C) Evolution of the transmission spectra versus angle 
θ. Spectra are relatively shifted by 1.5 units. (D) Distribution of the electric and magnetic fields for both BIC and quasi-BIC. Reprinted with 
permission from [48]. © Copyright 2018 American Physical Society.
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the suggestions from [48] and consists of zigzag arrays of 
anisotropic hydrogenated amorphous silicon (a-Si:H) res-
onators (cf. Figure 8). Numerical calculations show that 
by a moderate scaling factor variation sharp resonance 
peaks with near-total reflectance peak intensity and linear 
tunability of the resonance positions can be achieved in a 
spectral range from 1350 to 1750 cm−1. If an IR active mate-
rial, e.g. a protein, is physisorbed, its spectral fingerprint 
is imprinted on the BICs, which the authors verified by 
corresponding experiments. With the help of an imaging 
microscope, spatial absorption mapping becomes pos-
sible. The authors called the corresponding technique 
“imaging-based molecular barcoding”.

In a follow-up paper, Leitis et al. employed a similar 
structure to generate BICs, again consisting of elliptical 
resonators, this time fabricated from Al2O3-passivated 
Ge structures on CaF2 [51]. Instead of employing scaling 
factors to the structure, this time the authors realized spec-
tral shifts using different angles of incidence up to 55° and 
either parallel or perpendicular polarized incident light. 
This allows the authors to cover a spectral range between 
about 1100 and 1750 cm−1 according to simulations, which 
prove the creation of a very sharp resonance line with 
high Q-factors in reflectance and low background. The 
authors explained the angular sensitivity of the resonance 
frequency by the collective nature of the (quasi)BICs. To 
confirm their findings, the authors acquired reflectance 
spectra of their substrate in an angular range between 
13° and 60° with 0.2° angular resolution, which resulted 
in a frequency tunability from 1120 to 1805 cm−1 with an 
average resonance step size of less than 1.5 cm−1. The spec-
trum of a spin-coated PMMA layer could be well repro-
duced with this technique.

In a third paper, the same team of authors devel-
oped their approach further, based on the substrate used 
in their first paper [50], into a system for “ultrasensitive 
hyperspectral imaging and biodetection”, this time focus-
ing on the NIR spectral range [52]. Correspondingly, the 
authors focused on the resonances generated by the BICs. 
Sensor capabilities are demonstrated by performing a 
simple immunoassay. After surface functionalization with 
a primary antibody [mouse immunoglobulin G (IgG)], 
the latter one was subsequently detected with a second-
ary antibody (anti-mouse IgG). An imaging approach 
allows to generate resonance-shift maps (cf. Figure 9). 
In combination with artificial intelligence-based spectral 
processing, the technique can record and process “spa-
tially resolved spectra from millions of image pixels … 
to extract high-throughput digital sensing information at 
the unprecedented level of less than three molecules per 
square micrometer”. In addition, the system is capable of 

retrieving spectral data from a single image without the 
employment of a spectrometer and is considered by the 
authors as an important step toward portable diagnostic 
systems. Within this context, we would like to mention a 
recent review by Tittl et al., which discussed the potential 
of artificial intelligence-based data evaluation schemes 
such as neural networks for molecular spectroscopy [53].

We close this section with an example how dielectric 
metasurfaces can increase accessible near-fields to help 
detecting and differentiating enantiomeric analytes in 
small quantities. To that goal, Mohammadi et  al. inves-
tigated the simultaneous generation of strongly overlap-
ping electric and magnetic fields with parallel field lines, 
which are ideally π/2 out-of-phase [54]. These so-called 
superchiral near-fields between two dielectric spheres or 
within a slotted dielectric cylinder are found to “provide 
ultrachiral and uniform near-fields capable of enhanc-
ing the differential absorption by a factor of (up to) 24”. 
The realization of such substrates and their successful 
employment with enantiomeric analytes could help to 
elucidate questions that were recently raised with regard 
to superchiral fields. Namely, for plasmonic substrates, 
which were themselves chiral and used in combination 
with enantiomeric analytes, it was recently found that 
superchiral fields do not play any role [55]. As the sub-
strate suggested by the authors is achiral, even on the 
level of the unit cells, the pure effect stemming from the 
superchiral fields could be studied in the future.

2.4   SPhP-induced electromagnetic 
enhancement

Around 1900, it was common to call strong absorption 
bands “metal-like stripes”. Indeed, for stronger absorp-
tion, a spectral range exists, starting around the oscilla-
tor frequency (the so-called transverse optical or TO mode 
frequency) and ending at the plasma frequency (the longi-
tudinal optical or LO mode frequency), where the real part 
of the (principal) dielectric function becomes negative, 
like for a metal, except that for the latter the TO mode fre-
quency is zero (cf. Figure 10). The corresponding similari-
ties between SPhPs and SPPs have been emphasized, e.g. 
in Bohren and Huffman’s book “Absorption and Scatter-
ing of Light by Small Particles” [57]. It is therefore natural 
to assume that local field enhancements can be induced 
not only by SPPs but also by SPhPs. This assumption 
was experimentally confirmed in 2002 by Hillenbrand 
et al. using silicon carbide (SiC) and an s-SNOM [58]. The 
authors showed by calculation that a spherical SiC parti-
cle should exhibit a much higher near-field enhancement 
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Figure 10: Generation of surface phonon polaritons.
(A) Micro-Raman (red solid line) and Fourier transform IR (FTIR) reflection (blue dashed line) spectra of a 6H-SiC substrate, illustrating the 
role of LO and TO phonons in defining the highly reflective reststrahlen band. (B) Real and imaginary parts of the permittivity determined 
from fitting of the reflection spectra of the 6H-SiC substrate used for nanopillar fabrication. The spectral range provided coincides with 
that of the position of the LO phonon and the observed localized SPhP modes presented in this work. A horizontal dashed/dotted line 
corresponds to the real permittivity equal to zero. (C) FTIR reflectance spectrum of a periodic array of 250 nm diameter, 6H-SiC nanopillars 
(red solid line) on a 400 nm pitch compared to a COMSOL-simulated spectrum (blue solid line). “M” and “TD” denote the spectral positions 
of the monopole and transverse dipole resonances, respectively. For comparison, the reflection spectrum of the surrounding 6H-SiC 
substrate is also provided (dashed green line). An SEM image collected at 45° is provided in the inset. Adapted with permission from [56]. 
© Copyright 2013 American Chemical Society.

Figure 9: Principle of hyperspectral imaging-based biomolecule detection using all-dielectric metasurfaces.
(A) Sketch of the hyperspectral imaging principle showing a representative dielectric metasurface sensor array illuminated with narrow-band 
tunable laser source. At each wavelength illumination, images are recorded by a CMOS camera (1608 × 1608 pixels) to create a hyperspectral 
data cube where each CMOS pixel captures high-resolution spectral information. (B) The hyperspectral data cube is processed to extract 
spatial resonance maps of each individual sensor. For biomolecule detection, the sensing and reference resonance maps are combined to 
create the resonance shift map, which conveys spectral shift information across the whole sensor. Reprinted with permission from [50].
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(about a factor of 3) at the Fröhlich frequency than its silver 
counterpart with the same radius. At the same time, the 
phonon resonance is much sharper due to a much smaller 
damping constant. Accordingly, the heat generation due 
to SPhPs should be a lot smaller compared to SPPs. Other 
polar dielectrics, which can be used for SPhP generation 
in addition to SiC, are III-Ns [59], III-Vs [60], and SiO2 [61, 
62]. An excellent review of SPhPs, including further data 
about promising potential materials, has been provided 
by Caldwell et al. [63].

That the local field enhancements of SPhPs can 
indeed be used for surface-enhanced IR spectroscopy was 
first demonstrated by Anderson [64]. The author used 
anthracene-coated polar dielectric nanoparticles of SiC 
and Al2O3. In case of SiC, Anderson found signal enhance-
ment factors of about 100. To record the spectra, the 
author dispersed the particles in 1,1,2-trichlorotrifluoro-
ethane by sonication. This suspension was evaporated 
on an ATR crystal. According to the author, evaporation 
resulted in a “light haze of approximately half monolayer 
particle coverage for the SiC”. On the particle-coated 
substrates, the layer of anthracene was deposited from 
a dichloromethane solution. The same author suggested 
2 years later a hybrid SPhP-SPP approach for the enhance-
ment of IR absorption [65]. To that goal, micron-sized 
SiC particles were deposited onto a potassium bromide 
window and additionally coated with small gold particles 
of about 45 nm by sputtering. Subsequently, a molecular 
layer of PMMA was deposited onto the substrate and IR 
transmittance was measured. The spectrum showed a 
clear signal enhancement compared to the case when only 
gold particles were sputtered onto the KBr substrate and 
a PMMA film of the same thickness was measured. The 
author claimed that the spectrum of such a film cannot 
be detected without signal enhancement. Concerning the 
enhancement mechanism, Anderson suggested that the 
small gold particles further concentrate the electric fields 
in addition to a concentration effect due to the SPhPs of 
the SiC.

A combination of plasmonic and phononic IR signal 
enhancement is also investigated in the work of Kim and 
Cheng [66]. In this purely theoretical work, a bulk SiC 
sample is assumed on the surface of which several dif-
ferent and isolated gold microstructures such as squares, 
monopoles, and cylinders are applied and their field 
enhancement is studied. The field enhancement is for all 
different structures roughly in the same order of about 106. 
The metallic microstructures help, on the one hand, to 
couple in light by wave vector preservation. On the other 
hand, they also increase the electric fields in addition to 
the SPhPs like in [65]. The authors separated one effect 

from the other by also using substrates with phonons of 
lower wavenumber, so that SPhPs were not generated, 
namely ZnSe and BaF2. For the latter, the enhancement of 
the electric field intensity decreases by about 3 and for the 
former by about 4 orders of magnitude, clearly showing 
the importance of the contribution of the SPhPs to the 
overall enhancement. As is well known, the coupling of 
light with SPPs can be achieved not only by particles but 
also by negative structures like slits and holes. Accord-
ingly, it is also possible to generate SPhPs by circular 
holes in a 40-nm-thick gold film on an SiC 6-H substrate 
as shown by Wang et al. [67]. The circular holes were fab-
ricated by colloidal nanosphere lithography because of 
the assumption that standard processing methods, like 
focused ion beam etching (FIB) or reactive ion etching 
(RIE), to transform layers of SiC to nanostructures would 
substantially increase damping and prevent the existence 
of localized SPhP modes. In the presence of circular holes 
with diameters between 3 and 7 μm, reflectance spectra 
show two dips at about 10.2 and 10.7 μm wavelength. The 
larger dip at 10.2 μm belongs to a near-field distributed 
mainly along the edge of the cavity (at the air-gold inter-
face, SPP), whereas the smaller dip at 10.7 μm is attributed 
to a field enhancement mainly localized within the hole 
(SPhP). These conclusions were supported by simulations 
and s-SNOM measurements. The reflectance spectra also 
prove quality factors, which are in the range of 50–60, and 
thereby much higher than those of their plasmonic coun-
terparts (Q ≈ 10–20).

That the use of standard nanofabrication procedures 
like FIB or RIE does not necessarily result in a substantial 
increase of damping was demonstrated by Caldwell et al. 
[56]. The group of authors fabricated and investigated the 
SPhPs of periodic arrays of 6H-SiC nanopillars with diam-
eters d = 150–260 nm and heights of 800 nm. The resulting 
peaks showed linewidths of 7–24 cm−1 between the TO and 
LO frequency of the SiC (cf. Figure 10). The authors sup-
ported their experiments with simulations that showed 
that two different species of modes occurred, namely lon-
gitudinal monopole modes, the mode position of which 
increased with increasing diameter, and transversal dipole 
modes with mode positions that were generally higher 
than the monopole modes but decreased with increas-
ing diameter. Both modes show Purcell factors (emission 
rate enhancement of a spontaneous emitter close to the 
resonator) between about 106 and 107, which well exceed 
those attainable for plasmonic nanoparticles. The mono-
pole mode only exists in combination with the presence 
of an SiC substrate. Ameen et al. demonstrated that iso-
lated SiC disks (which merely have a different aspect ratio 
compared to nanopillars and therefore possess the same 
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type of modes) only feature dipolar modes as could be 
expected [68]. The authors additionally showed that, in 
the presence of a Pt-tip, like that of an s-SNOM, new SPhP 
modes can arise from the tip-particle interaction. This 
must be taken into account when near-field microscopy is 
applied to structured samples.

The properties of SPhPs generated by SiC nanopillars 
on SiC substrates were further investigated by Chen et al. 
[69]. In particular, the monopole mode is well suited to 
tune the resonance wavenumber of SPhPs. As the authors 
found, the smaller the density of the pillars at constant 
diameter is, the more the location of the modes is shifted 
toward the TO frequency of SiC. Remarkable in this respect 
is that the density of the pillars can be varied by about 1 
order of magnitude without compromising the intensity of 
the modes and the generated near-fields. This is a result 
of the charge distributions on the surface of the remain-
ing SiC substrate around the nanopillars, which interact 
even for comparably large distances. In contrast, the near-
fields around the pillars are strongly confined, down to 
λ/100. The relatively good spectral tunability in combina-
tion with the nearly constant intensity and quality factors 
of up to 300 “demonstrate(s) that SiC nanoresonators 
can provide a powerful platform for mid-IR (…) surface-
enhanced spectroscopy”.

Nanopillars have a comparably symmetric shape. 
Using less symmetric forms of the building blocks, more 
different modes can be generated. This was shown by 
Ellis et  al., who investigated the modes of SiC rectan-
gular prisms on a SiC substrate and found more than 
“16  high-order, multipolar, localized SPhP resonances” 
[70]. Accordingly, it is possible to shape the near-field 
behavior by changing the aspect ratios of the prisms and 
the polarization of the incoming radiation. If the polariza-
tion of the incident light is changed from parallel to the 
long axis of the prism to parallel to the width, all bands 
change except for two, one of which was assigned to a 
monopole mode similar to the one for the pillars and the 
other one was assigned to a zone-folded LO phonon. The 
authors supported their assignments with simulations 
that showed, in general, much more intense peaks than 
the experiments. One reason for the deviations might be 
that the simulations were carried out for an average angle 
of incidence, whereas, in measurements, a range of inci-
dence angles exists. For the simulation of the near-fields 
generated by the different modes, the authors employed 
normal incidence. The near-fields are characterized by 
being concentrated along the faces, edges, and/or corners 
of the pillars.

In plasmonics, near-field intensities are drastically 
enhanced within so-called hotspots that are generated 

by two closely neighbored nanostructures. A typical 
representative is the bowtie structure consisting of two 
conversely arranged triangles. Arrays of such bowtie 
structures of 4H-SiC and their SPhPs were investigated 
by Wang et al. [71]. The authors were mainly interested in 
the use of the structures as thermal emitters with narrow 
emission line widths and defined polarization. Neverthe-
less, bowtie structures may also be interesting with regard 
to surface-enhanced IR spectroscopy.

A particular disadvantage of using SiC is that, within 
its reststrahlen region, the spectral range within which 
SPhPs can be generated, organic and biological sub-
stances in general do not show their most prominent 
bands. This might be the reason that, whereas the SPhPs 
of SiC were extensively studied, their application for 
enhanced IR spectroscopy is scarce. An exception is the 
work of Berte et al., where the authors investigated sub-
nanometer films of Al2O3 and ZrO2 on 4H-SiC pillars [72]. 
Unfortunately, none of these materials shows TO modes 
within the reststrahlen region of SiC, but Al2O3 features an 
LO mode to which the SPhPs of the SiC pillars couple. For 
both materials, Al2O3 and ZrO2, the presence of subnanom-
eter films can be detected from the shift of the SPhP bands 
of the SiC.

Generally, it seems that the employment of SPhPs for 
the enhancement of IR signals of molecular substances 
is strongly hampered by the spectral ranges that are 
available, as the materials and material systems men-
tioned thus far cover only the higher wavelength (lower 
wavenumber) part of the IR spectrum up to about 8.2 μm 
(1220 cm−1, SiO2). Since about 5 years, hexagonal boron 
nitride (hBN) is in the center of attention, which is a 
so-called hyperbolic material. Hyperbolic materials are 
anisotropic and feature regions of their dielectric func-
tion tensor where one or two principal components are 
negative in certain spectral ranges, whereas the other(s) 
is (are) positive. One of these regions for hBN is between 
about 1360 and 1620 cm−1 and, as shown first by Dai et al. 
for tapered hBN crystals [73] and by Caldwell et  al. for 
nanocones [74], can be used to generate (hyperbolic) 
SPhPs. The focus on hBN in the last years somehow 
conveys the impression that hBN is the only hyperbolic 
material with such a highly situated reststrahlen region. 
In contrast, materials containing oxyanions such as 
nitrates, sulfates, and carbonates usually also show such 
ranges and could be potential candidates for the genera-
tion of hyperbolic SPhPs.

The first concrete use of hBN for SEIRA was reported 
by Autore et al. [75]. The authors investigated first isolated 
linear nanoantennas by simulation and showed that a 
20-nm-thick layer of 4,4′-bis(N-carbazolyl)-1,1′-biphenyl 
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(CBP) on top of the antennas modified the SPhP band 
of hBN much stronger than a comparable band of an Au 
antenna. For experiments, the authors prepared nanorib-
bons with different widths of the ribbons, ranging from 
85 to 162  nm (light is much stronger confined in hBN 
compared to Au in the reststrahlen region, so that the 
antennas had only about a 10th of the length of the Au 
nanoantenna) and CBP films of different thicknesses 
between 1 and 30 nm. Spectral changes, due to coupling of 
the SPhPs with the in-plane deformation of the C-H bond 
mainly located on the carbazole rings at 1450 cm−1, can be 
detected for CBP thicknesses of about 3 nm (cf. Figure 11). 
To compare these results, the peak value of the imaginary 
part of the dielectric function of CBP due to the C-H bond 
deformation is about half of that due to the C=O vibration 
of PMMA at about 1730  cm−1. Lower thicknesses of CBP 
should be detectable with more sophisticated antenna 
structures, the investigation of which will be the subject 

of future work. These structures can, for example, be split 
ring resonators or other gap mode antennas that need not 
necessarily consist of hBN but could also be fabricated of 
gold on hBN as was recently shown by Pons-Valencia et al. 
[76].

3   Summary, conclusions, and 
outlook

Nonplasmonic-based approaches to enhance electric 
near-fields, and thereby spectroscopic signals, have great 
potential to replace plasmonic approaches, in particu-
lar where heat generation needs to be minimized and 
reproducibility is more important than highest enhance-
ment factors (cf. Table 1). Generally underappreciated are 
approaches that rely on interference effects. In particular, 

Figure 11: IR transmission spectra of h-BN ribbon arrays with differently thick CBP coating.
(A) Experimental transmission spectra of a 20  ×  20 μm2 size h-BN ribbon array with period D = 400 nm and ribbon width w = 158 nm. The 
thick black curve shows the spectrum of bare h-BN ribbons. As a guide to the eye, it is repeatedly shown (gray curves, shifted along the 
frequency axis) in the background of the spectra of the CBP-coated ribbon arrays. Red to blue curves show the spectra of CBP-covered h-BN 
ribbon arrays for increasing CBP thickness. The brown curves in the top part of the graph show the spectra of a 100- and 20-nm-thick bare 
CBP layer placed directly onto the substrate. (B) Simulated transmission spectra for a bare h-BN ribbon array (black curve, D = 400 nm, 
w = 167 nm) for a CBP-covered h-BN ribbon array [same color notation of (A)] and for a bare CBP layer (brown curves). The calculated 
spectrum for the bare ribbons is repeatedly shown in the background of the other spectra (gray curves, shifted along the frequency axis). 
The gray-shaded areas visualize the difference between the gray and colored spectra. Adapted with permission from [75].
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coupled with internal reflection, strong enhancements 
constant over the whole interface area and without 
changes concerning the selection rules are possible. Thus, 
enhanced fluorescence, Raman, and IR spectra look like 
their nonenhanced counterparts, and a fully analytical 
description of the spectra is possible. The same is true, in 
principle, for approaches that employ 1D photonic crys-
tals to generate BSWs. In contrast to internal reflection 
interference-enhanced spectroscopy, the former tech-
nique has already proven experimentally that the prom-
ised enhancements of about a factor of 103 can be realized 
at least for fluorescence and Raman spectroscopy. In con-
trast, if experiments confirm that the enhancement factors 
of internal reflection interference-enhanced spectroscopy 
reach the same order of magnitude, why then go the extra 
mile that is demanded for the fabrication of the substrates 
and the adjustment of the angles of incidence to generate 
BSWs?

The employment of (periodic) dielectric nanostruc-
tures for near-field enhancement allows exploiting a 
plethora of different effects like bounded states in the con-
tinuum or nonradiating anapole modes. Of all discussed 
topics in this review, this seems to be the most vibrant 
topic at the moment with the best prospects. Approaches 
have been demonstrated, which can reach and possi-
bly surpass enhancements of Raman and fluorescence 
signals, at least those that are feasible with arrays of nano-
structures. Completely new principles have been demon-
strated for IR spectroscopy, which allow miniaturization 
of instruments toward an application for compact sensors. 
In our opinion, more is likely to come in the near future.

The same can also be said for the use of dielectric 
nanostructures for generating SPhPs and enhancing IR 

signals from analytes thereby, even if not much experi-
mental material is available yet. But what is presented 
has already demonstrated that plasmonic approaches 
can easily be outperformed, and materials are avail-
able to cover the whole spectral fingerprint region. With 
more sophisticated structures, unprecedented sensitivity 
should be possible. What seems to be obstructive to date 
are preparation techniques, especially because the dimen-
sions of the structures will have to be comparable to those 
of plasmonic structures in the visible range due to the 
strong confinement of the near-fields. Once this problem 
is solved, it can be expected that the full potential of such 
structures for IR sensing will be unleashed.
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